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RESUMO

0 ato de andar é conhecido por ser a forma primitiva de locomocao do ser humano, sendo que este
traz muitos beneficios que motivam um estilo de vida saudavel e ativo. No entanto, ha condicdes de saude
que dificultam a realizacdo da marcha, o que por consequéncia pode resultar num agravamento da satde,
e adicionalmente, levar a um maior risco de quedas. Nesse sentido, o desenvolvimento de um sistema de
detecao e prevencao de quedas, integrado num dispositivo auxiliar de marcha, seria essencial para reduzir
estes eventos de quedas e melhorar a qualidade de vida das pessoas. Para ultrapassar estas necessidades
e limitacoes, esta dissertacdo tem como objetivo validar e instrumentar uma bengala robotica, denominada
Anti-fall Robotic Cane (ARCane), concebida para incorporar um sistema de detecdo de quedas e um
mecanismo de atuacao que possibilite a prevencdo de quedas, ao mesmo tempo que assiste a marcha.
Para esse fim, foi realizada uma revisao do estado da arte em bengalas robéticas para adquirir um
conhecimento amplo e aprofundado dos componentes, mecanismos e estratégias utilizadas, bem como os
protocolos experimentais, principais resultados, limitacoes e desafios em dispositivos existentes.

Numa primeira fase, foi estipulado o objetivo de: (i) adaptar a missao do produto; (ii) estudar as
necessidades do consumidor; e (iii) atualizar as especificacoes alvo da ARCane, continuacao do trabalho de
equipa, para obter um produto com design e engenharia compativel com o mercado. Foi depois estabelecida
a arquitetura de hardware e discutidos os componentes a ser instrumentados na ARCane. Em seguida foram
realizados testes de interoperabilidade a fim de validar o funcionamento singular e coletivo dos componentes.

Relativamente ao controlo de movimento, foi desenvolvido um sistema inovador, de baixo custo e
intuitivo, capaz de detetar a intencdo do movimento e de reconhecer as fases da marcha do utilizador. Esta
implementacao foi validada com seis voluntarios saudaveis que realizaram testes de marcha com a ARCane
para testar sua operabilidade num ambiente de contexto real. Obteve-se uma precisdo de 97% e de 90% em
relacdo a detecdo da intencdo de movimento e ao reconhecimento da fase da marcha do utilizador.

Por fim, foi projetado um método de detecédo de quedas e mecanismo de prevencédo de quedas para
futura implementacao na ARCane. Foi ainda proposta uma melhoria do método de detecdo de quedas, de
modo a superar as limitacdes associadas, bem como a proposta de dispositivos de detecdo a serem

implementados na ARCane para obter um sistema completo de detecao de quedas.
Palavras-chave: Bengala robdtica anti-queda; Detecdo de queda; Prevencdo de queda; Controlo de

movimento; Instrumentacao;



ABSTRACT

The act of walking is known to be the primitive form of the human being, and it brings many benefits
that motivate a healthy and active lifestyle. However, there are health conditions that make walking difficult,
which, consequently, can result in worse health and, in addition, lead to a greater risk of falls. Thus, the
development of a fall detection and prevention system integrated with a walking aid would be essential to
reduce these fall events and improve people quality of life. To overcome these needs and limitations, this
dissertation aims to validate and instrument a cane-type robot, called Anti-fall Robotic Cane (ARCane),
designed to incorporate a fall detection system and an actuation mechanism that allow the prevention of
falls, while assisting the gait. Therefore, a State-of-the-Art review concerning robotic canes was carried out to
acquire a broad and in-depth knowledge of the used components, mechanisms and strategies, as well as
the experimental protocols, main results, limitations and challenges on existing devices.

On a first stage, it was set an objective to (i) enhance the product's mission statement; (i) study the
consumer needs; and (iii) update the target specifications of the ARCane, extending teamwork, to obtain a
product with a market-compatible design and engineering that meets the needs and desires of the ARCane
users. It was then established the hardware architecture of the ARCane and discussed the electronic
components that will instrument the control, sensory, actuator and power units, being afterwards subjected
to interoperability tests to validate the singular and collective functioning of cane components altogether.

Regarding the motion control of robotic canes, an innovative, cost-effective and intuitive motion
control system was developed, providing user movement intention recognition, and identification of the user's
gait phases. This implementation was validated with six healthy volunteers who carried out gait trials with
the ARCane, in order to test its operability in a real context environment. An accuracy of 97% was achieved
for user motion intention recognition and 90% for user gait phase recognition, using the proposed motion
control system.

Finally, it was idealized a fall detection method and fall prevention mechanism for a future
implementation in the ARCane, based on methods applied to robotic canes in the literature. It was also
proposed an improvement of the fall detection method in order to overcome its associated limitations, as

well as detection devices to be implemented into the ARCane to achieve a complete fall detection system.

Keywords: Robotic anti-fall cane; Fall detection; Fall prevention; Motion control; Instrumentation;
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1 Introduction

This dissertation presents the work developed in the scope of the fifth year of the Integrated Master’sin
Physical Engineering during the academic year of 2020/21. All investigation work was developed at BiRD
LAB (Biomedical Robotic Devices Laboratory) located at the Center of Micro Electro-Mechanical Systems
(CMEMs), University of Minho, Braga, Portugal. The author addresses the instrumentation and subsequent
validation of a robotic cane, entitled as Anti-fall Robotic Cane (ARCane), designed to provide support for
patients with impaired mobility during human gait, as well as to prevent falls with preventive and cutting-edge

technology-based methods.

1.1 Motivation

The world continues to experience a demographic increase, which will further result in a higher
incidence of age-related disorders. As the United Nations (UN) referredin “2019 Revision of World Population
Prospects”, the world’s population is expected to increase by two billion people in the next 30 years, from
7.7 billion in 2019 to 9.7 billion in 2050 [1]. Despite the strong evolution of medicine, science and
technology, as well as the significant global increase in quality of life and life expectancy in recent decades,
there has been a decrease in fertility levels, resultingin a disproportionality in the age structure of the global
population. Considering these events, the UN recently announced that, for the firsttime in history, individuals
aged 65 and over, have outnumbered children under five years of age globally. Additionally, it can be seen
in Figure 1.1 that the number of people aged 65+ in the world is projected to be more than double, reaching
more than 1.5 billion (15.9%) in the year 2050, compared to 727 million (9.3%) people in 2020 [2].

As the population ages, the need for health services increases, however, the nursing profession
continues to face shortages due to a lack of potential educators, high turnover, and unequal distribution of
the workforce [3]-[5], presenting in 2018 a shortage of 6 million nursing professionals according to the
World Health Organization (WHO) [6]. This decline in nursing professionals results in a more conservative
treatmentin nursing houses, by keeping the elderly with limited mobility, lying in bed day and night. Although
this method can prevent the elderly from getting injured (e.g., from falling over while walking), prolonged bed
rest comes with many consequences such as: loss of motor functions, lack of a feeling of independence,

monotonous life, many health, mental and physical problems [7]. Therefore, the development of mobility



assistive devices, rehabilitation robots and nursing care robots is strongly needed to close the gap between

the large number of elderly people and the limited number of nursing professionals.
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Figure 1.1: Projection and estimation on percentage of ageing population in the world from 1950 to 2050

for people aged 65 and over. Data acquired from [2].

Additionally, falls are found directly related to age and frailty level as the elderly are more susceptible
to falls with the highest risk of death or serious injury arising from a fall. This level of risk is in part due to
physical, sensory, and cognitive changes associated with ageing, such as: (i) muscle weakness in the lower
limbs; (ii) slow reaction time; (iii) vision problems; (iv) balance; and (v) poor motor coordination [8], [9]. Itis
also associated with environments that are not adapted for an ageing population, significantly affecting their
ability to move and decreasing the performance of most Activities of Daily Living (ADL) [10].

Regarding the fall's consequences, each year an estimated 684 000 individuals die from falls
globally, as it is the second leading cause of unintentional injury deaths worldwide. It is also verified that
adults over 60 years of age experience the highest number of fatal falls, with a total of 37.3 million falls that
are serious enough to require medical attention occurring each year, worldwide [11]. In addition, the fear of
falling presents a major problem that results in a high impact on mental and physical health. People who
fall, even if they are not injured, become afraid of falling, as the non-fatal injuries associated with falls can
range from minor to severe, including: (i) broken bones, particularly hip fractures; (i) soft tissue injuries; (iii)

bruises; and (iv) head trauma. This fear can cause a person to reduce their activities of daily living, which



lead them to become less active, resulting in muscle weakness, and therefore increasing their chances of
falling [12]. In terms of financial costs from fall-related injuries, they are substantial, with the average health
care cost per fall injury in the Republic of Finland and Australia of US$ 3611 and US$ 1049, respectively,
for people aged 65 years or older [11].

Thus, the implementation and use of walking-aid devices finds itself as an essential tool to provide
security and stability, by helping in different phases of daily life activities (e.g., getting up, sitting down,
providing balance while standing still or while moving, going up or down-stairs) resulting in greater quality of

life and autonomy for the elderly.

1.2 Problem statementand scope

The gap between the growth of the elderly population and the decline of nursing professionals finds
itself in constant growth, resulting in a greater disproportionality between the number of nursing professionals
and the number of elderly people, which leads to more conservative treatments in nursing houses. As a way
to solve this problem, mobility assistive devices find their application in the field of nursing and therapy, in
order to fill this gap, and help people with reduced mobility to regain their independence.

Additionally, with falls being the second leading cause of deaths from unintentional injuries worldwide,
with the age group of adults over 60 years of age suffering the highest number of fatal falls, there is a clear
path towards the development of a realtime fall prevention device. Thus, it is of greatimportance to design
and develop mobility aid devices that are able to assist patients with impaired mobility during gait and
rehabilitation training so that their motor function is partially restored, and their quality of life is greatly
improved. Currently, most prototypes and designs of mobility assistive devices or walking-aid robots for
elderly care do not have an integrated fall detection and prevention system. This is an extremely important
parameter, which can prevent possible injuries, deaths, psychological damages that a fall victim may suffer,
and reduce the monetary costs associated with falls. Thus, an architecture focused on the hardware of a
robotic cane, established with the aim of solving several day-to-day problems of future end-users of this
product.

Regarding the motion control system of most robotic canes, they often rely on expensive sensors or
require major modifications to the cane, which makes them more inaccessible, limiting the number of
potential users. Therefore, an innovative, cost-effective and intuitive motion control system was developed,
providing user movement intention recognition, and identification of the user's gait phases. In terms of
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extrinsic fall risk factors, there are many associated with the surrounding environment, one of which is poor
lighting conditions, which results in poor visibility, leading to a direct association with the risk of falling. It was
also found that none of the robotic canes present in the State-of-the-Art review contained mechanisms of
detection and actuation related to luminosity, given that many falls are due to poor visibility conditions. Thus,
it is aimed to implement a system capable of detecting low light and subsequently activate a light focus
mechanism the ARCane as a context awareness device. In relation to user-robot interaction, most devices
are based on a one-way communication in which the user interacts with the device but does not receive any
feedback from the robot. Thus, a vibrating actuation method was adopted, allowing direct interaction and
two-way communication between the robot and the user. The lack of prevention mechanisms capable of
acting in the event of a fall also appears as a factor for the increase in the statistics of the number of falls.
Therefore, a system composed of omnidirectional wheels and motors was then implemented so that the
position of the cane can be adjusted in all directions of the displacement plane, providing to be useful for the
motion control and future fall prevention strategies. These implementations present an innovative character
and allow to improve some problems of the actual robotic canes available in the literature. Lastly, it was
possible to identify that currently there are no commercially available canes with built-in pre-impact fall
detection systems, which opens a window for the insertion of this product in the technological market and in

the health industry.

1.3 Goalsand research questions

The main objective of this dissertation is to instrument and validate a robotic cane, in order to obtain
a prototype of a device with intuitive motion control that can provide gait assistance, and capable of detecting
and preventing falls in real-time, in a broad range of environments and situations. It is intended to continue
the product design and development, extending teamwork [13], to understand what the users want and
need. Itis pretended to achieve a better view and understanding of the robotic canes presentin the literature,
along with the knowledge of sensors, actuators and various electronic components characteristics.

Thereby, with this thesis, it is necessary to achieve the following goals:

e (Goal 1: The first goal consists of a survey and interpretive study of pertinent information
concerning robotic canes. In particular, it is intended to understand: (i) what type of sensors
and actuators are used and their corresponding placement; (i) which method of motion
control, fall detection and fall prevention was used in the system; and (iii) the experimental
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protocol that was carried out. In addition, it is expected to recognize the main results,
limitations and challenges on existing devices in order to propose new solutions.

Goal 2: The second goal is to enhance the product's mission statement, by describing the
robotic cane and the target market, to study the consumer needs in order to have a
perspective of the real utility of the device. Then, the target specifications of the robotic cane
are updated, extending teamwork [13], to obtain a product with a market-compatible design
and engineering that meets the needs and desires of the cane users.

Goal 3: This goal aims to establish the hardware architecture of the ARCane, highlighting
the main intended features that distinguish it from a conventional cane. It is also intended
to describe the control units responsible for processing all the information that encompasses
the entire electronic system. Afterwards the electronic components required for the sensory
and actuation system are identified, as well as their respective electric circuit considering
their technical specifications, operating frequencies, and communication protocol, to ensure
a robust, universal and adaptable system.

Goal 4: The fourth goal is the realization of the interoperability tests carried out to verify and
validate the singular and collective functioning of all the cane components. The results of
these tests will evaluate if the ARCane can meet the consumer needs and the metrics
stipulated by the technical specifications.

Goal 5: This goal is related to the proposal and implementation of a motion control method
in the ARCane, simple and intuitive for the user. This methos aims to detect the user's
intention, following his movement trajectory, while distinguishing and identifying the different
phases of the events of the human gait while using the ARCane.

Goal 6: The sixth goal aims to test the ARCane motion control in order to validate the
methods and components studied throughout this dissertation, that were implemented in
the robotic cane. Therefore, there will be an evaluation of the ARCane performance in an
experimental context to identify further improvements, and research to obtain a future
product that is intended for domestic use, but also in the hospital and rehabilitation areas.
Goal 7: This last goal consists in planning and identifying the best method of detection and

prevention of falls to be applied in the ARCane, considering the: (i) physical structure of the



cane; (i) sensory components and actuators that encompass it; and the (iii) intended robot-

user interaction.

The following Research Questions (RQ) are expected to be answered in the present work:

RQ1: How are robotic canes in the scientific literature instrumented to provide motion
control?

RQ2: What are the main fall prevention methods implemented in robotic canes among the
scientific literature?

RQ3: What are the best sensors and the respective location on the ARCane to detect the
user's motion intention and gait phase recognition

RQ4: What is the best fall prevention strategy to be implemented in the ARCane?

1.4 Contribution to knowledge

The main contributions of this work are:

A systematic literature review of robotic canes as a way to identify and understand the
reasons of each implemented component, as well as the implementation of the motion
control, fall detection and fall prevention strategies, along with the respective experimental
protocol, main results, limitations and challenges.

The initial development of an instrumented robotic cane system for human gait analysis, fall
detection and fall prevention, from a Technology Readiness Level of 1 up to a level 4.

A hardware architecture capable of responding to various user difficulties based on user
information, their gait and the environment context, revealing the main features and
functionalities that distinguish a robotic anti-fall cane from a conventional cane.

The implementation of a cost-effective motion control system that gathers sensory fusion
information acquired by the cane, to detect the user movement intention and differentiate
the various gait event phases. An evaluation and comparison of the different applied
strategies had been fulfilled to attain the best feasible results.

A sustained analysis of the best fall prevention method for this type of cane.



1.5 Thesisoutline

This dissertation is organized as follows. An introduction related to robotics assistive devices and
their main distinction in comparison to the conventional assistive devices is available in Chapter 2. Also, it is
included a State-of-the-Art review regarding the robotic canes present in literature, encompassing: (i) the
different designs and mechanisms; (i) the used sensors and actuators with the respective functionality and
attachment location; (iii) a general overview of the implemented motion control, fall detection and fall
prevention methods; as well as (iv) the performed experimental protocols, used as a reference tool for the
present work.

In chapter 3, the mission statement of the ARCane is presented, along with the barriers and
motivations related to its use, the intended users that correspond to potential consumers, and the gait
analysis considering proper handling of the cane. A list of customer needs metrics is identified in order to
define the target specifications, and guide the robotic cane overall engineering process. Finally, the structural
design of the cane is presented, along with the carried modifications that ensure a robust and stable structure
that can support the user’s weight during the gait.

Chapter 4 addresses the proposed ARCane architecture, where it describes its present and future
capabilities, highlighting the main features that differentiate it from a conventional cane. Afterwards, it is
presented the central control units responsible for processing all information, along with the communication
protocols and operating frequencies which are associated with the transmission of the data that makes up
the electronic system. The electronic components that will instrument the sensory, actuator and power units
are also selected and described, considering their technical specifications in singular and their compatibility
in a collective.

In Chapter 5, it is proceeded to explain and describe the realization of the interoperability tests
carried out to verify and validate the singular and collective functioning of all the ARCane instrumented
components. The results of these tests will evaluate if the ARCane can meet the consumer needs and the
metrics stipulated by the technical specifications.

Chapter 6 is dedicated to the implementation of motion control, where it is initially defined which
method to use in relation to the ones incorporated in the literature review of robotic canes, and which suits
best according to the ARCane concept and design. The motion control algorithm was then proposed,
encompassing the intended operating mode for the robotic cane, through its interaction with the user, as

well as the respective system architecture. Subsequently, the study of strategies that make it possible to
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obtain the user's movement intention and gait phase detection was carried out, where analytical static
simulations were carried out for the proposed methods. The obtained results led to the final implementation
of a haptic sensor system and an axial sensor system based in force sensors. It was also described the
method of transforming the forces perceived by the sensors, into movement of the cane. Finally, as a way to
validate the proposed motion control method of the ARCane, experimental tests were performed with six
healthy participants.

Fall detection and prevention methods are designed and proposed, to be incorporated into the
ARCane, in Chapter 7, in order to distinguish the user's gait between normal and abnormal walking, so that
actuation mechanisms can operate when a state of emergency is detected. A review of the software and
hardware used among all fall detection and prevention systems is carried out, but also focused on robotic
cane applications, to obtain the most suitable and compatible detection and prevention system for the robotic

cane. The conclusions and future work proposals to continue this work are written in Chapter 8.



2 Robotic Canes: State-ofthe-Art

Currently, there are several means of assistance that provide gait assistance, and the displacement of
people with mobility impaired. Each device seeks to meet the needs of each subject, in order to facilitate
their quality of life, improve their health conditions and offer greater independence to the user. Among the
most popular and traditional mobility assistive devices, are the wheelchair, the walker and the cane. However,
with technological evolution, there has been a progression towards robotic assistance means, in order to
provide greater safety, improve user interaction, enable a controlled handling, and also to provide detection
and prevention of falls. Among robotic assistant means, will be discussed the (i) robotic wheelchair; (i) robotic
mobile walker; (iii) robotic exoskeleton; and finally, the (iv) robotic cane.

Inspired by the most traditional means, the new robotic devices, in addition to the advantages already
mentioned, present however, several limitations. In the case of electric wheelchairs (Figure 2.1): (i) they
present large dimensions, which makes them very inconvenient or even impossible to be used in small
spaces; (ii) they are heavy equipment, making transport and storage difficult; and (iii) depending on the
person physical condition, it is a means of assistance that does not allow the movement and work of the
lower limbs muscles, resulting in a greater decline in the user's bodily functions and a more sedentary mode

of movement, leading to a reduction in the user's quality of life and health [14], [15].

Laser r ange sensor

i (UTM-30LX-EW)

Omni-directional canera
(VS-C14U-80-ST)

PC for localization
and mapping

Figure 2.1: Overview of a robotic wheelchair. Image from [16].
Compared to the robotic wheelchair, the robotic walkers (Figure 2.2) assist in gait by forcing the user
to move the legs, while supporting much of the user's weight, in order to achieve a more controlled and
easier gait [10-12]. For these reasons, this means of assistance is widely used in rehabilitation. However,

due to its large dimensions and high weight, its use is often limited to indoor and controlled spaces.
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(a) (b)
Figure 2.2: Robotic mobile walkers (a) Image from [18]; (b) Image from [17].

The exoskeleton (i.e., external skeleton) is known from the animal kingdom (e.g., crabs, scorpions,
spiders) for being a rigid, resistant, yet thin and malleable external structure, which allows to support the
muscles and the body, prevent water loss, and protect the internal organs. Thus, with the evolution of
technology, and inspired by this phenomenon, the robotic exoskeleton was developed with the purpose of
supporting the body weight and assisting the user's muscles. Over the last 15 years, exoskeletons have
shown an evolution in computational power, equipment size and energy requirements needed to function.
Some exoskeletons are used for military applications, with the purpose of increasing the strength and speed
of the users [15], [16], although most exoskeletons are found in the medical field [20], [22], [23], as
represented in Figure 2.3. These are primarily intended for the rehabilitation of people with complete lower
limb paralysis or weakness attributable to Spinal Cord Injury (SCI), stroke or other type of neurological
impairments, and aim to improve gait or restore lost movement skills in order to achieve a functional gait.

The robotic canes, compared to other means of assistance, stand out for their: (i) low cost, which
makes them a more accessible product on the market; (ii) reduced weight, facilitating its use and operation;
and for (iii) reduced dimensions, which allows its use in outdoors and uncontrolled environments. With the
aim of assisting the gait, the cane offers less body weight support, when compared to the walker, not placing
as much support on the upper limbs. Thus, it provides less body support, but promotes greater body activity,
and a more extensive and complete muscular use of the lower limbs. By having this moderate support, the

user will face a better recovery, greater independence, and a more practical use during walking.
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Figure 2.3: Exoskeletons targeted for the medical field. Image from [20].

This discussion and analysis of robotic assistive devices, by proceeding with an evaluation of the
benefits and limitations associated with each one, led to the choice of the robotic cane as the robotic assistive
device to be implemented and developed. It is intended to obtain possible developments, improvements and
adaptations in this area of research, as well as progressive technological advancement.

This chapter seeks to answer some research questions carried out in section 1.3, by analyzing the
State-of-the-Art of robotic canes present in the literature, considering a review strategy and eligibility criteria
imposed prior to the research. Then, an analysis of all robotic canes found in the literature will be carried
out, being evaluated: (i) the different designs and mechanical structures of each robotic cane; (ii) the
instrumented components; (i) the implemented motion control, fall detection and fall prevention strategies;

(iv) the performed experimental protocols; and (v) the main results, limitations and challenges obtained.

2.1 Review strategy

To obtain a deeper understanding of robotic canes, an extensive literature review was carried out,
based on three databases: Scopus, Web of Science and IEEE. In a primordial phase, an iteration table was
created for each database, with a set of keyword combinations in order to obtain the best search terms for
a successful review. The chosen keyword combinations were “Robot cane” OR “Robot walking aid” OR “Cane
type robot” for Web of Science and IEEE Xplore, and “Robot cane” OR “Robot walking aid” OR “Cane-type
robot” OR “Cane-type robot” AND NOT “sugar cane” for Scopus. A total of 1506 results were found using

the mentioned keyword combinations. The review of these articles was performed based on the Preferred
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Report Items for Systematic Reviews and Meta-analysis (PRISMA) flowchart, as illustrated in Figure 2.4 [24].
After removing 423 duplicates and 1026 articles based on title and abstract, resulted in 57 full-text articles
assessed for eligibility. Following a complete reading of the eligible articles, 17 were excluded for not meeting
the proposed eligibility criteria, which revealed that they were not relevant to the study in question. This

selection concludes with 40 articles included in the final review.

Records identified Records identified Records identified
through searching through searching through searching
Scopus (n=370) WoS (n=371) |IEEE (n=765)

] [ Identification]

L 4

Records after
duplicates removed

oo (n=1083)
=
c
[h}
ol
(=]
)
Records screened Records excluded based on
(n=1083) title and abstract (n = 1026)
Full-text articles Full-text articles excluded with
assessed for — reasons (n = 17)
Z eligibility (n = 57)
E Similarity with another article: 4
o Humanoid robot: 3
w Cane for blind: 3
Not robotic cane: 2
Lack of data: 2
4 Not related to motion control or fall
prevention/detection: 2
o Studies included in Language: 1
- . .
S qualitative synthesis
£ (n = 40)

Figure 2.4: Literature review based on PRISMA flow diagram.

2.2 Reviewedrobotic canes

After proceeding to read the 40 articles mentioned above, it was found a total of 18 different robotic
canes in the literature. Each robotic cane presented a different configuration regarding its: (i) design; (ii)
architecture; (i) sensing systems; (iv) methods of motion control; (v) fall detection systems; and (vi) fall
prevention strategies. As most of the canes in the literature are still unnamed prototypes in development, to
facilitate and simplify their identification, a respective number was assigned to each robotic cane present in

the review articles, as shown below in Table 2.1.
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Table 2.1: List of robotic canes present in the selected articles of the State-of-the-Art

Robotic cane number Author Referenced articles Number of referenced articles
1 Pei Di et.al. [25]-[39] 15
2 Yasutaka Fujimoto et. al. [40]-[42] 3
3 Shunki Itadera et. al. [43]-[45] 3
4 Qingyang Yan et. al. [46], [47] 2
5 Qingyang Yan et. al. [48], [49] 2
6 PhiVan Lam et. al. [50], [51] 2
7 Mohamed A. Naeem et. al. [562], [53] 2
8 Hayang Wang et. al. [54] 1
9 Muhammad Raheel Afzal et. al. [55] 1
10 Ragou Ady et. al. [56] 1
11 Sang-Hun Pyo et. al. [57] 1
12 Shinki Suzuki et. al. [58] 1
13 Tomotaka lto et. al. [59] 1
14 Yong-Zeng Zhanget. al. [60] 1
15 Masafumi Kojima et. al. [61] 1
16 Kento Yamada et. al. [62] 1
17 Masahiro Kato et. al. [63] 1
18 Kohei Wakita et. al. [64] 1

2.2.1 Design and mechanical properties

Throughout the literature review, it was possible to verify that, even though all the robotic canes in
question share the same purpose of gait assistance, they presented very different designs and mechanical
characteristics from each other. Each robotic cane features different weights and dimensions and several
types of components. They can also present various modes of handling, which allows the cane to be
controlled by one hand, two hands, or even without contact. In addition, there are different robotic cane
configurations and models, which can vary between 1 to 5 Degrees of Freedom (DOF), as well as its mobile
structure that varies between 1 to 4 wheels. The arrangement of the cane wheels allows a total of three
degrees of freedom, i.e., two degrees of translation and one degree of rotation at the base of the cane. With
the use of a revolution or universal joint, it allows up to one and two degrees of rotation for the cane rod,

respectively, thus obtaining a total of 5 DOF. With a wide variety of DOF, it was found robotic canes with 1
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DOF (cane no. 9, 13 and 15), 2 DOF (cane no. 6, 10, 11, 12, 14 and 17), 3 DOF (cane no. 2, 3, 4, 5, 16
and 18), 4 DOF (cane no. 7), and finally with 5 DOF (cane no. 1 and 8).

According to the literature, it was possible to identify that, robotic canes composed of one wheel
(cane no.2, 9, 10 and 15) and two wheels (cane no. 6, 11 and 17), as shown in Figure 2.5, are lighter,
smaller and more portable than other robotic canes. Although, they present some disadvantages associated
with their design, that can compromise the safety of the user. As they have only 1 or 2 points of contact with
the ground, these types of canes. (i) provide few degrees of freedom to the cane system, limiting the
movement of the user; (ii) cannot stand upright by themselves without the assistance of motors on the
wheels, highlighting the system instability if motors are faulty; and (iii) are not robust enough to provide

sufficient support to bear the user’s body weight transferred to the cane in case of a fall situation.

(a) (b)
Figure 2.5: Robotic canes with (a) one wheel. Image from [63]; and (b) two wheels. Image from [51].

Among the total of 18 robotic canes, there is one robotic cane that stands out for not using wheels
to move, namely the cane no. 13, as illustrated in Figure 2.6. Resembling a conventional four-leg cane, this
cane features an expansion and contraction mechanism in each leg, using Magneto Rheological (RM) fluid
and passive springs. This cane is designed to be able to absorb disturbances from unexpected steps on
uneven terrain, as well as to stabilize the balance of the gait in order to match the gait condition of the user,
in order to prevent the elderly from falling. As this cane represents a prototype still in development, it does
not appear to have physical and mechanical capabilities to maintain stability while supporting body weight

during a fall situation. In addition, the fact that this cane requires it to be lifted during the gait, just like a
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conventional cane (300g), but with a weight of 1.2 kg, it would be uncomfortable and more difficult to use

for an elderly person.

Gyro sensor

Figure 2.6: Prototype of the MR fuild-based gait assist cane [59].

Developed with the purpose of providing stability to robotic canes, there is the revolution joint, with
1 DOF (Roll), and the universal joint, with 2 DOF (Pitch and Roll) that allows to vary the angle of the cane rod
(Figure 2.7). Thus, in fall situations, the angled position of the cane’s rod is changed to reduce the moment
that is applied to the robotic cane, and consequently help the user from falling [25], [34], [36], [49]. The
second objective of this mechatronic component is to prevent the cane from falling, by offering handling and
removing the rigidity of the typical fixed rod of conventional canes. Despite being an innovative method to
promote robotic cane stability, the joints involve significant mechanical changes for their implementation in
a robotic cane. This method implies the insertion of high torque motors, one motor for revolution joint and
two motors for universal joint, in order to control the cane's rod and support the user's body weight, resulting
in high costs for the design of a robotic cane. A very important point also to be noted about the use of joints,
is that for poorly applied forces, when the rod of the cane is at a certain angle to prevent the user from falling,
as illustrated in Figure 2.8, it will increase the chances of the cane falling, which would consequently result
in the fall of the user. In perspective, these associated high costs and chances of resulting in the fall of the

user, can be avoided with a rigid cane rod.
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Figure 2.7: lllustration of a robotic cane with (a) a revolute joint; (b) a universal joint. Image adapted from
[53].

(a) (b)

Figure 2.8: (a) Correct use of the universal joint with forces applied in the direction of the fall; (b) Incorrect
use of the universal joint with forces applied in the vertical direction towards the ground, potentiating the fall
of the cane. Images adapted from [47].

2.2.2 Cane sensors

Cane sensors are electronic sensor-based devices that are implemented in the cane. These devices
have the intent to acquire important information of: (i) the user, such as the user’s gait status and gait phase
recognition, (ii) the robot-user interaction by detecting the user intention of movement with forces applied on

the cane; as well as (i) important information about the cane itself, such as the cane relative position,
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velocity and orientation. Within the scope of this research, it is found to beimplemented in the robotic canes:
(i) axial force/torque sensor; (ii) Inertial Measurement Unit (IMU); (iii) Laser Range Finder (LRF); (iv) force
sensor; (v) tilt sensor; (vi) camera; (vii) ultrasonic sensor; and (viii) infrared sensor. An overview of the cane
sensors with the respective functionalities and location in the robotic canes is given in Table 2.2 and Table
2.3, along with the respective sensor location. It is found that a total of 18 out of 18 (100%) robotic canes
use cane sensors. A brief review of each sensor is provided later to contextualize their use in relation to the

literature.

Table 2.2: List of sensors present in robotic canes from the review literature, and their respective

functionalities

Sensor Functionality
Senses the value of the translational and rotational forces applied to the cane in and
Axial force/torque sensor
around the axial directions (x-, y-, and z-axis).
It consists of the combination of an accelerometer, a gyroscope and a magnetometer,
providing up to 9 degrees of freedom.
o Accelerometer: measures the rate of change of velocity (acceleration) of an
object along its axis;

IMU e (Gyroscope: measures rotational changes concerning orientation and
calculates the angular velocity along three axes, pitch (x-axis), roll (y-axis),
and yaw (z-axis);

e Magnetometer: measures the relative change of a magnetic field, its
direction, and strength.
Laser Range Finder Emits electromagnetic pulses in laser beams to determine the distance to an object.
It measures the contact reaction between two objects by calculating the pressure or
Force sensor

the force exerted.

Used for measuring the tilt of an object in multiple axes with reference to an absolute

Tilt sensor
level plane.
Camera Obtains visual information from the environment surrounding the robotic cane.
Ultrasonic sensor Measures the distance of a target object by emitting ultrasonic sound waves.
Infrared sensor It emits and detects infrared radiation to detect the proximity of an object.
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Table 2.3: Overview of the cane sensors with the respective sensor location

Axial Laser
Force Tilt Ultrasonic Infrared
force/torque IMU  range Camera
sensor  sensor sensor sensor
sensor finder
2- Yasutaka Base Handle
Fujimoto (x1) (x1)
4- Qingyang Yan Base
Rod (x1)
(x2)
Base

6- PhiVan Lam Rod (x1)
(x1)

8- Haiyang Handle
Wang (x1) (x1)
Rod
10- Ragou Ady

(x1)

Base Base
12- Shiniji Suzuki

(x1) (x1)
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Axial Laser

Force Tilt Ultrasonic Infrared
force/torque IMU  range Camera
sensor  sensor sensor sensor
sensor finder
14- Yong-Zeng
Base (x1) Base (x1) Base (x2)
Zhang
15- Masafumi Base
Kojima (x1)
16- Kento Handle
Base (x1)
Yamada (x1)
17- Masahiro Base
Kato (x1)
Rod
18- Kohei (x1) Rod
Rod (x1)
Wakita Base (x1)
(x1)
Total 10 8 7 6 4 1 1 1

Regarding the axial force/torque sensor its main purpose is to detect interaction forces between the
user and the robotic cane. Through the force map obtained by such sensors, it is possible to calculate the
user's displacement intention, allowing to control the motors in order to move the cane to the desired location.
This type of sensing is central to the admittance control of the robotic cane. A total of 55% of the robotic
canes used axial force sensors. Throughout the literature, it was possible to identify that most of these canes
used 6-axis force/torque sensors [25], or 2-axis (bi-axial) force sensors [60] (Figure 2.9). These sensors can
obtain viable measurements with high precision, however, they present high costs, which makes it hard to
implementin a consumer-oriented device, such as the robotic cane.

In order to reduce costs, the robotic cane no.5 [48] decided to implement four FSR sensors in the
plane perpendicular to the cane's rod, situated just below the handle, as shown in Figure 2.10. With this
configuration it is possible to determine the magnitude and direction of the forces exerted in the displacement

plane of the robotic cane. As this idea is a good alternative to the axial sensors, due to the reduced cost, this
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configuration also requires substantial changes to the cane structure, which can be a disadvantage of

implementing this system

(@) (b)

Figure 2.9: Examples of a (a) 6-axis force/torque sensor [65] and (b) Bi-axial force sensors [66], [67].

Handle —

FSR —==
/

Figure 2.10: Configuration of FSR sensors to obtain an axial force sensor [48][21].

The IMU sensor, mostly located on the base and rod of the cane, seek to provide important
information about the state of the cane. As it is composed of an accelerometer, gyroscope and
magnetometer, it allows knowing the orientation and direction of the movement of the cane, as well as its
acceleration values [43], [50], [61]. Consequently, the speed and relative position of the cane can be
obtained through integration calculations of the acceleration.

Considering the Laser Range Finder, ultrasonic sensor and the infrared sensor, these are the types of
sensors that are used to measure distances, as they work with the same basic principle: (i) a signal is
transmitted at the target from the sensor; (ii) the target reflects the signal back to the sensor; (iii) the sensor
receives the reflected signal; and finally, (iv) by knowing the velocity of propagation of the signal, and the
time delay between the sending of the signal and its reception i.e., time-of-flight, the distance to the target
can be calculated. Although there are many ways of measuring distance with light, e.g., by measuring the
intensity, the angle or the phase shift of the reflected beam, the most common way is the Time-of-Flight
(TOF) reflection time measurement mentioned above, which will be taken as reference. Even though the

basic principle of the light sensors is the same, they execute it differently. The LRF, included in the category
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of LIDAR (Light Detection and Ranging) sensors, uses laser beams, while the Infrared sensor uses infrared
light as the signal that is being transmitted and received. The ultrasonic sensor is a sound sensor, which
uses ultrasonic sound as the transmitted and received signal, at frequencies of 40 kHz, which is too high for
humans to hear. Since the speed of light is much faster than sound, the light sensor has a faster response
time and can be consulted more frequently than ultrasonic sensors, at the cost of requiring advanced
electronics. On the other hand, ultrasonic sensors cover a wider field-of-view, being ideal for obstacle
detection, and cheaper devices compared to light sensors. In general, each sensor has its inherent
limitations, being sensitive to external environments. The light sensors can get inaccurate measurements
due to ambient light intensity, although this is less likely in the case of infrared light sensors, and the sound
sensors are dependent on the temperature and humidity of the environment in which they operate, as it
changes the speed at which sound propagates (equation 2.1).
S =3314+ (0.606 «T) + (0.0124 « H) (2.1)

e S - Speedof Sound (m/s)

e T - Temperature (°C)

e H - Humidity (%)

All canes that intend to detect and measure the distance betweenthe user and the cane, which is a
parameter of high importance in the detection and prevention of falls, use LRF sensors, due to their high
accuracy, high resolution and fast response time [31], [33], [47], [49]. On the other hand, ultrasonic and
infrared sensors are only used to detect surrounding obstacles [60]. Laser range finder sensors have become
essential for measuring the distance between the user and the cane, however, their major disadvantage is
related their high cost. Di et. al. [28] states that an alternative to these LRF sensors would be using ultrasonic
sensors which would substantially reduce the cost involved in the robotic cane. However, the practical
application of the use of ultrasonic sensors in robotic canes in order to replace LRF sensors is not yet found
in the literature, which possibly makes this application unfeasible.

The force sensors located on the cane have the purpose of detecting the touch, and the forces
exerted on the cane by the user. With the exception of the cane no. 13 [59], which uses force sensors in the
legs of the cane to detect the balance and stability of the cane, all robotic canes use their force sensors in
the handle. The cane no. 16, through a matrix of low-cost piezoelectric sensors located on the two handles
of the cane, enabled the detection of the user's intention through the forces applied in the intended direction

of movement, thus obtaining its admittance control (Figure 2.11) [62]. In the case of canes no. 2, 5, 8 and
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9, force sensors were used with the purpose of detecting: (i) when the user is manipulating the cane; (i) the
amount of force to be exerted; and (iii) in which phase of the gait the user is, in order to slow down or stop
the cane to prevent it from moving while the user is leaning more on it. The force sensors demonstrate overall
a multitude of applications, being able to be located in different places of the cane in order to obtain various

parameters of the gait and the user.
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Figure 2.11: Grip force sensors matrix to detect user intention. Image from [62].

A tilt sensoris a device used for measuring the slope of an object in multiple axes with reference to
an absolute level plane. Mostly used in robotic canes with universal and revolute joint, the tilt sensor allows
to keep track of the angle of the rod that is bent, in order to compensate the weight and forces that are
applied to the cane when a fall is occurring [57], [58], [64].

A camera, comprising RGB cameras and depth cameras, allows for sensing and detecting the
surrounding environment in greater detail and collecting peripheral information. More specifically, the cane
no. 3 uses an RGB-D camera, which is a specific type of depth sensing device that works in association with
an RGB camera [44]. Thus, it is able to increase the conventional image with depth informationin a per-pixel
basis, used to detect obstacles in front of the robot for collision avoidance. The use of cameras as a sensing
mode can have intrinsic disadvantages due to issues of privacy and intrusive characteristics, which may
result in lack of acceptance by the users. However, it is to point out that depth cameras may not suffer from

the same consequences since they are less intrusive to privacy.

2.2.3 Wearable sensors

Wearable sensors are electronic sensor-based devices that are worn by the user, under, with or on

top of clothing in order to obtain relevant and important information related to the user state and position,
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enabling a deeper interaction between the user and the cane. Within the scope of this research, the wearable
sensors used were: (i) an IMU; (i) force sensors (iii) a smartphone; and (iv) an oximeter. An overview of the
wearable sensors with the respective functionalities and location in the robotic canes is given in Table 2.4
and Table 2.5, showing that a total of 9 in 18 (50%) robotic canes uses wearable sensors.

Table 2.4: List of wearable sensors from the review literature of robotic canes, and their respective
functionalities

Sensor Functionality

_ It consists of the combination of an accelerometer, a gyroscope and a magnetometer,
providing up to 9 degrees of freedom.

Measure the contact reaction between two objects by calculating the force or the
Force sensor
pressure exerted.

Smartphone Used to measure the user's posture and body sway.

Used to obtain the heart rate, and thus calculate the rate of effort that is being
Oximeter
performed by the user when handling the cane.

Table 2.5: Overview of the wearable sensors with the respective sensor location

IMU Force sensors Smartphone Oximeter
1- Pei Di Shoes (x1) Shoes (x1)
3- Shunki Itadera Pulse (x1)
5- Qingyang Yan (2) Waist (x1)
7- Mohamed A Naeem Waist (x1) Shoes (x1)
9- Muhammad Raheel
Waist (x1)
Afzal
10- Ragou Ady Weakest leg (x1)
11- Sang-Hun Pyo Waist (x1)
15- Masafumi Kojima Waist (x1)
17- Masahiro Kato Waist (x1)
Total 6 2 2 1
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The IMU presents itself as the most used wearable sensor in the review literature, since is capable
of sensing multiple parameters of important character, namely due to the accelerometer, magnetometer,
and gyroscope. Providing critical information about the relative position of the user, his orientation and the
direction of movement. It is mostly used on the waist [63], but also on the wearer's weaker leg and shoes
[35], so that the cane can follow their movement and always maintain an appropriate distance to accompany
and support while walking. However, the use of an IMU may have little adherence on the part of the users
as they have put it on whenever they require to use the cane. Because sometimes people might forget about
using the wearable sensor, it may result in low user compliance.

Wearable force sensors can obtain information about forces acted upon by the user. These were
used in canes no. 1 and 7, being located on the user’s shoes in order to obtain information on the position
of the body center of mass through the force exerted by the feet on the ground [29], [52]. They can also
provide the detection of the user’s gait phase, by detecting when the foot is in contact with the ground and
when it is in motion. Although, the use of these force sensors may require changes to the users' shoes, which
can cause discomfort, and may prove to be impractical if it is necessary to change shoes or change the
person using the cane, in case of the cane is being used by various patients.

The use of a smartphone on the waist allows the use of software applications to identify body
orientation, and to obtain body sway measurements in order to provide sensory feedback for body balance
and stability, as well as for the user posture while walking with the cane [55]. Regarding the accessibility,
more and more people have a smartphone, which prevents additional costs since users are more likely to
carry smartphones rather than extra wearable devices. However, as people may not carry smartphones all
the time with them, especially the elder, it can come as a limitation of its use.

Finally, the oximeter, presentin the cane no. 3, has the purpose of detecting the physical state, the
amount of physical effort and energy consumed while walking [44]. Thus, it allows the manipulation of the
cane's motion control parameters for a more efficient and facilitated use and manipulation, corresponding
to the physical condition of the user. However, the oximeter can present a barrier, as it may to be

uncomfortable and unwanted whenever its continuous use is required during the use of the robotic cane.

2.2.4 Motion control
The motion control is responsible for the handling and movement of the cane, which allows a simpler

and more intuitive control betweenthe user and the cane, as well as a more controlled and safe movement,
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so that the cane can accompany the user throughout progress of the gait. There are a total of four types of
motion control strategies used: (i) admittance control; (ii) self-balance cane; (i) passive control; and (iv)
accompanying control mode. An overview of the motion control types is representedin Table 2.6, showing a
total of 18in 18 (100%) robotic canes uses motion control.
I.  Admittance control

Admittance control is one of the most common methods to make the connection between humans
and robots. This method controls the motion of the cane by using force or/and torque sensors, which
consequently interprets the acquired force values to moves the cane in the user Intended Direction (ITD). It
is a widely used method, as it is very intuitive, in which the forces applied result in the movement of the cane
in the direction and sense of the force [26], [27], [44] . Another property is the possibility to control the
speed of the cane depending on the force applied, i.e., the quantity of the user intention can be characterized
by the measured resultant force. This proportionality offers a more complete level of the robotic cane control.

Il.  Cane self-balance control

This method is a mathematical control model of the robotic cane based on the inverted pendulum
model. It can be achieved mainly using the Lie Algebra Method (LAM) [40], but also with a control law derived
from a differential kinematic model of the active cane [56]. When the cane is pushed forward or backward,
it drives the wheels, which consequently generates torque to adjust the cane’s angle and maintain its balance
(Figure 2.12). This control method is mostly used for robotic canes with one or two wheels (Figure 2.5) that
are not able to maintain vertical position without the actuation of external elements. For this reason, this
method can compromise the user's safety in walking and falling situations, since they offer little support to

the user of the cane and present a certain instability and lack of robustness.
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Figure 2.12: Analogy between (a) inverted pendulum and (b) robotic cane based on the inverted pendulum
model. Image from [41].
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[ll.  Passive control
With passive control method, the robot cane can be controlled passively without actuation of the
motor's wheels. This is the simplest method, as it does not require action from external sources for the
movement of the cane, apart from the natural strength of the user, which guarantees total freedom of control,
movement and manipulation of the cane. Usually, canes that use this method, such as cane no. 12, usually
use wheel brakes as a way to control the speed of the cane and adjust the user's gait, while maintaining the

freedom of movement from the user (Figure 2.13).

|

Rear Wheel with Servo Brake

Figure 2.13: A robotic cane prototype using the passive control method as the cane motion control. Image
from [58].

IV.  Accompanying control mode
The principle of this control method is that the cane robot should follow the human, in the front or
side, while achieving a desired distance apart of the user. With a known human relative position and velocity,
it is proposed to estimate the desired position and orientation of the cane robot. This movement mode
translates into a distant interaction with the user, following the gait without guaranteeing support, except in
the case of a fall detection situation. Thus, the cane requires the users to have walking stability themselves,
which is not an ideal way for users who need constant support, which is the majority of cases in the elderly

and to those who are in rehabilitation.
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Table 2.6: Overview of the motion control methods used in the robotic canes

Admittance Cane self-balance Passive Accompanying control mode

control control control (non-contact)

2- Yasutaka Fujimoto

4- Qingyang Yan (1)

6- Phi Van Lam

8- Haiyang Wang

10- Ragou Ady

12- Shinji Suzuki

14- Yong-Zeng Zhang

16- Kento Yamada

18- Kohei Wakita
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2.2.5 Fall detection

The gait can be divided into two states: normal walking, in which the user is in a correct posture, in
balance and completing the gait cycle without any interruption; and the abnormal walking state, when the
parameters present in the normal gait are not verified, and the subject is in a stop or emergency state. In a
simplified way, fall detection is the way to distinguish between normal and abnormal walking, and
consequently to be able to determine the emergency state. The fall detection methods used in the robotic
canes were: (i) Zero Moment Point (ZMP), (ii) leg-motion-based detection, (iii) Human-Robot Coordination
Stability (HRCS), and (iv) cane balance-stability. An overview of the fall detection methods is given in Table
2.7, showing that a total of 9 in 18 (50%) robotic canes have fall detection.

|. Zero Moment Point

The support polygon plays an important role to determine the ZMP stability. By knowing the positions
of the user feet, and the cane, a support polygon can be obtained. In a quasi-static case, the ZMP is proved
be equivalent to the projection of Center of Pressure (COP). By estimating and monitoring the COP position
between the user and the cane, a fall can be detected, in case the ZMP moves out of the polygon area (Figure
2.14). According to Di et. al. [28], referring to cane no. 1, the Center of Pressure Fall Detection (COP-FD)
method was able to detect falls (including slipping, stumbling, crossover of legs) within 350 ms. In addition,
Naeem et. al. [52], referring to cane no. 7, indicates that the impedance controller achieves the desired pose
of the end of the stick within 0.5s to prevent the falling of the user. However, these results are obtained with

simulations and not experimentally (i.e., in a real environment).
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Figure 2.14: Zero moment point as a fall detection method, considering the COP position between the user
and the cane. Image from [28].
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II. Leg-motion-based Detection
The detection of the user's conditions and parameters of normal walking, in order to gather data,
later makes it possible to distinguish and differentiate between normal and abnormal walking, by considering
whether the user-cane system is within or outside the parameters, and the previously established and
calculated distributions, based on the movement of the user's legs. This detection system has been used by
different methods, namely: Duboi's possibility theory and Gaussian distribution.
1. Dubois' Possibility Theory
This method has the learning ability to adapt to different users by building the possibility
distributions of the “normal walking” status. By measuring and detecting the distance between the
cane robot and the user’s legs, and the relative accelerations of the legs, data histograms for each
feature are computed from the training set of adequate “normal walking” experimental data (Figure
2.15). The support of a histogram according to a feature is defined by the minimal and maximal
values of the feature components of the training points. By using this method, tt was achieved the
detection of stumbling within 50ms [28]. Although stumbling does not always lead to people falling

down, it represents a high potential risk of falling.
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Figure 2.15: Dubois’ possibility theory: trajectories, data histograms, probability and possibility distributions
of user’s leg motion. Image from [28].

2. Gaussian Distribution
In order to distinguish between the walking state and the emergency state, a Gaussian

distribution is obtained through data of normal walking, by using the distance between the user’s
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legs and the robotic cane, and the frequencies of the user’s legs position on the x-y plain (longitudinal
plane) with respect to the robotic cane, as shown in Figure 2.16. After all the data is acquired, a
Gaussian mixture distribution is obtained, and it is decided a high probability to define a range to
distinguish between the walking state and the emergency state [58], [68]. Therefore, a fall can be
detected by evaluating if the relative position of the user to the cane is within or out of the mixture
gaussian distribution, while the user is walking.
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Figure 2.16: Gaussian distribution as a fall detection method, by using (a) the distance between the user’s
legs and the robotic cane. Image from [58]. (b) to acquire the distribution of the user’s legs position on the
Xy plain. Image from [68].

[ll.  Human-Robot Coordination Stability (HRCS)

The HRCS is a fall detection method that relies on a two-object system, i.e., both the stability of the
robot and the user are considered during the measuring which makes this method more reliable and
convenient for measuring the stability of the human-robot system than current works (Figure 2.17(a)) . Thus,
the stability region is also generated by the constraint of stability for the robot and the constraint of the
stability for the user [49]. The variables which influence the constraint for the robot are the magnitude of the
resultant force and the direction of the resultant force through the center of gravity. The constraints of stability
for the user are the posture measurements, such as the angle between the body and the ground, and the
distance relevant to the robot and the leg motion speed. The user is considered as a simple two-dimensional
linear Inverted Pendulum System (IPS), which makes the model of the user with the function of interactive
force and the angle easy to be obtained. If the instantaneous state of the system is on the axis of the stability
region, it indicates that the human-robot systemis under critical tip-over stability. In case the HRCS runs out
of the stability region, it shows that the human-robot system is unstable and therefore, the fall is detected

(Figure 2.17(b)). Yan et. al. [46] applied Principal Component Analysis (PCA), a method of calculating optimal
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linear combinations through a rotation of the coordinate system, so that the walking state is promptly
detected if the sample data deviates from an offline PCA model. Using this method, and abnormal or
emergency state could be detected within 55-110 ms.

dn' & ( Stability Region

(@) (b)

Figure 2.17: Human-Robot Coordination Stability as a fall detection method, using (a) human-robot system,
and the (b) stability region of the human-robot system. Image from [49].

[V.  Cane Balance-Stability
This method estimates the direction and the strength of the force applied to the cane grip by the
user in order to detect any possible fall [50], [51]. If the user’s force can be estimated, it can judge the total
balance and the stability of the system by synthesizing the information about the posture of the cane and the
contact force of each leg (Figure 2.18). Estimated information about the total balance enables to realize

some novel functions such as to predict, prevent and warn the risk of fall to the user.

(a) (b)
Figure 2.18: Cane balance-stability as a fall detection method (a) Image from [50]; (b) Image from [51].
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Table 2.7: Overview of the fall detection methods used in the robotic canes

Leg-motion-based Detection

Human-Robot Cane
Zero Moment

Point (ZMP) Gaussian Dubos

Coordination Stability Balance-

Possibility (HRCS) Stability

Distribution
Theory
1- Pei Di X X
2- Yasutaka
Fujimoto
4- Qingyang
Yan (1)
5- Qingyang
Yan (2)
6- PhiVan
Lam
7- Mohamed A
Naeem
12- Shinji
Suzuki
13- Tomotaka
Ito
18- Kohei
Wakita

Total 2 2 1 2 3

2.2.6 Fall prevention

In order to ensure the safety of the robotic cane user, the cane must act to prevent a fall when a
state of emergency is detected. This method must consider several parameters to achieve successful fall
prevention, which include: (i) analysis of the direction of the fall; (i) the relative position and orientation of

the cane at the beginning and at the end of the fall; and (iii) the interactive forces applied to the cane. With
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all these parametersin a small enough window of time to allow the user restore his balance. An overview of

the fall prevention methods is given in Table 2.8, showing a total of 8 in 18 (44%) robotic canes have fall

prevention.
Table 2.8: Overview of the fall prevention methods used in the robotic canes
Fall Prevention Method
e To prevent the user from falling, the cane robot will move to the position which is estimated based
- Pei Di
on ZMP stability theory and bend its stick toward the opposite direction of falling.
2 - Yasutaka
The cane maintains balance and moves alongside the user in order to assist when falling.
Fujimoto
4- Qingyang
Yan (1) The fall prevention control will adjust the movement of the ball-joint and omni-base to change the
an
magnitude and direction of the resultant force through the center of gravity of the robot to adjust
5- Qingyang
its stability.
Yan (2)

6- PhiVan Detects the human force applied to the rod of the cane and consequently changing its position in
Lam order to support the user in finding a new standing position
7- Mohamed A  The fall prevention strategy is to move the cane robot to a desired position and orientation that
Naeem keep the estimated ZMP inside the triangular support polygon.
12- Shinji To prevent the falling accident of the user, the apparent dynamics of the robot cane is changed
Suzuki by controlling the brake torques of the wheels.
13- Tomotaka Assists the user to prevent fall by stretching the cane’s legs and generating the opposite moment

Ito actively with a MR (Magnetorheological) fluid.

Even though the canes no. 1, 4, 5 and 7 use different fall detection methods, their prevention
methods are very similar, as they consist of moving the robot cane to a favorable and strategic position,
depending on the user's orientation and the direction of the fall. Thus, it will allow the user to support their
body weight on the robotic cane so that they can stabilize their balance and avoid falling (Figure 2.19). In
the specific case of cane no. 1, 5 and 7 which consist of a universal joint, for the first two, and a revolution
joint, for the last one, the angle of the robotic cane rod can be changed and controlled in order to provide
extra assistance. With this method, it can increase the stability of the cane during the fall in order to prevent
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it from falling over due to forceful thrust. According to Di et. al. [29], the best results to prevent falls using
the tiltable rod of the cane, is by placing it with the falling direction and the tilted direction of the cane stick
in the same line but in the opposite direction.

The cane no. 2 and 6 present very similar structures and characteristics as they are based on the
inverted pendulum model in order to have a robotic cane in self-balance. As a prevention method, when the
user applies forces in the cane, as if he is falling, the cane will operate to ensure a favorable position to assist
the user during the fall. This method is achieved with the cane moving in the direction of the applied forces,
so that the cane can maintain its balance, and be in an upright position. In the case of the cane no. 2, it
uses the angle of the cane in relation to the plane of displacement as a main parameter, while cane no. 6
uses as its main parameter the sensing forces applied to the cane's rod (Figure 2.20). As previously
mentioned, these types of cane that need to self-balance in order to remain in an upright position, show little
robustness, instability and little safety, not being considered ideal for elderly users and those with impaired
mobility.

To prevent the falling accident of the user, the apparent dynamics of the robot cane can be changed
by controlling the brake torques of the wheels. The braking system used by the cane no.12 allows limiting
the speed of the mobile base and consequently helping and preventing the user from falling. This passive
system is intrinsically safe because they cannot move unintentionally, however, it may not be ideal for fall
prevention due to its lack of active movement when a fall is detected. Since it can only stop the cane from
moving, there may be situations where the cane requires to change its position in order to grant a stable and
solid support to the user, ensuring balance and stability of the center of mass of the system, and preventing
the fall from happening.

Although cane no.13 is a prototype of a robotic cane that has certain disadvantages in terms of its
not very robust structure, and the implemented motion control, which requires the user to liftthe 1.2 kg cane
during walking, it presents an innovative method that ensures the stability of the cane while walking in
unstable and irregular circuits. Overall, this walking aid method, which also seeks to help prevent falls, has

little ability to provide security and stability to support the user's body weight in the event of a fall.
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Figure 2.19: Fall prevention method based on the movement of the robotic cane to a favorable and strategic
position, with the angle of the robotic cane rod changed and controlled in order to provide extra assistance
to the cane during the fall. Image from [29].

Figure 2.20: Fall prevention method based on the cane self-balance and its capability to maintain balance
and move alongside the user in order to assist when falling. Image from [51].

2.2.7 Experimental protocol validation

The experimental protocols carried out by the articles in literature are intended to test and analyze
the general functioning of the canes, namely the: (i) sensory units; (ii) actuation units; their methods of (iii)
motion control; (iv) fall detection; and (v) fall prevention. The tests carried out by the literature take into
account various parameters, varying between: (i) the environmental conditions of the tests; (ii) test duration;
(iii) distance to travel with the robotic cane; (iv) inclination of the travel plan; (v) health conditions; (vi) age
groups; and (vii) number of participants. Additionally, there are certain tests in which the participant is

instructed to think or act in certain ways in order to carry out the experimental tests. Several features are
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then be evaluated, such as the user-cane interaction (adaptation, ease of use, handling, stability and
comfort), fall detection (detection time and its accuracy) and the cane’s response to fall prevention.

A total of 29 articles performed experimental tests and the number of participants ranged from one to
eight people. The study from Pyo et. al. [57] stands out from the other articles, as it performed experimental
tests with hemiplegic patients (condition caused by brain damage or spinal cord injury that leads to paralysis
on one side of the body), with an average age of 60. The remaining articles performed the tests with healthy
subjects, and the mean ages ranged between 23 and 27 years of age. Some of the instructions given to
participants before taking the tests included:

[.  Walk around freely during five/six minutes to get used to experimental conditions [44], [56];
[I.  The user of the cane to attach a fixture (leg-brace) to one of his legs under the assumption that
it is a weak leg [26], [35];
lll.  Inform the subjects how to operate the cane robot [38];
IV.  The user to practice walking with the cane robot in order to learn how the cane robot behaves
[27], [39].
The experimental tests performed which involved using the robotic cane included:
[.  Subject walks with cane on flat ground and on a slope [26], [32];
II.  Simulate stumbling or falling in different directions [28]-[31], [34];
[ll.  The user tends to fall backward and forward [36], [41];
IV.  The subject walks forward 1, 3, 5 or 10 meter straight with the robotic cane [27], [45], [46],
[56], [57], [61], [63];
V. Testing upright standing using the cane [55];
VI.  Walk in an infinity loop [52];
VII.  Walking with the cane for about 12 minutes [28], [30];
VIII.  Turn right and left motion with cane [28], [38], [50];
IX. Pretend to walk like an old person [37];
Such procedures allow obtaining results that will later be evaluated to determine and characterize
the functioning and behavior of the robotic cane. The parameters in which these experimental tests were
carried out, as well as the evaluated features, are procedures to be considered for the experimental protocol

of the present study.
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2.2.8 Main results obtained

Experimental protocols seek to obtain reliable and complete results that resemble the use of the
robotic canes in the real world, and not only for specific environments and users. Several issues were
addressed in the results of each literature study. Bearing in mind, that all robotic canes have as their main
objective to guarantee the safety of the user, there are several parameters to consider so that stability,
comfort, detection and fall prevention are ensured for users.

Regarding body stabilization, Itadera et. al. [43] mentioned that touching motion and somatosensory
feedback could provide useful restriction for stabilization of body sway, and Afzal et. al. [55] also added that
body sway can be reduced with active guidance feedback from a haptic device compared with providing only
haptic sensory feedback.

By manipulating the admittance control parameters, Itadera et. al. [44] demonstrated that the larger
coefficients of admittance control i.e., virtual mass and damping coefficients, the more difficult it is to walk
for a long distance. These results of control experiment demonstrate a potential use in gait training for
rehabilitation, by varying the admittance control parameters, to adjust to a proper walking load.

In terms of load exerted, Nakagawa et. al. [27] refers that by making the cane robot function in a
similar in which an ordinary cane functions properly, the average load applied to the affected leg is reduced.
Additionally, Wang et. al. [54] mentions that in the supporting phase, the pressure by the palm is the only
force applied on the cane, and in the moving phase, the lift force is the main input, and the pressure is the
secondary force. In the same scope, Di et. al. [35] developed an optimized motion control of the cane robot
based on the characteristics of the gait pattern, achieving an average reduced load of 30% for the affected
leg.

The fall detection starts by distinguishing normal walking from abnormal walking. Yan et. al. [46]
demonstrated that with a small number of built-in sensors, the loss of human-robot coordination could be
detected, i.e., a state of emergency has occurred. The emergency state detection time was attained within
55 - 110 ms using the HRCS method along with a PCA algorithm. Using the ZMP method, falls could be
detected within 350ms and stumbling detection within 50 ms using Leg-motion-based Detection [28].

There were presented similar methods for fall prevention which involved the movement of the cane,
by changing its position to support the user’s standing motion [40], moving the cane into the direction of the
user's fall direction [25], and controlling the position and posture of the cane robot in order to move the COP

back into the support polygon [29], [30]. By using impedance control in dynamic simulations, Naeem et. al.
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[52] achieved the desired pose of the end of the stick withing the required time to prevent falling of elderly,
which equals to about 0.5 s. In a passive way, instead of controlling the movement of the cane, Suzuki et.
al. [58] developed a passive cane controlled with a brake system, which can limit the speed of the mobile
base. Therefore, when the user state estimated tendency to fall during the walking, high inertia and damping
coefficients were derived by the distance between the cane and the user, preventing the user from falling.
In general, these results provide a critical and real knowledge of the products developed by the
literature, as well as their respective functionalities and capabilities, being considered in the further

development of the present robotic cane prototype.

2.2.9 Limitations and challenges

From the analysis of the experimental results, the obstacles and limitations of the robotic canes in
question were defined, as well as future proposals for advances and improvements in order to obtain an
optimized and efficient product for its purpose of assisting the gait of people with reduced mobility. It is
summarized in Table 2.9 the overall robotic canes limitations gathered from the literature, referring to the
respective articles and challenges.

Table 2.9: Robotic canes limitations and challenges, gathered from the literature

Parameters Limitations Challenges
- Reduce the size and weight of the system [40], [50], [51],
Dimensions -----
[63].
- Lower the cost by integrating new motor drivers [40];
Costs  ----- - Develop a low-cost sensing system to reduce the cost of the
cane robot [64].
- Increase the working time of the batteries before recharging
Batterylie ~  -----
is required [40], [50], [51].
- Address a suitable control scheme to minimize the time
delay of operation (using PID and PD controllers) [43];
System time
----- Direct the study to a finite time fall prevention strategy, by
response

limiting the fall procedure to a shorter time (~1-2 seconds)

[36].
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Parameters

Handling

Experiments

Motion

control

Fall detection
and

prevention

Limitations
- The use of both hands is required
to operate the cane robot, meaning
there is no free hand for external
manipulations  [38], [50], [61],

[62].

- Only tested forward falling [48].

- Cane designed and limited to
move in a preplanned walking path
(60];

- Cane control only works when the
user is walking forward. It is
intended, in the future, to deal with
situations in which the walking
direction changes [56];

- The position of the user is not
considered,

around [48];

only the obstacles

- Requires previous data from the
patient gait first, in order to obtain

fall detection [46], [58].

Challenges

- Perform experiments in an extended period to evaluate the
long-term effect of gait training with the cane robot [44];

- Conduct a clinical gait trial with elderly or handicapped
people to verify the effectiveness and evaluate the proposed
methods, mechanism and control algorithms of the assistive

cane robot [30], [33], [38], [45], [57], [58], [60], [61].

- Estimate the gait and the direction in which the user is
walking, as well as the threshold distance between the user
legs and the cane, to stop when is too further from the user

[27].

- Propose a three-dimensional human dynamics model for
simulating fall prevention strategies [28];

- Further investigation into the abnormal walking cases
monitoring (e.g., circumduction gait, scissoring gait, tandem
stance, slip, legs crossover), and effective fall prevention
measures research to avoid injuries of the users based on

the walking state monitoring [28], [30], [46].
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The predominant parameter, with most articles in common, was related to the experimental trials,
more precisely, the lack of clinical gait trials, with elderly people or people with impaired mobility. This is
seen as a very important mark, as it will allow testing robotic canes in real conditions, with patients who meet
the specifications and needs of the cane. Another point, which was not addressed above, but is relevant to
consider, is the lack of robotic canes with fall prevention strategies that do not require the use of wearable
sensors by the users. Out of the total of eight robotic canes with fall prevention, only five do not require
wearable sensors. However, of these five, there are two that contain passive fall prevention (canes n° 2 and
6), and there are also another two canes in which the fall prevention does not involve moving the robotic
cane, implying that it remains motionless when a fall is detected (cane 12 and 13). This means that out of
the 18 reviewed robotic canes, only one robotic cane has an active fall prevention strategy, witha mechanism
that involves the movement of the cane, and does not require the use of wearable sensors. Lastly, there is
the fact that many robot canes can't distinguish the user’s gait phases. This is a key factor as it provides
enough information for the robotic cane to follow the user during the gait, as well as determining the user’s

walking state, and detect abnormal walking, which may also be related to a possible fall of the user.

2.3 Discussion

Throughout this chapter, it was possible to obtain a general analysis of robotic canes present in the
literature, encompassing their different structures and designs, types of sensory and actuation components,
methods of control, detection and prevention of falls. It also helped to get a better idea of the stability, safety,
degrees of freedom and the type of maneuverability of each type of the described robotic canes.

Considering the arrangement of the robotic cane wheels, they can have a maximum of three degrees
of freedom in terms of mobility. If a revolute or universal joint is added, the cane's degrees of freedom can
go up to four and five, respectively. In terms of stability and support, it was discussed that canes that have
only one or two wheels may not provide enough stability to support the body weight transferred to the cane
during walking and in situations of falling, which can result in an unstable system not recommended for
people with reduced mobility.

Of all the robotic canes found, all use sensors included in the cane, while only 50% of robotic canes
required the use of wearable sensors in order to complement motion control, fall detection or fall prevention
methods. Wearable sensors have shown many advantages but also many associated limitations, either
because they are uncomfortable, impractical or because they require the user to remember to wear them
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whenever using the cane. These factors can pose usability and acceptability challenges in relation to the
users, which in turn can compromise the use of the cane.

It was found that the main limitations that most robotic canes in the review had in commonin terms
of experimental tests, are the lack of clinical gait trials with the elderly or people with reduced mobility, which
demonstrates that the systems developed were not tested in the real environments , but with people who did
not match the specifications of the robotic cane's intended user. It was also found that out of the 18 reviewed
robotic canes, only one has an active fall prevention strategy, witha mechanism that involves the movement
of the cane, that does not require the use of wearable sensors by the user. Another major limitation is the
fact that the user's gait phases are not distinguishable by the sensor systems of many robotic canes in the
literature, representing an essential factor for gait monitoring and possible detection of falls.

In an also very important note, it was possible to identify that there are no commercially available
canes with built-in pre-impact fall detection systems, which opens a window for the insertion of this product
in the technological market and in the health industry. Finally, with the combination of all these factors, it

enabled to have a more concrete idea of the anti-fall robotic cane to be developed and instrumented.
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3 Product Design Enhancement

As previously discussed, an opportunity was identified for the ARCane, opening up the possibility of
enhancing a project mission statement in order to understand the relevance of this device. The mission
statement is composed by different steps, including: (i) defining a description of the product; (ii) indicating
the target market for the product; as well to (iii) determine some premises for the robotic cane, so that the
final concept works according to the user.

This chapter also seeks to obtain an in-depth understanding of the main barriers and motivations
related to the use of the cane, to whom its use is intended, and a subsequent gait analysis considering the
correct use of the cane. The consumer needs for the robotic cane are also identified, as they play an
important role in judging the real usefulness of the device. The process of identifying consumer needs is an
integral part of future product development phases. Such phases of development are primarily defined by
the product specifications, which is a set of individual specifications that describe what the product must do,
through precise and measurable terms. They must be defined at an early stage of the development process
to achieve a product with market-compatible design and engineering. To close this chapter, the structural
design of the cane is presented, along with the main elements that compose it. Some modifications were
made to the structure of the cane, so that the capabilities of the robotic cane prototype can be improved, to

obtain a device that matches the mission statement.

3.1 Mission statement

It is important to understand the relevance of the ARCane, as well as its possible insertion in the
market. The major problem in question lays down to the high rate of falls, which causes greatimpacts on
physical and intellectual health, in addition to high monetary costs worldwide. The main focus lais on people
with reduced mobility, which may be due to stroke, Parkinson’s disease, or other type of limiting health
factors, englobing all age groups. It is aimed to overcome the associated difficulties in the gait process as
well as providing assistance in preventing falls.

The data obtained from all the results of the SoA review, demonstrates a potential product and a wide
availability in the market opportunities. With this information we can define the product's mission statement,
which intends to explain its purpose, intentions and guidelines to be followed for the project in question. The

benefit proposition is related to the real-time fall prevention strategy, i.e., the ability to prevent the fall and
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avoid the related negative consequences. On this matter, the primary market for this device is aimed at
consumers with balance impairments. Since fall events are caused by many risk factors, it is possible to
include every costumer who may need some form of balance assistance.

The secondary market is aimed at institutionalized elderly and patients undergoing rehabilitation. Falls
are not unique to the elders, however, age has been identified as a prominent major risk factor, and a clear
link has been established between aging and higher rates of falls. When opting for a market in institutions
and rehabilitations, the objective is to define a starting point for the ARCane as a market product, allowing a
study of the product's performance before developing other functionalities for applications in the real world.

The intentions for the ARCane are a handheld device with smooth and intuitive motion control, and an
integrated real-time fall detection system and fall prevention strategy. The handheld assumption is
determined by the nature of the cane as an assistive device, which is a product that is held by one hand.
Additionally, according to Afzal et. al. [55], the contact between the user and the cane is of greatimportance,
since the use of haptic light touch improves the balanced posture, assisting the human brain to produce
better upright balance and providing lateral stability during walking. Finally, it is desired that the final concept
works according to the user, in order to adapt to their type of gait, physical characteristics, health conditions,

and needs. The mission statement for the ARCane is summarized in Table 3.1.

Table 3.1: Mission statement for the anti-fall robotic cane

Mission Statement: Anti-fall Robotic Cane
Product Description ¢ Cane with built-in real-time fall prevention strategy.
Benefit Proposition  * Prevents falls and avoids injuries related to those events altogether.
Primary Market » Consumers with balance impairments.

e Institutionalized elders.
Secondary Markets

* Rehabilitation patients.

e Handheld.

Assumptions
* Built-in fall detection system and fall prevention strategy.

3.2 Usageofthecane

Many adults become less active as they age, which exacerbates the physical effects of aging. In

addition to poor balance and coordination, there are some other factors that can make it difficult for an
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elderly person to walk, such as: medication side effects, chronic diseases, arthritis, foot discomfort,
weakened muscles and bones, dementia, impaired vision, shortness of breath, and poor reaction times.
[liness and injuries in general can make an elderly person feel less secure on their feet, which can affect
their balance and consequently trigger a fall accident [69]. Due to all these factors, once an elderly person
begins to have walking difficulties, it can also cause them to develop a fear of falling that prevents them from
performing essential daily activities [70]. Thus, in this chapter the questions “Why use a cane?”, “Who should

use a cane?” and “How to use a cane?”, will be addressed in the respective order.

3.2.1 Barriersand motivations

There is still a high percentage of elderly people with gait limitations who deny the need for a walker
or a cane. Some resist to use assistive devices out of pride and vanity because they do not want to look old
or fragile. Other reasons for their non-use included believing: (i) it was not needed; (i) due to forgetfulness;
(iii) the device made them feel old; and (iv) inaccessibility [71]. A common issue that is present among the
elderly is using the furniture in their homes to stabilize themselves when walking, which provides a false
sense of security.

A survey of 262 people aged 60 and over, performed by Luz et.al in [71], showed that the non-use
of assistive devices led to a significantly higher proportion of falls resulting in hospitalization than among
device users. Of the participants who were hospitalized and required surgery, 100% were non-users of aid
devices. Additionally, Resnik et. al. in [69] conducted a survey of 65 participants aged 65 and over, on
attitudes and beliefs that strongly affect the decision to use mobility aids. For all participants, the perceived
stigma of using mobility aids was due to fear of aging and physical decline. For many, the use of mobility
aids was associated with feelings of sadness and depression. Cane users discussed about the discomfort,
especially when going from one place to another and requiring finding somewhere to put the cane without it
falling over. Participants also expressed concern about the use of unsafe or inappropriate equipment, citing
an increased awareness of discrimination against people who use mobility devices. As a way to overcome
those limitations, some seniors felt that fashionable aids would make them more likely to use them.
Furthermore, sporty looking equipment was preferred over standard medical looking devices and ultimately,
they believed that motorized equipment offered not only convenience and ease of use but also in some ways

youthful looks.
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Although many people are discouraged from using a walking aid device, there are many benefits
that come from using it, in addition to those already described in section 1.1. It is to be considered, that
many seniors just do not do as well as they did when they were younger because their general senses and
reflexes diminish and slow down. Canes and walkers compensate for these senses by helping the brain
perceive where the body is and where the feet are going, consequently restoring security and confidence in
older adults [69].

In addition to being functional, walking is considered an exercise. The benefits of exercise include
maintaining mobility, as well as improving: (i) the ability of weak muscles to utilize energy; (ii) blood flow to
the muscles; (iii) endurance; and (iv) improving a sense of well-being [72]. Sedentary injuries and inadequate
forms of rehabilitation will lead to a faster decline of body functions if correct walking exercises are not
implemented. The muscles of the lower limbs will also atrophy faster, which may bring serious damage to
people's health. Thus, appropriate walking exercise is indispensable to improve the quality of life [73].
According to Resnik et. al. [69], the majority of participants indicated that a physician's recommendation to
use a device would strongly motivate their decision to adopt one. Clinicians can strongly influence the
decision to start using an assistive device and can play an expanded role in discussing and observing mobility,
recommending mobility aids, or referring patients to other clinicians (e.g., physical therapists) to prescribe
appropriate equipment and gait improvement lessons. They may also suggest that mobility aids would be
especially valuable for increasing safety and comfort in crowded places, on dark nights or during slippery
weather, emphasizing the device's multiple functions within the user's needs, living environment and lifestyle.
Thus, framing mobility aids as a means to enhance patient’s independence and autonomy can increase the
patient’s acceptance. This can be achieved by pointing out that rather than limiting them, walking aids
provide more independence and autonomy, as they can help people stay active and engage in all kinds of

social events and activities.

3.2.2 Intended users

The use of a walking-aid device is dependent on the health condition in which a certain person is.
The subject must first be evaluated by a health professional, and finally, guided to the appropriate type of
assistive device that corresponds to the respective needs and limitations of the user. Although many elderly

people and patients are not so weak that they can walk, a little support from a cane or stick is needed to
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help them maintain balance and walk outdoors, allowing them to carry out high-quality lives or accelerate
rehabilitation. In such situations, a robotic cane system can be more useful than a robotic walker because
of its flexibility, light weight, and small size.

The ARCane is a device developed to work in the health industry, aiming to improve the health care
provided. Being also a device with a multipurpose character, which works in the scope of assistance and
body motor assessment. In addition to the context of controlled home use, it can be used in hospitals,
rehabilitation centers, nursing homes or other health service delivery units. In the scope of evaluation, with
a view to assist and rehabilitate the motor functions of the body, such robotic devices also enable the
inclusion of caregivers, allowing them to objectively monitor the motor performance of patients during
physiotherapy sessions. In the long term, it is expected that this system can be spread across the broad
spectrum of diseases that severely affect the geriatric community. Like the general cane, the intended users
can be evaluated based on the assessment of care requirements, such as the “Nursing care level” and the

“Elderly Mobility Scale”.

3.2.2.1 Nursing care level

Nursing care level is an indicator to judge to what extent the condition is when receiving nursing care
service [63]. Typically, the cane users are those who require assistance level 1 and assistance level 2 in
nursing care level, as representedin Figure 3.1. The guidelines for assistance level 1 and assistance level 2
are as follows:

|.  Assistance level 1: Regarding basic actions in everyday life, it is possible to do almost oneself,
but in order to prevent progression to care levels, some form of assistance is needed in
Instrumental Activities of Daily Living (IADL).

II.  Assistance level 2: Compared to assistance level 1, the ability to do IADL is slightly reduced,

and some kind of support is needed to maintain or improve the function.
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Partial care is necessary
in daily life

CareLevel2—— Light care is necessary

CarelLevel 1

Figure 3.1: Nursing care level degree chart, from [63].

3.2.2.2 Elderly Mobility Scale

The Elderly Mobility Scale (EMS) is another indicator of the type of assistance needed, based on a
20-point validated assessment tool for the assessment of frail elderly subjects, mostly used in a hospital
setting or daycare facilities. Its purpose is to provide a scale for assessing mobility, considering locomotion,
balance and key position changes, being able to predict the risk of falling. The EMS assessmentis based on
an individual's mobility problems, specifically through seven functional activities, including bed mobil ity,
transfers, and bodily reaction to perturbations.

EMS scores have been found to be useful for allocating people to the most appropriate care
environment [74] and have shown a direct correlation between lower EMS scores and higher rates of falls
[75], making it a useful tool in determining users who need an auxiliary device. In the EMS, gait is assessed
based on the type of assistance needed to walk. The subject achieves maximum points if he walks safely
without assistance, and in the case an assistive device, the score decreases. These scores are made up of
the following ranges:

e Scores under 10 —These patients are dependent on mobility maneuvers; require help with basic

ADL, such as transfers, toileting, and dressing;

e Scores between 10 and 13 - Generally these patients are borderline in terms of safe mobility and
independence in ADL i.e., they require some help with some mobility maneuvers;
e Scores over 14 - These patients can perform mobility maneuvers alone and safely and are

independent in basic ADL.
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From the description obtained in these results, we can conclude that the anti-fall cane is probably in the
range scores of 10 to 13. However, these are general interpretations, since for the use of the cane other
factors must be considered, such as cognitive impairment, lower limb dysfunction, gait abnormality, and foot
problems, being duly evaluated by a health professional from the geriatrics area. The EMS scale can be seen

appendix I.

3.2.3 QGait analysis and proper handling

Cane misuse can become a problem for people being introduced to walking aids. Therefore, it is
important to understand that education and training in the use of a walking aid is of greatimportance. If the
cane is not being used correctly or is poorly adjusted, it cannot help an unstable individual, and sometimes
it can serve as a false sense of security, and even contribute to a fall.

Before examining gait with a walking aid, it is necessary to understand the mechanics of whatis
perceived as a "gait cycle”. The human gait is a complex locomotion with a rhythmic and standardized
sequence of movements that end in a forward displacement of the human body center of gravity [76], with
the gait cycle defined as the period starting with an initial floor contact (i.e., Initial Contact) to a similar
posture [77]. The cyclical property of the human gait allows it to be considered as a succession of strides
[56]. During a stride, each leg alternates between a stance phase and a swing phase. The stance phase
corresponds to the period in which the reference foot is in contact with the ground and the swing phase
corresponds to the time when the reference foot is in the air. The transition between the two phases occurs
after a double stance, during which both feet touch the ground. The gait cycle is used to describe an entire
period of walking. In the past, the gait cycle was described with actions that did not correspond to the gait
phases of people in general. For example, initiation of the stance is often called heel strike [69], [78], [79].
However, the heel of a partially paralyzed patient may never be in contact with the ground or may do so
significantly later in the gait cycle. Likewise, the initial contact with the ground can be made by the whole
foot (i.e., flat foot), instead of having contact with the forefoot, which occurs later, after a period of heel-only
support. Therefore, to avoid these difficulties and other areas of confusion, the Rancho Los Amigos gait
analysis committee developed a generic terminology for the functional phases of gait [80], being the

terminology to be considered when describing the human gait phases.
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The human gaitassessment can be designed as eight discrete subphases with continuous behavior. The

stance phase is divided into five subphases: initial contact, loading response, mid stance, terminal stance

and pre-swing, while the swing phase is divided into three subphases: early swing, mid swing and terminal

swing. The description of the gait phases is listed below, and their representation is portrayed in Figure 3.2.

L.
2.

Initial Contact: this phase comprises the moment when the foot touches the floor.

Loading Response: in this phase the shock is absorbed as forward momentum is preserved. The
phase begins with initial floor contact and continues until the other foot is lifted for swing. The
reference foot goes from heel contact to full foot contact during the loading response phase.

Mid Stance: it begins when the other foot is lifted and continues until the body weight is aligned over
the forefoot. During mid stance the body weight is tolerated by the reference leg while the other leg
is in the initial swing and mid swing phases.

Terminal Stance: it starts with the heel of the reference leg rising and continues until the other foot
strikes the ground, completing the single-limb support. Throughout this phase, the body weight
progresses past the forefoot.

Pre-Swing: this final phase of stance begins with the initial contact of the opposite limb and ends
with the ipsilateral (i.e., same side of the body) toe-off. The objective of this phase is to position the
limb for swing. The pre-swing phase and the terminal stance phase require the largest muscular
power to propel the body forward [81].

Initial Swing: this phase is approximately one-third of the swing period, beginning with a lift of the
foot from the floor and ending when the swinging foot is opposite the stance limb.

Mid Swing: during this phase, it is carried the motion from the initial swing and ends when the
swinging limb is forward, and the tibia is vertical.

Terminal Swing: this final phase of swing begins with a vertical tibia and ends with the leg reaching
out to achieve step length and the foot striking the floor. Limb advancement is completed as the leg

moves ahead of the thigh, and is completed through knee extension.
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Gait cycle
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Figure 3.2: lllustration of the human gait phases. Image adapted from [82].

Before starting the human gait assessment with a cane, it is important to emphasize that the
inappropriate use of the cane can serve as a false sense of security and result in instability of the user gait.
Therefore, it is important that the cane and the user have a correct posture, according to physical traits and
physical conditions, to ensure safety and provide a reduced load on the lower part of the body when walking
with the walking aid device. Statistics from a study realized by Liu et. al. [83] showed that 82% of the cane
users were self-taught and only 18% were provided with instructions from medical professionals. These values
highlight the importance of education on the appropriate device selection, correct usage and gait pattern,
and proper adjustments in the elder community.

Besides the lack of medical professional involvement, there are three major problems from cane
assessment. Starting with handling the cane, the user needs to decide in a first step which hand will be used
to handle the cane. If the goal is to use the cane for general mobility rather due to an injury, it is
recommended that the user hold the cane with the dominant hand to support the greater weight. In case the
user has a sore, weak or injured leg, the cane should then be handled on the opposite side of the affected
leg (i.e., in a contralateral way). The base of support is defined as the area betweenthe cane and the part of
the body surface in contact with the ground. When the user handles the cane contralaterally, the base of
support is increased, improving balance and reducing the possibility of falling [27], [56]. In addition to
improving postural stability by increasing the base of support, a cane provides breaking and propulsion forces
to support and reduce the load applied to the subject's weaker leg [84] (Figure 3.3). For general terms on
the use of the cane for assisted walking, the second case will be assumed, where the user is holding the

cane on the opposite side of an affected or weak leg.
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A B Cc D

Figure 3.3: The bases of support, shown as shaded areas, and the center-of-mass applied, represented by a
cross circle, while standing with and without a cane. (A) One-legged stance, (B) two-legged stance, (C) stance
with standard cane, and (D) stance with a four-legged cane. Image from [84]

Inadequate posture during ambulation occurs as the second problem, where cane users with forward
leaning posture during ambulation showed a significant association with the rate of falls, while the lateral
leaning posture showed no statistically significant association with the rate of falls [83]. The third problem
lies in the incorrect adjustment of the cane, more specifically, the inadequate height of the cane. Of the 93
subjects recruited into the study carried out by Liu et. al. [83], 50 subjects (54%) had their personal cane at
an incorrect height, making incorrect cane height the most common misfitaround cane users. These different
cane lengths can consequently produce changes in body posture reflecting changes in postural sway [85].
Proper cane height is important due to the biomechanical posture stabilization, and it can be found by
measuring the distance from the ground to the wrist joint line while the individual maintains an upright
standing position with both upper extremities relaxed at the side of the body [83], [85], [86] (Figure 3.4).
The cane should fit so the handle falls comfortably into the palm of the hand when relaxed with the elbow

slightly bent.

Figure 3.4: Suitable height for a cane, with the handle in line with the wrist joint. Image from [87].

51



Regarding the human gait assessment with a cane, there are two types of gait with the cane: two-

point gait and three-point gait. The sequential movements of the three-point gait are listed below, and their

representationis shown in Figure 3.5 and Figure 3.6.

1. Stand while balancing the body weight on the strong or unaffected limb, with the cane ahead.

2. Move the cane forward by a distance equivalent to one step, assuring the cane is close to the

body.
3. Move the affected leg forward one step length.

4. Transfer the weight from the unaffected foot to the affected foot and cane, and then bring the

unaffected foot forward to join the affected foot.
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Figure 3.5: Representation of the three-point gait with a cane.

After stage 4 is completed, this series of walking motion will repeat and begin again at stage 1. The

two-point gait is similar to three-point gait, except that stage 2 and stage 3 occur at the same time.
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Figure 3.6: Representation of the two-point gait with a cane.

Comparing the two types of gait with cane, the degree of weight bearing carried on the cane is

significantly greater in the three-point gait than in the two-point gait. Furthermore, there is significantly greater
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muscle activation in the lower limb during the stance phase in the two-point than in the three-point gait [88].
These results demonstrate that a possible and efficient approach to adapt and improve the use of the cane,
is the application of the three-point gait in an initial phase of training, to acquire stability and control, and
later, the application of the two-point gait for an increased muscle activation of the lower limbs and normal

gait pattern training.

3.3 Consumer needs

What a consumer wants usually reflects the desired preferences for specific ways of satisfying a need.
It is important to understand and identify the factors that drive people to make purchasing decisions in order
to develop something that matches what consumers need to buy. On this matter, this chapter will address
two topics that will provide in-depth knowledge of consumer needs. The first, is in relation to human
motivation and needs, while the second topic is directed to the needs of a targeted consumer in relation to

a service, brand or product, more specifically the robotic cane.

3.3.1 Human needs and motivations

Consumer needs begin with a physical or emotional need, desire or whim, which can be evaluated
according to different theories, including Maslow's hierarchy of needs [89]. Abraham Maslow was a
psychologist who proposed a theory of needs, stating that some human needs are more importantand more
common than others. These needs are represented hierarchically, in the following order:

1. Physiological — It concerns the biological requirements for human survival, e.g., food, water, rest

and shelter.

2. Safety- Once the most basic survival needs are met, the needs for security and safety become

salient. These needs include emotional and financial security, social stability, health and wellbeing.

3. Love and Belongingness - The third level of human needs is social and involves the need to belong

and feel loved. It refers to the human emotional need for interpersonal relationships, affiliating,

connectedness, and being part of a group.
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4. Esteem - The fourth level is related to prestige and feeling of accomplishment, being classified into
two categories: self-esteem (i.e., feelings of dignity, achievement, mastery, independence) and
feeling respected by others (i.e., reputation, status, prestige).

5. Self-actualization - The final step of human needs refers to the realization of a person's potential,
self-fulfillment, seeking personal growth and peak experiences. Maslow describes this level as the
desire to accomplish everything that one can, to become the most that one can be.

Through these important points and factors about what possibly moves and dominates human
motivation, it is possible to create a link associated with the product to be developed in the present study,
the ARCane. Particularly at the first level, this is intended for the basic necessities of life, for which it is not
possible to directly interconnect with the robotic cane. However, as for safety, itinvolves health and feelings
of well-being, as well as safety against accidents and injuries, which are factors that the anti-fall cane can
prevent. Regarding love and belongingness, the independence and autonomy granted to cane users with
impaired mobility, can help them stay active and engage in all kinds of social events and activities, allowing
for a greater connection and demonstration of affection with other people. Related to the third level, the
feeling of freedom acquired by the cane user increases their self-esteem and the feeling of accomplishment,
in a situation in which walking is difficult to perform alone. Finally, referring to self-actualization, the desire
to improve the quality of life, in terms of social life and personal health, and to go further than one would be
able to without any help, is fulfilled by the use of the robotic cane, in accordance with the needs and

motivation of the consumer.

3.3.2 Product related needs

It is important to understand why technology users accept or reject a device. This subsection is
intended for an analysis of consumer needs, more aimed at a product. A detailed review of consumer needs
has been addressed in Ruben Duraes study [13] reporting the primary needs for the robotic cane. In terms
of affordability, it is described that cost (including purchase, maintenance, and/or repair) is the most
common reason for unmet needs regarding mobility devices, such as canes [90].

Another parameter to be considered is whether the cane is easyto setup and use, i.e., if the user
can assemble the product quickly, or if it is already assembled in a suitable package. It is also associated if

the user learns to correctly use the device faster, or with less training, and whether the device can be
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transported and operated in different locations or only in controlled environments. The height of the cane
and its proper adjustment are necessary to avoid inadequate postures and even greater risk of falls. To
maximize the physical comfort of the user, the handle should be ergonomic, and the cane should be light to
facilitate its use throughout the user's daily routine and avoid possible

Considering the device usage, one consumer need represents the ease of obtaining the cane through
versatile, yet simple processes, e.g., physical and online stores. In terms of the design process, social stigma
can be reduced through the development of more stylish and fashionable devices, compatible with the user
personality and lifestyle, increasing the overall psychological comfort when using the device in public, or in
private [69]. Finally, the cane needs to be effective, durable, safe and reliable. The use of the anti-fall cane
will improve the living situation of the consumer, through enhanced functional capabilities and independence,
by preventing the fall and its related injuries, and meeting the needs of the user for such a device.

A total of 12 primary customer needs for a cane were organized into a hierarchical list, shown in
Table 3.2, to understand the relative importance of the different needs. This prioritization is expressed on a
numerical scale from 1 to 5, where 5 represents the highest importance and 1 the lowest. This analysis was
directed towards a robotic cane prototype, for that reason, needs like the style of the cane and access to the
public have been overshadowed, in terms of relative importance, by the more functional needs related to

cane height, weight, comfort, and safety, which got the maximum relative importance of 5.

Table 3.2: Relative importance between consumer needs, where 5 represents maximum importance and 1
the least [13]

Number Need Importance
1 The cane is affordable 3
2 The cane is easy to set up and use 2
3 The cane has the correct height 5
4 The handle of the cane is ergonomic 5
5 The cane is safe to use 5
6 The cane is light 5
7 The cane is stylish 1
8 The cane offers support 4
9 The cane can be easily obtained 1
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10 The cane is effective 5
11 The cane is durable 3

12 The cane is reliable 5

3.4 Robotic cane target specifications

After identifying the consumer's needs, it is necessary to design and characterize the ARCane in order
to fulfill these parameters and satisfy the needs identified previously. On this matter, a set of product
specifications is defined to guide the design and engineering process, identifying and reporting what the
product must do through precise and measurable terms. To establish the target specifications, it is prepared
a list of metrics to determine which precise and measurable properties of the cane are associated with the
related needs. Competitive benchmarking information is then collected through consultation with ORTHOS
XXI, a company manufacturer of orthopedic and hospital products based in Guimaraes, Portugal, and by
defined international standards. Afterwards, ideal and marginally acceptable targetvalues are defined, while
establishing units of measurement and an importance rating for each metric. Considering the work developed
by Duraes et. al. [13] regarding the target specifications of the prototype of the robotic cane in question, all
information regarding the relationship between customer needs and product specification metrics is
presented, with the respective relative importance, units, and value range associated with them, summarized

in Table 3.3.

Table 3.3: Correlation between customer needs and metrics, with the respective relative importance, units,
and value range associated with them, adapted from [13]

Metric  Need Value
Metric Description Units Reference

no. no. Range
1 1 Cane manufacturing cost 150-650 € [91], [92]

Time necessary to make the
2 2 <3 S [93]
cane usable

Distance from the user’s wrist
3 3 350-1100 mm [94]
crease to the floor
4 4 Handle length 65-100 mm [94]

5 4 Handle width 25-50 mm [94]
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10
11
12
13

14

15
16
17

18
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10
11
11

12

Handle slope
Handgrip surface material
biocompatibility test
Stability test
Separation
Friction test
Total mass of the cane
The cane is stylish
Static load test
Possible ways of obtaining the
cane
Accuracy performance
Fatigue test

Durability of tips

Reliability test
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3.5 ARCane design

omnidirectional wheels. The primordial design of the ARCane prototype was directed by Duraes et.al. [13],
having undergone slight changes and adaptations with the development of the cane during the course of this
study. In order to facilitate the visualization of the entire structure of the cane and its various components, a
3-Dimensional (3D) representation of the cane was created in SolidWorks, a Computer-Aided Design (CAD)
software. Thus, it will enable an easy visualization of the 3D model of the design in the early stages of the
prototype development allowing the detection of unwanted interactions between parts and to perform

mechanical simulations on the structure of the cane. With this 3D representationit is also possible to obtain

a reference design for future alterations, and productions of the ARCane.
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The ARCane's design is essentially composed of three structures: main body, holonomic base and



3.5.1 Main body

To ensure a timely and economical solution for the project, it was decided that the best course of
action was to adapt a three-legged cane, namely the P1 tripod, inserted in the catalog of walking aids of the
company ORTHOS XXI, depicted in Figure 3.7 (a). From the P1 tripod cane, its main structure was removed
to be used in the robotic cane (Figure 3.7 (b)). This main structure corresponds to that of an offset cane,
which is similar to standard canes except its shape provides a distribution of the patient's weight over the
shaft of the cane, as illustratedin Figure 3.8. This allows the cane to be used for occasional weight bearing,
being often recommended for patients who have arthritis in the hip or knee and occasionally need to decrease
the weight borne on a painful lower extremity [103]. Since the P1 tripod is a cane already on the market, the
consumer needs and the respective metrics, are validated for the main body of the cane. In particular, the
cane is height adjustable, the handgrip surface material is biocompatible, the length, width and slope of the
handle is in the correct value range, and the main structure has been proven to offer support, be effective,

durable and reliable.

(@) (b)

Figure 3.7: (a) P1 tripod, a three-legged cane sold by ORTHOS XXI. Image from [104]. (b) Visual model of
the ARCane main body constructed in Solidworks.
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(a) (b)

Figure 3.8: Comparison between (a) standard cane and (b) offsetcane. Images from [103].

3.5.2 Holonomic base

The base of the ARCane seeks to provide the same stability and support as a multiple-legged cane,
while offering enough space to store most of the components responsible for all the cane's functionalities.
Multiple-legged canes, depending on the number of legs, are referred to as quadripod or tripod, and provide
a larger base of support than standard canes and offset canes, providing more weight bearing by the upper
extremity (Figure 3.9). It also can stand freely on its own if the patient needs to use his or her hands, and it

can be particularly useful for patients with hemiplegia.

Figure 3.9: Multiple.legged cane. Image from [103].
Based on the way robots move, they can be classified as either holonomic or non-holonomic drive
robots. If the controllable degrees of freedom are equal to the total degrees of freedom, then the robot is
considered holonomic. Holonomic robots are capable of moving in any direction without changing orientation,

being also capable of changing to any desired orientation while in motion [105], [106]. This is especially
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important for the ARCane, as the ability to maneuver easily in tight, restricted spaces can dramatically
influence the performance of the product. In an initial phase the holonomic base was designed to be
compatible with the legs of the P1 Tripod cane. However, with this base, the handle and rod of the ARCane
were off-center from the center-of-mass of the holonomic base, being very deviated towards the user's side,
and not towards the center of the base. This structure would lead to a decompensation in the distribution of
load absorbed by the cane when subjected to large normal forces, namely in situations where greater body
support is required by the user while walking, thus making it more unstable and with a high probability of
tipping over. To solve this problem, the structure and orientation of the base joints that connect to the main
body were configured so that the main rod and the handle of the ARCane coincide with the center of the
holonomic base as illustrate in Figure 3.10. This configuration guarantees greater stability and support during
all walking phases and possible fall situations, thus preventing the ARCane from tipping over, while being

able to prevent the user from falling, as shown in Figure 3.11.

1 \\ 2/ e 1;5' of 2

(@) (b)

Figure 3.10: Visual 3D model representation, modeled with Solidworks software, of the holonomic base and
ARCane main body. (a) Primary Design (b) Final Design. 1,2- top view; 3- trimetric view; 4- side view.
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Figure 3.11: Example of forces applied vertically in: (a) the primordial design of the ARCcane, resulting in
falling over, due to a decompensation between center of mass of the structure and the forces applied by the
user on the ARCane handle; (b) the new structural design of the ARCane, where the handle is placed right
above the ARCane center of mass, having smallerimpact in the stability of the structure.

3.5.3 Omnidirecional wheels

What makes it possible for the ARCane to be a holonomic system are the omnidirectional wheels
that incorporate the base of the cane. Being responsible for the mobilization of the ARCane, the
omnidirectional wheel, is capable of omnidirectional movement. These wheels with small discs around the
circumference make them able to roll with full force, but also slide perpendicular to the rolling direction,
providing the ability to easily maneuver around tight and constrained spaces. Its simple structure and design
make it relatively cheaper and lighter compared to other types of wheels, e.g., the mecanum wheel.

The chosen wheels were the 100mm double plastic Omni wheels with central bearing, sold by Robot
Shop [107] (Figure 3.12). The increased diameter and the 18 rollers give these wheels a greater load
capacity, weighing 0.35 kg per unit. To link the axis of movement of the motors and the omnidirectional
wheels, a fixing screw hub was designed using both components as a reference, ensuring full compatibility.

The 3D model for the set screw hub can be seen in Figure 3.13.
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Figure 3.12: Omnidirectional wheel for the ARCane [107][96];

1 2

Figure 3.13: The 3D model for the motor-to-wheel coupler and omnidirectional wheel. 1- front view; 2- side
view; 3,4- trimetric view.

3.6 Discussion

This chapter covers what the ARCane should have and what it should represent. It is aimed to
achieve a robotic cane that matches the defined mission statements, more specifically a robotic cane with a
realtime built-in fall detection and prevention system, which is the biggest distinguishing factor between

robotic and conventional canes; that makes it possible to avoid injuries caused by fall events, in order to
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improve users quality of life and reduce associated health costs; and to be a product intended for people
with reduced mobility, that can also be inserted in health institutions, such as hospitals and rehabilitation
centers.

In terms of consumer needs, it is important to take into account the accessibility of the product, as
well as the height, ergonomics, safety, weight, effectiveness and reliability of the ARCane. As the main
purpose of the ARCane is to eliminate the negative consequences of falling events, the product requires to
be safe and comfortable to use, to ensure the success of such a device. It was also found that users give a
lot of importance on the fashion sense of the product, and that they could potentially reject the product based
on its look alone. However, as stated earlier, the style of the product is not a priority at the moment, as this
analysis is mainly directed towards functionality needs, due to this being a robotic cane prototype and not a
final product. This point also applies to the cost of the cane, as the development of a prototype can be
expensive since all components will be experimental and purchased by unit.

To obtain a robotic anti-fall cane that contains the product specifications defined according to the
consumer's needs. Although the metrics and their associated range of values represent and classify the ideal
model of the robotic cane to be developed, these specifications are preliminary and may change in future
phases of product development, once the concept is fully defined and experimental testing begins.

Finally, the ARCane design can be defined by its three main components: main body, holonomic
base and omnidirectional wheels. The main body of the ARCane is based on the tripod P1, a three-legged
cane marketed by ORTHOS XXI, and since it is already on the market, this structural component meets the
needs of the consumer and the respective metrics, being proven to offer support, be effective, durable and
reliable. In terms of the cane's mobility, the insertion of an improved model of a holonomic base together
with the omnidirectional wheels means that the ARCane can move in any direction without changing its
orientation, allowing it to be easily maneuvered in tight and restricted spaces while maintaining its stability.
The overall design of the ARCane aims to be lightweight and achieve high maneuverability, while maintaining

a robust stability, to ensure its primary objective of ensuring user safety.
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4 ARCane Architecture

This chapter seeks to describe the present and future capabilities of the ARCane, highlighting the
main features that distinguish it from a conventional cane. In order to process all the information that involves
the entire electronic system, involving control strategies, calculations, analyzes and data organization, there
are the central control units, which will be explained in more detail later.

Considering the review study of the robotic canes and the components that composed them, as well as
after the architecture destined to the robotic cane is well defined, it is time to carry out a benchmark of the
best components to be applied in the ARCane. This choice of components must take into account: (i) the
parameters to be detected, in order to obtain the desired information about the cane and the user; (i) the
actuation mechanisms, which perform the movement of the cane, provide context awareness and allow the
interaction between the cane-user system; and finally, (iii) the different specifications, modes of
communication and type of power supply required for each component, in order to transform this set of
components into a single system. Once the desired components have been selected, an overview of the
hardware is carried out to demonstrate and visualize all the connections and communications established
between all the units that make up the ARCane system.

Finally, the types of communication protocols and the operating frequencies of the system are
demonstrated, which enables the transfer of information between the ARCane components, control units and
external devices, and also the processing and management of all information that make up the ARCane

system, ensuring its proper functioning.

4.1 System specifications

The ARCane system is divided into a set of sub-systems that will be responsible for its correct
functioning. These subsystems involve: (i) human-robot interaction; (ii) control architecture; (iii) database;
and (vi) functionalities.

Human-Robot Interaction (HRI) is a field of study that addresses the design, understanding and
evaluation of robotic systems, which involves humans and robots interacting through communication [108].
With the present project, it is intended that the user can manipulate, handle and communicate with the

ARCane without any difficulty, intuitively and without any previous training. To this end, this system must
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contain prior information about the user (e.g., dominant foot, dominant hand, arm size, physical structure,
motor difficulties, and lower or upper limbs affected) in order to facilitate the user's control of the ARCane,
corresponding to their abilities and physical characteristics, and still obtain the user's risk of falling based on
their activity. Such information is registered into the program prior to using the ARCane, but also obtained
during its use through sensory units. Another parameter to consider for the human-robot interaction are the
activation features, which correspond to the start of the cane, as well as the actuation systems implemented
so that the ARCane can interact with the user. These activation features will be adjusted according to the
respective user information previously described.

The control architecture is one of the most important systems, as it is the system responsible for all
the processing, calculations, data analysis, control and action strategies that involve the ARCane. Being
considered the “heart” of the ARCane, this system interconnects all the units and systems, allowing internal
communications as well as external device synchronization.

A database is an organized collection of structured information so that data can then be easily
accessed, managed, modified, updated, controlled and organized. The data sent to the database are related
to the human-robot interaction system and some information acquired from the ARCane sensory unit. The
database can be either offline, storing the information on a disk or memory card, or online, where the
information is sent directly to an online platform, allowing real-time visualization of the data received.

The functionalities represent features of the ARCane that are not present in a conventional cane. In
addition to the fundamental function of assisting in walking, by improving posture stability, reducing the
weight supported by the lower limbs, increasing balance and assisting in the rehabilitation of lower limb
movement, the ARCane has, or aims to have, additional characteristics that are clearly distinguished from a
conventional cane, namely: gait analysis tools, fall detection, real-time fall prevention, haptic sensing, haptic
feedback, omnidirectional movement, and context awareness. This set of features highlights the evolution
and great capabilities of the ARCane compared to a conventional cane, as well as its importance and
influence as a possible commercial product in hospitals, rehabilitation centers and for home use.

In order to obtain the intended specifications and functionalities for the correct functioning and
operation of ARCane, it is therefore necessary to integrate componentes responsible for: (i) the processing
and communication of all information; (ii) acquiring sensory information related to the user, the cane and
the context of the environment; (i) action mechanisms so that the cane can interact with the user and the

surroundings; and (iv) the supply of energy, compatible with all electronic components, to ensure the correct
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functioning of the ARCane's electronic system. Finally, the ARCane hardware architecture can be divided into
four distinct units: (i) central control unit; (ii) sensory unit; (i) actuator unit and (iv) power unit. These units
will be addressed separately throughout this chapter, along with an analysis of the respective components
to be instrumented in the ARCane. A representation of the ARCane architecture is illustrated below in Figure

4.1.

Sensory Unit Actuator Unit

Central Control Unit

( IMU ) 12c Analysis Tools High-level Control Vibrating Motors
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DC motor
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)
J Online and offline
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Database Web App

Figure 4.1: ARCane architecture with the respective units, components operating frequencies,
communication protocols and data control of the electronic system.

4.2 Control architecture

The Control Unit (CU) is responsible for processing all the information recorded by the sensors, as
well as for sending the commands to the actuation units. Subdivided into two parts, there is the low-level and
high-level control units. For all processing to be carried out without errors and quickly enough to be able to
calculate, receive and transmit all data, it is important that they have a high processing power, as well as
various communication modes that allow interconnection to all components of the ARCane. The transfer of
information between the two control units will be carried out through Universal Serial Bus (USB)

communication.
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4.2.1 Low-level control unit

Designed for simpler calculations acquired by data coming from the sensory unit, and transmission
of communication with the actuation unit and the high-level CU, the low-level CU stands out for its versatility
of connections with different components, being also responsible for the locomotion control of the ARCane,
security mechanisms and external device synchronization. A benchmark was performed between Arduino
and STM32 control boards, in order to obtain the best quality-price ratio device with respect to their technical
specifications. It ended up with the choice of the STM32 FA46RE microcontroller (Figure 4.2), demonstrating
a high processing power with a maximum clock speed of 180 MHz, as well as a wide range of Pulse Width
Modulation (PWM) outputs and 3x 12-bit Analog-to-Digital Converter (ADC) (up to 16 channels) with a
selectable resolution of 12/10/8/6 bits. It also supports UART, 12C and SPI communication, which allows
to perform the necessary communications with several components and units simultaneously. The technical
specifications of the control board responsible for the low-level actions of the ARCane are presented in
Appendix I, Table A.2.

Since the STM32 F446RE board, is connected to both the sensory unit and the actuation unit, it
needs several connections so that communication between devices is achieved. Also, as the different
components communicate using different protocols and electrical signals, the STM32 needs to have a wide
range of pins so that communications are possible between the entire system. The final circuit of the
actuation and sensing unit has a total of 3 analog connections, 17 digital, 1 PWM and 4 12C connections. To
help visualize and understand the connections of the low-level CU, Figure A.1 displays the board pinout and
pin label for the STM32 F446RE and Table A.3 lists the board pins, their respective functions and
connections.

The low-level CU is programmed in the Arduino Integrated Development Environment (IDE) with the
C++ programming language, as it is an open-source platform with extensible software and an extensive
community of use. The computational code of the low-level CU can be divided in two main structures, the
setup function, which is intended for defining and initializing variables, pin configurations and include
required computer libraries; and the loop function, that runs through the entire program repeatedly, allowing
for an active and constant control of the data. Within the loop function, there are secondary functions that
correspond to the reading of sensory components, and writing commands intended for the actuators. Figure

4.3 shows the schematic representing the structure of the developed code in the low-level control unit.
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Figure 4.2: STM32 FA446RE board and pins legend. Images from [109].
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Figure 4.3: Schematic of the programming code inserted in the low-level control unit.

4.2.2 High-evel control unit

For high level operations, it is used the NVIDIA® Jetson Nano™ 2GB Developer Kit, a small and
powerful computer with high processing power (Figure 4.4). It will be responsible for storing data,
communicating with the low-level CU, communicating with the outside via Bluetooth or Wi-fi, as well as all

analysis tools, namely: fall risk assessment, processing and calculations for the detection and prevention of
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falls, and recognition between normal and abnormal walking state. The high-level CU will also be responsible
for supplying power to the low-level control unit via USB. The NVIDIA Jetson Nano technical specifications
are listed in Table A.4.

Regarding the high-level CU software, itis used the Linux operating system, which according to Wang
et. al. [110] is well known for real-time embedded platforms as it provides several flexible methods of inter-
process communication, making it quite suitable for implementing fall detection methods using sensor
fusion. The highlevel CU was programmed in VisualStudio with C# computational language. Its
computacional code is programed to: (i) receive all the information communicated by the low-level CU
through the serial port; (i) storing all the acquired information in the memory storage; and, if necessary, (iii)

send commands of actuation mechanisms to the low-level CU.
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Figure 4.4: (a) Jetson Nano and (b) Top view board layout. Images from [111]

4.3 Sensoryunit

In order to control the ARCane’s movement, detect an imminent fall, and ensure the safety of the
user, it is necessary to monitor continuously the user’s gait. The sensory unit is composed of a set of sensors,
which allow the interpretation and analysis of the user's gait and posture, as well as the status and position
of the cane in relation to the user and external conditions. As described in section 2.2, the sensory unit is
divided into two groups, the cane sensors and the wearable sensors. According to the literature review, 100%

of robotic canes used cane sensors, while only 50% of robotic canes used wearable sensors.
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Only cane sensors will be used in the ARCane system. This choice is due to the fact that is possible
to obtain all the information necessary for the intended operation and functionalities of the ARCane, allowing
a simple, fast, viable and intuitive use, without the need for accessories or extra components, such as
wearable sensors, which may come as an obstacle in terms of user compliance. The various components
that make up the sensory unit are: (i) force sensors; (ii) light sensor; and (iii) inertial sensor. The purpose
and context of the sensory unit included in the ARCane is summarized below in Table 4.1. Itis indicated that
one of the signals acquired in the sensory unit is through context-aware footage, responsible for gait analysis,
fall risk assessmentand fall detection. However, this sensor will not be discussed in this chapter because it

is not implementedin ARCane in the present work. Therefore, its future implementationis discussed further

in Chapter 7.

Table 4.1: Contextualization of the ARCane sensory unit

Sensory Unit
Signals Acquired Parameters
Purpose

e  Acceleration e Gait phase detection

e Angular velocity e Stride and support phase duration

e (Cane orientation e Stride length
Gait analysis

e Force e  Support weight

e  (Context-aware e  User movement intention

footage e Velocity
e Displacement, velocity and orientation
Fall risk e Context-aware
e Fall risk assessment and correlation with the
assessment footage
quality of life

o (Context-aware

Fall detection e Image processing
footage
Context awareness e Light intensity e  Environment luminosity

4.3.1 Haptic sensing system

The detection of vertical forces (i.e., on the axis perpendicular to the cane's displacement plane) is
very important for monitoring the user's gait status. Such parameters allow detecting when the ARCane is

being used, and the amount of support weight of the user being exerted on the cane, to consequently be
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able to detect which phase of gaitthe user is in. Thus, piezoresistive sensors, also known as Force Sensitive
Resistor (FSR) will be used for the detection of vertical forces applied on the cane. An FSR is a one-
dimensional variable resistance pressure sensor that consists of several thin, flexible layers as illustrated in
Figure 4.5. As the pressure increases, the more resistive carbon elements touch the conductive traces,
resulting in a decrease in resistance.

The selected sensor is the Interlink FSR® Model 402 Short Tail sensor (Figure 4.6 (a)) as the best
choice for detecting human-robot interaction forces to be applied in relatively small systems, due to their
small size. The FSR proves to be a durable, thin, flexible, widely available and cost-effective sensor, compared
to other previously evaluated force sensors such as capacitive sensors and composite quantum tunnel
sensors. Technical specifications for Interlink FSR® sensors are listed in Table A.5. A total of three FSR
sensors are used, located on the handle of the ARCane, at an equidistant distance from each other, as shown
in Figure 4.6 (b). allowing to obtain a map of the forces applied by the user's palm when manipulating the
cane and while supporting its weight during the various gait phases.

To acquire data from force sensors, it is used a current-voltage converter circuit, or also known as a
transimpedance amplifier, as represented in Figure A.2. Itis used the MIC7300 as the operational amplifier
of the circuit. This circuit exhibits a more uniform transfer function than a voltage divider circuit and allows
fixed voltage to be applied to a single FSR element regardless of other parallel FSRs. Taking into account that
the conductance varies linearly with the applied force in the FSR sensors, therefore the resistance changes
hyperholically as the force increases, as shown in equation 5.1. Since a linear response is desired, the
introduction of this circuit will enable to obtain a linear conductance variation when an input DC signal is
applied, as shown in Figure 4.7. This method is traditionally used to measure forces on piezoresistive sensors

[112], [113].

1

Conductance = ——— (5.1)
Resistance

By using the current-voltage converter circuit to acquire data from the piezoresistive sensors, it
results in an output signal which corresponds to the value obtained by the equation 5.2, as shown in Figure

4.7, for certain values of RG.

RG
Vour = — Veer * ( ) (5-2)

RFSR
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Figure 4.5: FSR sensor construction layers. Image from [114].

(a) (b)
Figure 4.6: (a) Interlink FSR® Model 402 Short Tail sensor. Image from [115]; (b) force sensors disposition

in the ARCane’s handle.

5 / —F
4 / >
)l o~
S, /1 A
5 /A
g 2 ‘/ / —

0 200 400 600 800 1000
FORCE (g)

Figure 4.7: Force x Voltage ratio of the piezoresistive sensor, by varying the RG resistance of the voltage-to-
current converter circuit. Blue - 7.5KOhm; Red - 4.7KOhm; Green - 1.5KOhm. Image from [116].
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As the low-level UC microcontroller, that is used to read the obtained output signal, does not admit
negative voltage values, Vzgr will be used with a negative value, so that V1 is positive. Considering that
the supply voltage of the circuits is positive, namely +3.3V, a voltage converter is needed to obtain Vggr with
a negative value of -3.3V. For this, the voltage converter to be used is the TL7660 [117] and the conversion
circuit is shown in Figure A.3, with V+ equal to +3.3V.

Since multiple piezoelectric force sensors will be used, it would presumably also be necessary to
use multiple voltage-to-current converter circuits, each corresponding to each force sensor. One solution that
has emerged is to use a multiplexer to get all the readings from the various force sensors interspersed,
reducing the amount of current-to-voltage reading circuits into a single and simpler circuit. The multiplexer
to be used is the MUX506IPWR, and it allows obtaining a total of 16 analog readings according to the value
of the binary address obtained by the digital channels AO, A1, A2 and A3, although the digital channel A3
will not be used, allowing a total of 8 analog readings (Figure A.4).

By joining all the electric components together, as shown by the circuit schematic in Figure A.5,
force measurements from the ARCane handle can be obtained. This sensor circuit will be connected to the
low-level CU through an analog connection that allows the reading of the values obtained by the reading
circuit, and four digital connections that allow controlling the multiplexer to manage which FSR sensor to
obtain the reading (Figure 4.8).

Finally, a signal processing is performed in the low-level CU by acquiring data from the force sensors.
In an initial phase, it was decided to apply a second-order Butterworth Infinite Impulse Response (IIR) low-
pass filter. This was possible with the help of the calculation demonstrations in [118], along with the Filter
Designer application of the MATLAB software, and through the visualization of the frequency domains present
in the force sensor signal, through the signal amplitude spectrum. However, since the Kalman filter has been
used extensively in literature for data acquisition [25], [28], [29], [33]-[36], [44], [45], [47], [54], [64], it
was verified that when implementing it, better results were obtained in terms of signal processing, more
specifically in the removal of noise from the analog signal of the FSR sensors. This filter represents a
mathematical method with the objective of using measurements carried out over time in order to generate
results that tend to approach the real values, using an algorithm that provides estimates of some unknown
variables given the measurements observed over time. In addition to noise removal, the implementation of

this filter is simple to perform and requires little computational power. Appendix Il illustrates the low-pass
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filter process, as well as a comparison of the original signal processing with the low-pass filter and the Kalman

filter.

Multiplexer
GND +3.3V

Force Sensors

Voltage Converter

+3.3V

+3.3V

Figure 4.8: Haptic sensing system reading circuit with the low-level CU connection.

4.3.2 Axial force system

To detect the forces of interaction between the user and the ARCane, the use of an axial force sensor
is essential. With this sensor it is possible to calculate the intention of movement through the forces applied
to the cane and thus obtain admittance control to move the cane to the desired position, and accompany
the user while walking. The proposed solution for the ARCane axial force system, is using a combination of
four force sensors, located around the cane rod, and perpendicular to the horizontal plane. The force sensors
to be used for the detection of axial forces are the Interlink FSR® Model 400 Short Tail, shown in Figure 4.9,
presenting the same characteristics (Table A.5) and the same force x voltage linear response (Figure 4.7) as
the handle force sensors previously mentioned.

It was taken advantage of the fact that the ARCane's rod is divided into two sub-rods, namely, the
handle rod (upper rod) and the base rod (lower rod), which are interconnected to each other, in order to
allow the adjustment of the height of the cane handle. Thus, by slightly reducing the diameter of the base
rod, it allowed the 4 FSR sensors to be placed between the upper and lower rod of the cane, 90° apart from

each other in relation to the center point of the cane’s tube, as illustrated in Figure 4.10. With this
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configuration there is a small gap between the two rods, and this is what allows to measure the interaction

forces, applied in the handle of the cane by the user, at the location that the four force sensors are placed.

(a) (b)
Figure 4.9: (a) One and (b) the combination of four Interlink FSR® Model 400 Short Tail force sensors

used as an axial force system.
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Figure 4.10: Configuration that makes it possible to obtain an axial force system, by placing the force sensors
between the base rod and the handle rod of the cane.
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By applying this sensor configuration, it is possible to obtain the magnitude and direction of the force
applied in the cane's displacement plane, thus indicating the user's intention to move when handling the
cane handle. The working principle, data acquisition and signal processing of the axial force sensors are
identical to the force sensors located on the cane handle, as previously shown in Figure A.5, with the only
difference being in the dimensions and location of the piezoelectric sensors. The final reading circuit of the

ARCane axial force system is represented in Figure 4.11.
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Figure 4.11: Axial force system reading circuit with the low-level CU connection.

4.3.3 Light sensor

There are several extrinsic fall risk factors associated with the surrounding environment, one of which
is poor lighting conditions. Inadequate lighting results in poor visibility which leads to a direct association
with the risk of falling [119], [120]. On this matter, it was also found that none of the robotic canes present
in the SoA study contained mechanisms of detection and action related to luminosity, given that many falls
are due to poor visibility conditions. As a way of overcoming this obstacle that increases the risk of the users
falling, it was decided to implement a light sensor that aims to detect the environmental conditions, namely
the luminosity in the surroundings of the user's circulation, and thus, with the readings obtained, send

information to a light triggering mechanism, to provide better visibility to the user of the ARCane. For this
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matter, it will be used a photoresistor as a light sensor, also known as Light Dependent Resistor (LDR),

located at the base of the ARCane (Figure 4.12).

Figure 4.12: Photoresistor light sensor.

This light sensor is composed of photoconductive materials, i.e., when light falls on a photoresistor,
photons with a frequency above a certain value are absorbed (referring to the gap energy of the photo-
conducting material), providing enough energy for the electrons that are in the valence band to jump to the
conductive band. This phenomenon results in an increase in the conductivity of the material, which equals
to a decrease in its resistance. Itis used a voltage divider circuit, as the reading circuit used to measure the
brightness of the surrounding environment (Figure A.6). Thus, when light hits the sensor, its resistance
decreases and consequently the voltage at its terminals also decreases, being later detected by the low-level
CU, as shown in Figure 4.13. The photoresistor is connected in series with a resistance of 5.1k(}, an

empirically determined value.
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Figure 4.13: Light sensor reading circuit with the low-level CU connection.
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4.3.4 Inertial system

The inertial system is composed by an Inertial Measurement Unit (IMU). The IMU consists of an
accelerometer, which measures the rate of change of velocity along three axes; a gyroscope, that detects
rotational changes with respect to orientation and calculates angular velocity along three axes; and a
magnetometer, which measures the relative change of a magnetic field, its direction and intensity. With all
these functionalities, important information about the ARCane system will be able to be attained. The IMU to
be used is the Adafruit LSM6DSOX + LIS3MD (Figure 4.14), being is located at the base of the cane. This
board is composed of the LSM6DSOX component, which is a 3-axis accelerometerand a 3-axis gyroscope,

and the LIS3MDL component, which is a 3-axis magnetometer.
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Figure 4.14: IMU Adafruit LSM6DSOX + LIS3MDL [121][110].

This system of three sensors with triple-axis adds up to 9 degrees of freedom, allowing to obtain,
through this combination of data, the movement orientation and direction of the cane, as well as its inclination
in relation to a predefined reference plane. The accelerometer can measure both static acceleration forces
(i.e., gravity) and dynamic acceleration forces (i.e., movements and vibrations), and its typically unit of
measurement is in m/s?, however the measurements can be expressed in G, which refers to the value of
the gravitational force (G = 9.8 m/s?).

The LSM6DSOX + LIS3MDL has flexible data rates and ranges. For the accelerometer it has a data
range of +2/+4/+8/+16 G and from 1.6 Hz to 6.7 KHz of update rate; for the gyroscope, a data range of
+125/+250/+500/+1000/+2000 DPS (Degrees per Second) and from 12.5 Hz to 6.7 kHz of update rate;
and for the magnetometer, a data range of /+4/+8/+12/+16 Gauss and from 0.625 to 1 kHz of update
rate. For the present work, it is used a data rate and refreshrate of £2G and 104 Hzfor the accelerometer,

+250 DPS and 104Hz for the gyroscope, and +4 Gauss and 104Hzfor the magnetometer.
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Through the calculated acceleration from the accelerometer, itis possible to obtain the velocity value
and the relative position of the cane. For this, it is necessary to perform integrative mathematical calculations,

demonstrated by equations 5.3 and 5.4.

tit1
Vi1 = f adt=aAt+ v; (5.3)
ti
tit1 At?
Xit1 :f vdt = aT + 'Ui+1At + x; (54’)
ti

Where: t; represents an initial time; t;, 1 represents an end time; At is a time interval between t;,4
and t; (At = t;41 — t;); V; e ;44 velocity at initial time t; and atend time t;, 1; and x; e x;, 1 represents
the position at initial time t; and at end time t;,;. Thus, obtaining an approximation of the average speed
and distance traveled on a specific axis, within a time At defined according to the accelerometer data rate.
By successively calculating equations 5.3 and 5.4, between successive small-time intervals At, it can be
obtained a continuous result of the speed and relative position of the cane. Subsequently, a high-pass filter
can be used to remove the continuous component of the signals, eliminating cumulative errors resulting from
the integration calculations, finally obtaining more cohesive measurements. The IMU will be powered at 5V,
coming from a step-down located posterior to the battery. It is connected to two 12C ports, i.e., SCL and SDA,
in order to communicate with the low-level CU. The following Figure 4.15 shows the configuration that allows
the IMU to communicate with the low-level control unit via the 12C communication protocol.
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Figure 4.15: IMU reading circuit via I2C communication protocol.
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4.4 Actuator unit

After the information and data obtained by the sensors is sent to the control units, and the respective
information has been analyzed and processed, the control units will later send commands to the actuator
unit. These commands are meant to activate mechanisms of action in order to guarantee the correct
functioning of the entire ARCane system, thus guaranteeing the security conditions and corresponding to the
intentions and commands transmitted by the user. The actuation unit is composed of a set of systems
responsible for the interaction between the cane and the user, also between the user and the surrounding
environment, and finally the movement of the ARCane itself. The various components that make up the
actuator unit are: (i) vibrating motors; (ii) luminosity device; and (iii) motors to control the wheels. Table 4.2
summarizes the purpose and context of the sensory unit included in the ARCane.

Table 4.2: Contextualization of the ARCane actuation unit

Actuator Unit Purpose Signals Actuated Parameters

o Velocity
e Wheels motors
Gait correction o User alert
e Vibrotactile motors
e  Gait rhythm correction

Fall prevention o Wheels motors e Cane displacement, velocity and orientation

Context awareness o Light e  Environment luminosity

44,1 Hapticfeedback system

To achieve the full spectrum of human-robot interaction, it is essential that the user is able to
communicate with the robot, but also that the robot is able to communicate with the human. Goodrich et al.
[108] states that these interactions can be divided into two general categories: close interaction, when human
and robot are co-located, and remote interaction, when human and robot are spatially or even temporally
separated. The ARCane system involves close human-robot interaction and is comprised of applications that
require mobility and physical manipulation. In the context of robot-to-human communication, a vibrational
actuation method was adopted, allowing direct interaction between the robot and the user.

Typically, assistive devices that incorporate haptic feedback in the form of mechanical vibrations are
designed to assist blind users so that they can be guided in some specific direction. In addition, vibrational

actuations are used as a resource in people with Parkinson's disease, in order to face symptoms of gait
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disorders and Freezing of Gait (FOG) [122]. These symptoms seriously affect the life quality of patients as
they can lead to unpredictable loss of movement control and result in falls. Wegen et al. [123] showed that
vibrations delivered to the wrist of users at a frequency 10% below the preferred stride frequency resulted in
lower stride frequencies and longer stride lengths when walking on a treadmill. Additionally, Mii6 Studio [124]
developed a cane that employs haptic feedback through built-in vibrating motors, with the aim of stabilizing
the user's walking pace (Figure 4.16).

Inspired by these methods, vibrating motors were integrated into the cane, with the purpose of
notifying and adjusting irregular gait through vibratory signals, enabling a controlled march that,
consequently, could reduce possible user falls. The vibrating motors are located inside the handle of the
cane, as representedin Figure 4.17, with no physical interference of the motors with the user's hold, allowing
the propagation of vibration to the user's hands to carry out communication between robot and human.
Myles et. al. [125] also report that the hands are the location of the body with the greatest vibrational
sensitivity, which motivates the choice of the location and method of the haptic feedback system applied to
the ARCane. Taking into consideration that the motors have a flat surface and the tube inside the handle has
a circular surface, a 3D printed structure has been developed that allows the motors to establish full surface

contact with the handle tube to achieve full transfer of the resulting vibrations, as shown in Figure 4.18.
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Figure 4.16: Albert Cane, a cane with haptic feedback designed by Miid Studio. Image from [124].
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Figure 4.17: Visual representation of the vibrating motors built into the cane handle: 1 — Trimetric view; 2-
Side view; 3- External visual representation of how the vibrotactile motors will be arranged inside the handle.

1 3

Figure 4.18: 3D model visual representation of the vibrating motors embedded in the cane handle with the
3D printed support; 1.3 - Trimetric View; 2- Side view.

The vibrating units to be used are 10 mm vibrating motors from Precision Microdrivers (Figure
4.19(a)), of the eccentric rotating mass type, which have an off-center load, and when it rotates the centripetal
force causes the motor to vibrate [126]. Due to their small size and closed vibration mechanism, it makes
them perfectly suited to be placed inside the cane handle, maintaining all their capabilities. For the motor
control, the Texas Instruments Haptic Motor Driver DRV2605L is used (Figure 4.19(b)), which requires 12C

communication and enables the motors to be controlled by PWM signals, allowing to adjust the vibration
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intensity and the motor rotation direction [127], [128]. Table A.6 summarizes the main features of the

vibratory motors.

EN® Haptic Driver

(@) (b)

Figure 4.19: (a) 10 mm vibrating motors from Precision Microdrivers. Image from [126]; (b) Texas
Instruments Haptic Motor Driver DRV2605L. Image from [127].

The haptic feedback system, illustrated in Figure 4.20, will be powered at 5V, coming from a step-
down located posterior to the battery, and it is connected to a digital port on the low-level CU that allows
turning the motors on or off, an analog port to control their modes of vibration, and two ports, SCL and SDA,

to perform 12C communication with the haptic drivers.
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Figure 4.20: Haptic feedback system electrical control circuit.
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4.4.2 Luminosity device

The luminosity device is responsible for illuminating the external environment when the user is in
poor visibility conditions while using the cane. This actuation system is directly correlated to the light sensor
component, i.e., photoresistor. When the control unit detects low light, it activates the respective lighting
device to ensure good visibility of the surroundings. The actuator device to be used is a high-brightness Light
Emitting Diode (LED) with a large field-of-view capable of illuminating a large area, located on the front of the
base of the cane (Figure 4.21). The LED technical specification are presented in Table A.7. This system is
powered at bV, and it is connected to a digital port on the low-level control unit that allows to control when

to turn the LED on and off, as shown in Figure 4.22.
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Figure 4.22: LED electric control circuit.
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4.4.3 Wheel motors

The actuation system of the omnidirectional wheel motors is what makes possible the locomotion of
the ARCane, being responsible for its direction, speed, acceleration and rotation. They are directly correlated
with admittance control, which receives sensory information from the user's intention and in turn, it controls
the motors to match the intended movement. For that purpose, three NEMA23 motors (RMCS-2255)
produced by Rhino Motion Control Solutions [130] are integrated into the holonomic base of the ARCane, as
shown in Figure 4.23. These motors have high torque and thrust force, proving to be ideal for admittance
control and fall prevention. They use an optical encoder which, compared to magnetic encoder, has improved
accuracy and resolution, and can be used in applications where strong magnetic field is generated. The

motors technical specifications are shown in Table A.8.

(@) (b)

Figure 4.23: (a) DC Servo motor NEMA23 (RMCS-2255) by Rhino Motion Control Solutions. Image from
[130]. (b) Insertion of the motor into the holonomic base of the cane.

Although the technical specifications of the motors indicate that the no-load current is 0.8A and the
maximum load current is 7.5A, through experimental tests it was found that the values obtained would
actually be on the order of 0.4A for no-load current at maximum motor speed. In addition to these values, it
was observed that during walking with the ARCane, the average current consumption is 3.6A of the three
motors in total. Such experimental values will be considered for dimensioning the electrical circuits in the
power unit, presented in the next section.

Each motor requires a total of six connections for correct operation. Among the six motor terminals,

two are intended for motor direction (DIR+ and DIR-), another two for controlling the motor movement (PUL+
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and PUL-), one for the circuit ground (GND) and, finally, a terminal for the power supply (V+). The terminals
destined for the direction and movement of the motors are connected to digital ports of the low-level control
unit, while the GND and V+ terminals are connected to a step-down that regulates the battery voltage to

+12V. The electronic circuit for controlling the motorsis shown in Figure 4.24.
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Figure 4.24: DC Servo motors electrical control circuit.

4.5 Power Unit

All units listed in this chapter require energy for their operation, namely voltage and current. This
requires an energy source capable of powering the entire ARCane system. However, not all components work
with the same amount of energy, which requires the addition of devices capable of delimiting and quantifying
the energy to be sent to each component. In addition, since the incorrect administration of current and
voltage can lead to malfunction, or even permanent irreversible damage to electrical components, an
electrical safety mechanism is necessary to prevent such damage. The power unit circuit is composed of a
battery, DC voltage regulators (+5V and +12V), electric fuses, and a power button, being located at the base

of the ARCane, as illustrated in Figure 4.25. Such devices will be described in following subsections.
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Figure 4.25: Visual 3D model representation of the power unit circuit, including battery, DC voltage regulators
(+5V and +12V), and power button.

45.1 Battery

The battery works as a power supply and is responsible for providing the energy needed for the entire
ARCane system. Dimensions, weight, and price are very important parameters to consider when making the
battery choice. Furthermore, it is necessary that the intrinsic characteristics of the battery match the needs
of the ARCane and its hardware, i.e., the type of current, voltage and capacity. The battery must then operate
with Direct Current (DC), to be compatible with all components present in the cane. As for voltage, among
the hardware components, the highest operating voltage is 12V, which becomes the requirement for the
battery operating voltage. The battery capacity, usually measured in Ampere-hour (Ah), is given by the

following equation 5.5.

Battery capacity = Current drawn (A) * Time of operation (h) (5.5)

The total current that is drawn by the prototype can be estimated by the sum of the maximum current
drawn from all the parts of the system. Initially, during the design and development of the prototype, extended
teamwork [13], the current drawn was estimated to be 23A (without considering the high-level and low-level
CU) and the time of operation was set to one hour. However, the batteries that correspond to this capacity

were simply too big and heawy. So, a compromise in the operation time was made, reducing it from one hour
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to twenty minutes. In addition, itis important to notice that this operation time is continuous and corresponds
to the maximum current drawn from the system, and, for this prototype, it is expected that the device only
operates at peak performance through small bursts of time. This gives the final battery capacity equal to,

approximately, 8Ah, calculated using equation 5.6.

20
Battery capacity = 23 * 0= 7.67 Ah (5.6)

Thus, it was possible to find the Gens Ace lithium-polymer battery [131]. It has a capacity of 8Ah,
meeting the previously identified battery capacity, and a voltage of 14.8 V, accounting for any possible voltage
drops during operation. As for the battery type, lithium-polymer was the chosen one because of its higher
safety, lightweight (0.74 kg), and low profile (157 x 53 x 43 mm), ideal for the ARCane. The technical
specifications of the user battery are represented in Table A.9. When considering the control units in the
power consumption of the battery system, this rises to 25.2A, resulting in a battery lifetime of approximately

19 minutes, as per equation 5.7.

Battery capacity (mAh) _ 8000
Full load current (mA) 25,200

Battery life (minimum) = = 0.317h = 19min (5.7)

This result serves as a reference, and it is assumed that the cane operating time is continuous, and
that the system is operating at peak performance, consuming the maximum possible current from each
component. However, if we consider the average consumption of the motors mentioned in subsection 4.4.3,
as they are the components which consume more energy, we can obtain an average system consumption
of 7.8A, enabling a continuous operating time of approximately 61 minutes with a single charge (equation

5.8). This result demonstrates the possibility of the ARCane use in gait rehabilitation sessions.

Battery capacity (mAh) 8000
Average load current (mA) ~ 7800

Battery life (average) = = 1.02h = 61 min (5.8)
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4.5.2 DC voltage regulator

The DC Voltage Regulator, also known as step-down, are meant to control the voltage coming from
the battery and supply the correct power to the general circuit, keeping the functionality stable. A step-down
capable of limiting the input signal to 5V at the output [132], is intended to provide energy to the high-level
CU via USB C, which will later provide energy to the low-level CU via USB mini-B. And another step-down
with the ability to limit the input signal, coming from the battery, to 12V at the output, is used to power the
DC servo motors [133].

45.3 Fuses

A current overload, i.e., a sudden increase in the intensity of electrical current flowing through an
electrical circuit, can generate overheating, which can damage the integrity of the conductors, with the risk
of fire, skin burns or destruction of other circuit elements. To avoid such an event, electric fuses [134] are
used as safety and protection mechanisms for the ARCane circuit. A fuse is an electrical safety device that
operates to provide overcurrent protection of an electrical circuit. Its essential component is a wire or metal
strip with a specific melting point, which when a high current flows through the circuit, it melts due to the
Joule effect, thus stopping the flow of current. Thus, the fuses were placed at the output of both step-downs

to further prevent damage to the later circuits.

4.5.4 Power Button

Another component that acts as a safety mechanism is the power button [135], with the functionality
to cut the connection between the power supply and the high-level and low-level CU. This safety mechanism
can be activated by the user when there is a malfunction of one or more components, which can compromise
the operability of the ARCane and the safety of the user. The schematic of the final circuit with the power

unit configuration is represented in Figure 4.26.
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Figure 4.26: Schematic of the ARCane system power circuit, with safety mechanism components included.

4.6 Communication protocols and frequencies

There is constantly data to be acquired by the sensory unit, which after an analysis and mathematical
calculations, result in information and commands to be sent out to the actuation unit. The information
intermediary is the control architecture, responsible for all its distribution and processing. However, different
devices have different communication modes, so it is necessary to match the communication protocol of
each one, so that the transmission of information between the ARCane units is successful. The
communication modes present in the ARcane system are the Universal Asynchronous Receiver Transmitter
(UART) and the Inter-Integrated Circuit (I2C). Their protocol will be briefly discussed and explained in the next

subsections.

4.6.1 Inter-Integrated Circuit (12C)

I2C is a bus interface connection protocol incorporated into devices for serial communication. It only
requires the use of two wires to transmit data between devices: (i) SDA (Serial Data), the line for the master

and slave to send and receive data; and (ii) SCL (Serial Clock), the line that carries the clock signal. 12C
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communication is synchronous, i.e., the output of bits is synchronized to the sampling of bits by the clock
signal shared betweenthe master and the slave, with the clock signal always controlled by the master. With
I2C, data is transferred in messages, and each one has an address frame that contains the slave's binary
address, and one or more data frames that contain the data being transmitted. The message also includes
start and stop conditions, read/write bits (which specify whether the master is sending data to or requesting
data from the slave), and ACK/NACK bits, whether an address frame or data frame was successfully

received, between each data frame (Figure 4.27).
Message

T ——————

] Read/ | ACK/ ACK ACK
Start 7 or 10 Bits write |NnAck| 8 Bits |nack|] 8 Bits |nack| Stop
Bit Bit Bit Bit

N e’ e

. Address Frame Data F 1
Start Condition axa krams Data Frame 2 Stop Condition

Figure 4.27:12C communication protocol data frame. Image from [136].

4.6.2 Universal Asynchronous Receiver Transmitter (UART)

The UART is a device-to-device digital communication that uses two data lines, one to transmit (TX)
and one to receive (RX) information. As it communicates in asynchronous mode, it does not require a clock,
meaning that data is not transmitted at a fixed rate. UART communication happens using a serial frame. The
serial frame is defined as a data bit character with sync bits (start and stop bits) and optionally a parity bit
for error checking. The UART accepts all 30 combinations of the following as valid frame formats: (i) 1 start
bit; (i) 5, 6, 7, 8 or 9 data bits; (iii) no, even or odd parity bit; and (iv) 1 or 2 stop bits. When a complete
frame is transmitted, it can be followed directly by a new frame, or the communication line can be setto an

idle state as illustrated in Figure 4.28.
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Figure 4.28: UART communication protocol serial frame. [ST]- Start bit, always low; [P] — Parity bit, can be
odd or even; [Sp] — Stop bit, always high; [IDLE] - No transfers on the communication line, must be always
high. Image from [137].
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4.6.3 System frequencies

Another parameter to consider in relationto communication and data processing is the frequency in
which information is obtained by the sensory units, processed by the control units and transmitted to the
action units. This is a very important variable, as it aims to ensure the cohesion of operation of the ARCane
system, enabling the reception and sending of information at pre-defined times, considering the frequency
of operation and communication of each component and the processing time of the control units.

Knowing the frequency of each component, it is then possible to obtain a well-structured
communication system, ensuring that no information is lost and optimizing the response time of the ARCane
processing unit. From the sensory unit, it will be used a sampling frequency of 104 Hz for the IMU, while the
sampling frequency of the force sensors and the light sensor is dependent on the ADC sample rate, since
their input in the low-level CU is determined by an analog signal. Bearing in mind that the microcontroller of
the STM32F446RE low-level control board has an ADC clock speed that varies between 0.6 and 36 MHz, for
a 12-bit resolution ADC. This means that with 3 ADC sampling time cycles and assuming the ADC clock
frequency at 30 MHz, which is the typical value according to the STM32 F446RE datasheet [138], a sampling
rate of 2 million samples per second (MSPS) is obtained. This result is the outcome of the mathematical

equations 4.1 - 4.3 presented below:

Teony = Sampling time + 12 cycles = 3 + 12 = 15 cycles (4.1)
T, = —15 =05 (4.2)

conv — 30MHZ - . l’l‘s .
fi = = 2MH (4.3)

TC onv

With T,,,,,, — Total conversion time; f; — Sampling frequency.

This value is very high, but it does not demonstrate a real value of the sampling frequency of these
components, as it simply represents the reading frequency of the ADC ports of the low-level control unit. In
general, the true sampling frequency of the components is defined and limited by how often these data are
accessed, and if so, they can also be limited by the frequency that they are transmitted to the high-level
control unit or external device, to be later analyzed. Thus, the sampling frequency of the sensory unit

components will be defined by the frequency that their data will be accessed by the low-level CU. In the case
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of the actuation unit components, the frequency of their status update and the commands to be obeyed will
also be defined by the priority given to each component in the low-level CU to interact in the cane-user
system. In addition, they may be limited by the reading frequency of certain sensory components in case if
the actuation component is dependent on the data received from the sensing component.

The designed mode of operation from the low-level CU developed software code, operates by
acquiring the data from the sensors, with different reading frequencies. It first processes the data alternately
through each sensor and then performs the necessary calculations and analysis to send commands to the
actuation unit components also at different frequencies, each related to the priority of the task. This process
of reading data from the sensory unit and then transmitting data to the actuation unit at different frequencies
is carried out in order to manage the processing time of the low-level control unit, depending on the relative
importance of each component, allowing a correct behavior of the ARCane and its various components to
always maintain its proper functioning with a fast enough assigned frequency, ensuring a proper cane
operability. In a last step, all the necessary information is gathered to be then sent at the same time to the
high-level UC. This synchronized frequency to be transmitted from the low-level UC to the high-level UC may
limit the sampling frequency of faster devices and faster communication modes, but it is realized to simplify
the communication between the control units, and to simplify the fusion of data from the various components
of the ARCane system.

The communication frequency configured for the low-level CU to communicate with the high-level
CU was set to bHz, using a serial baud rate of 115200 bits per second on the serial port, which proved to
be sufficient to perform all necessary levels of communication without any loss of information. In the case
that the high-level control unit wants to communicate with the low-level control unit, an interruption occurs
in the low-level CU software to immediately process the commands sent by the high-level CU. A
representation of the operating frequency of each unit of the cane system, as well as the respective

communication protocol is shown in Figure 4.1.

4.7 Final ARCane assembly

With the objective of synthesizing the different units responsible for the entire operation of the cane,
this section seeks to demonstrate an overview of the connections that encompass the electronic components

present in the ARCane, in order to obtain a better understanding of how the components communicate with
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each other, and which connections are necessary for the exchange of informationto occur. Beforehand, it is
worth mentioning the Printed Circuit Board, which acts as a common reference point between all the
electronic components of the cane. It is where the low-level control unit is located, as well as most of the
connections that are part of the ARCane electronic system. Printed circuit boards (PCB) are used to
mechanically support and connect electrical components using conductive pathways, tracks or signal traces
etched from copper sheets laminated into a non-conductive substrate. Some advantages of using a printed
circuit board are: (i) it allows an organized circuit with a compact size, with the availability of electronic
components of very small size; (ii) saving the use of wires, as the connections are made through conductive
paths; (iii) making tight connections and avoiding short circuits as the connections are made automatically;
and (iv) considering mass production, they can be manufactured at a reduced cost. All these factors together
can bring reliability to the overall circuit performance. The PCB schematic and board layout were made using
the EAGLE software, designing a single-sided PCB, where the conductors are placed on only one surface of
the dielectric base of the printed circuit board, obtaining the dimensions of 125 x 152 mm. The PCB layout
and the final print result with the implemented electronic components is illustrated in are shown in Figure

4.29.

(a) (b) (c)

Figure 4.29: (a) PCB layout with EAGLE software; (b) PCB of the cane (horizontally mirrored); (c) PCB with
implemented ARCane components.
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Finally, by connecting all the components of the control, sensory, actuation and energy units to each
other, we finally obtain the complete electronic system of the ARCane, responsible for all its functioning,
comprising all the unique features and functionalities that make it stand out from a conventional cane. For
better understanding and visualization of the connections presentin the electronic system of the cane, Figure
4.30 presents a diagram of the component’s connections, Figure 4.31 has a representation of the final
ARCane structure with all components inserted in the structure of the cane, and Figure 4.32 labels all the
electric components present in the ARCane. To summarize the components that make up the robotic cane,
including the materials of the physical structure and the electronic components of the control, sensory,
actuation and energy units, Table A.10 presents the main information of each and the overall components
of the ARCane. It is described a total of 71 components instrumented, a total weight of 5.5Kg, a total of 7.8A

average current drawn of the electric circuit, and a total price of 688.97€ for the ARCane.
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Figure 4.30: Electronic schematic of the component’s connections from the different units of the robotic
cane.
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Figure 4.31: Final ARCane structure with all components inserted.
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Figure 4.32: Representation of the components inserted in the structure of the cane with the respective label.
Red - power unit; Green - actuation unit; Blue — sensory unit; Yellow - control unit.
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4.8 Discussion

The set of sub-systems that complement the ARCane system, namely: human-robot interaction,
control architecture, database and functionalities, highlight the great evolution and distinction of the
conventional cane to the ARCane, as well as its importance and influence as a possible commercial product
in various fields of the health industry. For information to be exchanged between the components and control
units of the ARCane system in a cooperative and coordinated way, it is necessary to take into account the
communication protocols and to have well-defined data transmission frequencies to ensure structured
communication, avoid possible packet loss and manage the processing time by the control units for each
component. Throughout this chapter, the components were selected to be part of the sensory, actuation and
power units of ARCane electronic system, demonstrating their technical specifications, circuits for data
acquisition or actuation mechanisms, the respective location in the cane structure, and their role in the cane
system.

In the summary of the components that make up the ARCane, including electronic components and
structural components, it was possible to verify that a total of 71 components are part of the ARCane system.
Subsequently, when evaluating the average energy consumption of each component, it was possible to verify
that the average energy consumption of the ARCane electronic system is 7.8A, allowing in theory a
continuous use of all the cane functions in a period of approximately 1 hour of use, taking into account the
capacity of the battery to be used. In relation to the total weight of the cane, it is 5.5 kg, which corresponds
to a weight of less than 6 kg as defined in the target cane specifications (Table 3.3), resulting in better
maneuverability of the cane, as well as greater ease for its transportation. Resulting from the acquisition of
all the components necessary for the incorporation of ARCane, the total purchase price is 688.97€. Although
this value is slightly above the 650€ stipulated in the target cane specification, it is important to bear in mind
that this version of the ARCane is not the final product, but a prototype of a potential future commercially
available product. Thus, all parts were purchased in single quantities, and all hardware components are
considered experimental, which later in the design can be altered or over-engineered, to optimize the

performance and also the overall price of the ARCane.
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5 Interoperability Tests

Interoperability testing is a type of test that verifies if the various components of the system can
interact with each other, in order to guarantee and verify the good functioning of the system in general,
assuring that there are no compatibility problems between devices. When performing this type of test, it is
verified if the components can work together as a single unit. It also observed if all the system applications
perform the expected behavior by themselves, noticing if there is data that during the exchange of information
is modified from its original value or state. In this work, the interoperability tests were also adapted to validate
the correct functioning of components more related to the hardware, namely the battery and the structure of
the cane, as well as some usability tests referring to the interaction between the ARCane and the user.

The structure of the interoperability tests is composed of four phases: the requirements, eligibility
criteria, procedures, and finally the results. First, are defined a set of requirements that the cane system
must meet, considering the established consumer needs and the ARCane target specifications.
Subsequently, eligibility criteria will be stipulated, which refers to more specific assessment points, according
to each selected requirement. Thirdly, the procedures are defined, which describe each step of the execution
of the tests to be performed. Finally, the procedures will be executed in order to obtain the results. Such
results will then be analyzed to verify if they are included in the previously established eligibility criteria.

Regarding the ARCane system, interoperability tests were carried out for the: (i) light sensor; (i)
inertial system:; (iii) haptic feedback system; (iv) luminosity device; (v) set of motors and wheels; (vi) battery;
and the (vii) data processing and storage of the ARCane system. Throughout the chapter, it will be discussed
the four phases of the interoperability tests performed for each mentioned component of the ARCane. The
set of requirements and eligibility criteria of the performed interoperability tests are presented in appendix
IV, along with some details and visual context of how some of the results were obtained. A total of 6 healthy
participants, aged between 22 and 27, volunteered to provide a critical and impartial opinion on some of the
experimental tests, related to the operability and handling of the ARCane. The interoperability tests and
respective results regarding the force sensors, and the motion control will be discussed and described later
in chapter 6. This separation is intended, so that the line of thought and actions carried out and discussed

related to the ARCane motion control, can be continued with the respective results.
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5.1 Lightsensor

The requirements defined for the light sensor are related to the detection of luminosity in the
environment. This parameter is associated with an extrinsic fall risk factor, poor lighting conditions result in
low visibility which leads to a direct association with the risk of falling.

As a way of complementing the requirements, the following eligibility criteria was established: (i)
verify if the photoresistor can detect low light conditions in the surroundings.

The test execution steps to be performed, described in the procedures, consisted in placing the
ARCane in an enclosed and illuminated space for a few moments. Subsequently, the light was turned off,
and the information acquired by the photoresistor was analyzed to verify if it was able to detect the low
luminosity of the environment.

As a result of the tests carried out, the validation of the established eligibility criterion was obtained,
in which the photoresistor was able to detect poor lighting conditions. The tests performed, and consequently
the associated values obtained, were carried out in a laboratory context, i.e., in a closed environment, since
it is proposed that ARCane be used in an initial phase in closed environments, such as hospitals,

rehabilitation centers and for domestic use, in home.

5.2 Inertial system

The inertial system proposed requirement is related to the performance of inertial measurements,
as a way of validating the correct functioning of the acquisition and transmission of information by the IMU
sensor.

The following was defined as eligibility criteria for the inertial system: (i) verify that the IMU acquires
correct readings with the accelerometer, gyroscope and magnetometer.

The experimental procedures were divided into two situations. The first consisted of keeping the IMU
in a resting position, and proceeding with an analysis and comparison of the values obtained in relation to
the expected values. The second situation involved placing the IMU on the ARCane, with the latter moving in
the x-axis and later in the y-axis, while the acquired values were compared with the expected values. The
expected values refer to the value of the gravitational acceleration on the vertical axis for the first situation;

as for the second situation, it refers to the zero-acceleration value in the y-axis direction when the ARCane
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was programmed to move in the x-axis direction, and the zero accelerationvalue in the x-axis direction when
the ARCane moved in the y-axis direction.
The results of the tests validated the performance of the inertial system, by obtaining reading errors

below 5%.

5.3 Haptic feedback system

The requirements defined for the haptic feedback system are related to: the verification of the correct
functioning of the vibrating motors; the user's perception of vibration signals applied to the ARCane cable;
and with the verification of the vibration of the motors causing interference in the data acquired by other
components of the cane, namely by the inertial system, and by the force sensors located in the handle of
the ARCane.

As a way of complementing the requirements, the following eligibility criteria were established: (i)
verify if the haptic drivers can be successfully calibrated, in order to obtain direct communication with the
vibrating motors; (ii) check if the PWM signals were generated according to pre-defined duty cycles; (iii) check
if different vibratory stimuli are perceptible and distinguishable by the user; (iv) analyze whether all users
were able to perceive the vibrations applied to the ARCane cable; and (v) verify that the IMU and force sensor
readings remain unchanged due to vibration propagation from vibrating motors.

The procedures performed began by asking different participants to put their hands on the handle
of the cane. Subsequently, different PWM signals were generated so that different types of vibration were
applied by the vibrating motors. With the intention to simulate an alert of a detected emergency situation it
was proceeded to apply a more accentuated vibration, and aftwerwads was applied a smoother vibration
signal a possible gait correction. During these tests, the signals acquired by the inertial sensor and the force
sensors were verified.

As final results, it was found that all eligibility criteria were successfully met, noting that the users
were able to perceive different vibration amplitudes and frequencies, and that the vibration propagation of

the vibrating motors did not influence the readings acquired by the IMU, and by the force sensors.
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5.4 Luminosity device.

To validate the functioning of the luminosity device, requirements were proposed based on the
average energy consumption of the LED, to consider the theoretical calculations of the battery life; and based
on the light provided by the LED to the surrounding environment, in order to guarantee good visibility
conditions for the user in low light conditions outdoors.

The following eligibility criteria were defined for the lighting device: (i) verify that the LED consumes
up to 1A, this current value was assigned according to the technical specifications presented by the device;
and (ii) verify that the LED can illuminate a low-light environment.

The experimental procedures started with placing the ARCane in a bright space for a few moments.
As the LED works according to the light sensor working and detecting the external light conditions, it was
verified if the LED turned on, when the light went out, and if it managed to illuminate the space around the
user.

For the final results, it was found that all eligibility criteria were met, where an average LED power
consumption of 0.16A was obtained, which contributes to an extensive period of battery use, taking into
account the theoretical calculations performed previously. In addition, it was proven that LED can illuminate
a space without light, up to 5 meters away. In the same way as the light sensor, this experimental test was

carried out in a laboratory concept, that is, in a closed environment.

5.5 Set of motorsand wheels

The proposed requirements for ARCane motors and wheels intend to verify: the average consumption
of the engines, by considering the theoretical calculations of battery life; and the maximum speed that the
engines can reach.

As a way of complementing the requirements, the following eligibility criteria were established: (i)
verify that each motor consumes up to 0.5A without being coupled to the ARCane; (ii) verify that each motor
consumes up to 3A when inserted into the ARCane; and (iii) verify that the motor reaches the maximum
angular speed of 300 rpm, a value mentioned in the technical specifications of the motors.

To verify that the proposed eligibility criteria are met, it started by placing the power supply to power
a single motor with a constant +12V output. Subsequently, commands were sent for the engine to rotate at

maximum speed. While the motor was rotating, the values of the drawn current by the motor were measured.
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In addition, it was proceeded to record a footage of the wheel while rotation at maximum speed, bearing in
mind a reference plane. Then, the cane was set in motion, with all motors at full speed being powered by
the power supply, verifying the total current consumption of the motors when inserted into the ARCane.
Finally, it was verified through the recording the maximum angular velocity obtained by the motor.

As final results, each motor draws 0.39A at full speed with no torque applied, and up to 1.20A at
full speed when inserted into the ARCane. Additionally, it was possible to verify that the engines could reach
a maximum of 248 rpm, which demonstrates that the maximum rotation obtained by the motors does not
correspond to the maximum rotation stipulated by the technical specifications. To acquire the rotation speed
of the engine, it was used the Tracker software, which is a video analysis and modeling tool. Further
description and illustration of the process are presented in Appendix IV. The use of these three motors located
in the configuration of the holonomic base of the cane was also validated through calculations performed in
[13], according to the dynamic and kinetic models of the cane, represented in Figure 5.1. These results
proved that the implementation of these motors is suitable for ARCane, being able to withstand the forces
and torques necessary to prevent falls and ensure the proper functioning of the ARCane. Considering that
the omnidirectional wheels have a radius of 50 mm, and now that is known that the motors can reach a
maximum speed of 248 rpm, in theory it is possible to obtain a maximum rotation speed of the wheel of
8.27 rad/s and a maximum translational speed of 1.30 m/s (4.68 km/h). These values are proven to be
more than enough in comparison to the gait speed values of 0.89 m/s, for maximal pace, obtained in

geriatricassessment [139].

2 T2

Figure 5.1: (a) Kinetic and (b) dynamic model of the ARCane actuation unit. Image from [13].
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5.6 Battery

The requirements set for the battery are based: on the ability to power the entire electronics of the
ARCane; in its autonomy, taking into account the time it manages to keep all components in good working
order with all their functionalities active; and in the possibility of increasing the autonomy of the system.
Safety issues associated with battery interaction are also addressed.

As a way of complementing the aforementioned requirements, the following eligibility criteria were
established, by checking if: (i) the power can be turned on and off; (i) the system can be recharged; (iii) the
battery charging connector is easily accessible; (iv) the system displays all functions for 1 continuous hour,
this value was obtained as a reference based on the theoretical calculations performed previously in
subsection 4.5.1 ; (v) is possible to replace the existing battery with one of greater capacity without hardware
and software modifications; and finally (vi) whether it is safe to connect and disconnect the battery from the
electrical circuit.

The procedures performed included first to charge the battery until it was fully charged, then
measuring the battery voltage value with a multimeter. Afterwards, the electrical system was turned on and
left running with monitoring and activation functions active until the battery needed to be recharged.
Subsequently, the time that the battery lasted with all the functionalities working was recorded, and the value
of the battery voltage was measured with a multimeter. Then, all participants must assess whether the battery
charging connector was easily accessible (answer 'yes' or 'no'), and the battery should be replaced with a
larger capacity.

Regarding the final results, it was found that the power supply can be turned on and off; the ARCane
electrical system has an autonomy of 2 hours and 30 minutes, showing all its functions during this period of
time; the initial and final battery voltages were 16.8V and 15.9V; the system can be recharged; participants
rated the battery charging connector as easily accessible and safe to connect and disconnect the battery
from the circuit; and that it is possible to replace the battery with a larger capacity battery without
modifications to the system hardware and software. On a separate note, the time that corresponds to when
the cane needed to be recharged, i.e., 2 hours and 30 minutes, refers to when the cane started to lose some
speed in the engine rotation. It was not taken until the battery was completely discharged, as this would

severely damage the Lipo's battery life. In addition, the initial and final voltage values obtained were above
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the 14.8V indicated by the technical batteries of the battery, because for lithium chemistry specifications the

maximum charging voltage of a cell is greater than the rated voltage.

5.7 Dataprocessingand storage

The requirements for data processing and storage seek to verify the ability to acquire and store
information on the high-level CU memory card, as well as to verify if the acquired data has some direct
association with the person who originated. Finally, it is meant to check whether it is possible to increase the
overall data storage capacity.

Eligibility criteria for data processing and storage were defined as verifying that: (i) the memory card
connector is easily accessible; (ii) all pre-defined data are being monitored; (iii) the pre-defined data
organization structure is verified; (iv) the pre-set reading frequency is verified; (v) all pre-set data is being
written to the memory card; (vi) there is no logical relationship between the data and the people who
originated it; and if (vii) it is possible to change the existing memory card to one with more storage without
hardware and software modifications.

The procedures for validating the eligibility criteria started by maintaining the system with monitoring
and active data storage for 1h, where the values acquired by the microcontroller were displayed on a
computer. It was proceeded to check if all the pre-defined data were being registeredin an external file, and
if the pre-defined data organization structure was verified. Then, it was checked if the time between samples
matches to the pre-defined reading and writing frequency, and if the data volume corresponded to the
expected, considering the recording frequency and the monitoring duration. Finally, the memory card was
exchanged for one with more storage, and the participants evaluated whether the memory card connector
was easily accessible or not ('yes' or 'no' answer).

As final results, it was found that all eligibility criteria were met, demonstrating that as main results
it is possible to replace the existing memory card with one with more storage without hardware and system
software modifications; the memory card has enough storage for 1h of continuous acquisition; the pre-
defined data organization structure is verified; the pre-defined reading and writing frequency can be
monitored being verified for 1 continuous hour while not showing packet losses; and finally, the fact that
there is no logical relationship between the data and the people who originated it. Regarding the display and
monitoring of variables, it was performed through the Arduino IDE, of the low-level UC, which made it possible

to use the Serial Monitor and the Serial Plotter, as illustrated in Figure 5.2 and Figure 5.3 respectively for

104



the purpose of: (i) error detection; (ii) confirmation of the proper functioning of all electrical components; as
well as (iii) verification of successful communications in accordance with the respective protocols. Regarding
the high-level CU, the variables were displayed through the Graphic User Interface (GUI) programed in Visual
Studio, as illustrated below in Figure 5.4. This enables to observe the information that is being received by
the high-level CU related to the data acquired from the sensory unit. Thus, it is possible to: (i) confirm the
correct functioning of the developed code; (i) verify the interaction and communication carried out between
both control units; (iii) confirm the frequency of the sending data; and (iv) verify if there is exchange or loss

of information during the entire process of acquisition, processing and writing of information.
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Figure 5.2: Arduino IDE Serial Monitor for system operation check.
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Figure 5.3: Arduino IDE Serial Plotter for system operation check.
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Figure 5.4: Graphic User Interface of the high-level control unit code for system operation check.

5.8 Experimental results

The experimental results related to the interoperability tests are mainly intended to demonstrate

whether the eligibility criteria, defined according to the requirements, are verified. This is accomplished by

carrying out a sequence of previously stipulated procedures, in order to get the respective results. By

executing this sequence of events for the various components implemented, it is possible to verify and

validate the functioning of all electronic components and all units, separately and collectively, demonstrating

how the ARCane operates as a single unit. A summary of the experimental results obtained when performing

the interoperability tests are shown below in Table 5.1.

Table 5.1: Summary of the interoperability tests experimental results

Sensory unit

Light Sensor

The photoresistor can detect low visibility conditions in the surrounding environment.

Inertial System

The IMU can perform correct readings of the accelerometer, gyroscope and magnetometer,

with errors of less than 5° in terms of Roll, Pitch and Yaw;

106




Actuator unit

Vibrating Motors
Vibrotactile motor drivers have been successfully calibrated;
It was possible to generate PWM signals according to pre-defined duty cycles;
Users were able to perceive vibration as well as distinguish between different vibration
amplitudes and different frequencies;
It was verified that the propagation of vibration from the vibrating motors did not influence
the readings performed by the IMU and the ARCane force sensors;
LED
The LED consumes an average of 0.16A;
The LED can illuminate a path with low luminosity up to 5 meters;
Motors and Wheels
Each motor consumes 0.39A at maximum speed without any kind of torque;
Each motor consumes up to 1.20A when inserted into the ARCane;

The motor reaches maximum angular speed of 248 rpm;

It is possible to change the battery for one of greater capacity without modifications to the
hardware and software of the system;
Power can be turned on and off;

The system has an autonomy of 2 hours and 30 minutes, showing all its functions during

Power unit
this time interval;
The system can be recharged,;
The battery charging connector is easily accessible, making it safe to connect and
disconnect the battery from the circuit;
It is possible to replace the existing memory card with one with more storage without
hardware and system software modifications;
Memory card has enough storage for 1h of continuous acquisition;
The pre-defined data organization structure is verified;
Controland The memory card connector is considered to be easily accessible;

Storage unit

All pre-defined reading data can be monitored,;

All pre-set reading data is written to memory card;

The pre-set reading and writing frequency are verified for 1 continuous hour, with no
package losses;

There is no logical relationship between the data and the people who originated it;
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5.9 Discussion

These tests represent an evaluation and validation of the singular and collective functioning of the cane
components, as well as the verification of the metrics stipulated in the consumer needs and product
specifications. All these parameters, including the user-cane interaction and the overall cane system
performance were analyzed according to the various obtained results.

The structure of the interoperability tests is composed of four phases: the requirements, eligibility
criteria, procedures, and the results. It was then analyzed the experimental tests performed for all the ARCane
electronic components, based on the four stages that characterize the interoperability tests. First, the
requirements for each component were addressed, which seeks to define the general characteristics that
ARCane must have, according to the consumer needs and target specifications previous established. Then,
the eligibility criteria that the experimental tests seek to evaluate are presented, referring to more specific
points in relationto the already defined requirements. In order to organize the way in which the experimental
tests should be performed, procedures are established to guide the entire process and the sequence of steps
to be carried out to obtain the final results. Once the final results are obtained, an evaluation is carried out
to compare and verify if they can reach the previously defined eligibility criteria. These final results intend to
demonstrate the good functioning of the components individually, but also collectively, revealing their
compatibility in terms of communication and technical specifications.

It was obtained as the final main results for the ARCane system:

e The system has an autonomy of 2 hours and 30 minutes, presenting all its functions during
this time interval. This result highlights the possibility of using the ARCane in a first stage in
rehabilitation sessions.

e The pre-defined data organization structure is verified, in which all read and write data can be
monitored; and the reading and writing frequency are verified for 1 continuous hour, with no
package losses. Considering this result, it allows to have a perspective of the correct functioning
and the validation of all the electrical components that make up the ARCane.

e The light sensor can detect low visibility conditions in the surrounding environment; and the
LED can illuminate a path with low luminosity. Thus, it has been proven that the ARCane has a
mechanism of detection and actuation related to low luminosity, which is a very important

factor, given that many falls are due to poor visibility conditions. Itis also importantto take into
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consideration that none of the robotic canes present in the SoA study contained such a
mechanism related to the context-awareness of the environment.

The participants were able to perceive the vibrations in the cane handle, originating from the
haptic feedback system, as well as distinguish between different amplitudes and frequencies of
vibration. This result demonstrates the possibility of the cane interacting with the user by varying

the vibratory stimuli applied, referring to different indications and alerts for the user to consider.
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6 Motion Control

The motion control is responsible for enabling the movement, control and handling of the ARCane
through the user interaction. As this control is responsible for locomoting the ARCane, it needs to consider
many parameters for a simple, easy, intuitive and comfortable utilization for the end-user. It must provide a
controlled gait, always following the user and without any movement limitations, guaranteeing user safety as
a priority parameter in all situations. According to Chapter 2, a total of four types of motion control were
used: admittance control, self-balance cane, passive control, and accompanying control mode. By evaluating
these motion control methods, it was possible to identify the admittance control method as the one to be
incorporated into ARCane, which later led to the instrumentation of certain sensory components into the
cane, previously identified in Chapter 4. This decision resided in the fact that it is the method that best suits
the concept of the ARCane. Since it contains a holonomic base, composed of three omnidirectional wheels,
providing various DOF to the ARCane. leads to the invalidation of the application of the self-balancing cane
method intended for canes with only one or two wheels that are based on the inverted pendulum model. In
addition, it is desired to obtain a fall prevention mechanism that allows moving the ARCane to a favorable
position that guarantees stability and support to the user. With this being only possible through mechanisms
that drive the motors, leading to the movement of the cane, it invalidates the implementation of the passive
control method based on the free control of the cane without any drive mechanism to obtain movement,
making the fall prevention mechanism unfeasible; Finally, as the intentions for the ARCane is a handheld
device with smooth and intuitive motion control, the accompanying control mode, which is based in motion
with non-contact, does not suit the ARCane's desired needs.

Having clearly highlighted the reasons for choosing the admittance control, it is necessary to have a
better understanding and explore it, so that its incorporation and adaptation in the ARCane is successful,
thus, obtaining a complete, viable and effective motion control method. The admittance control method is
based on human-robot interaction and translates into the transformation of applied forces into changes in
the position and velocity of a system. Its application serves as a way to determine the user's movement
intention and, consequently, to obtain a natural and intuitive control of the ARCane's movement, through the
force values obtained by the components present in the sensory unit.

This chapter also includes a mechanical study of the ARCane rod structure, carried out through

computational simulations, to achieve the method that is able to detect and determine the user's movement
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intention, as well as to detect and recognize the user’s gait state, while using the ARCane. Finally, the direct
kinematics that allow the movement of the ARCane holonomic base, and the experimental results of the

interoperability tests with respect to the admittance control and usability of the ARCane will be demonstrated.

6.1 Admittance control strategy

The first implementation phase of the motion control is the proposal of an algorithm that allows
controlling the ARCane, by considering the user’s gait state and the forces applied by the user. Such a
strategy defines the behavior of the cane, by considering the behavior of the user. For decisions to be
evaluated and taken by the control units of the cane system, there is a whole process that starts from the
acquisition of sensory data to subsequent synthesis of signals through signal processing techniques, thus
allowing an analysis and evaluation of how the cane should operate depending on all the information
obtained, and thus through direct kinematics, control the motors to originate the movement of the ARCane.
In order to establish how the ARCane will work it was done an assessment of the user's movementand the
intended movement of the cane when walking with the ARCane, as depicted in Figure 6.1, by considering
that Nakagawa et. al. [27] mentioned that it is possible to effectively reduce the load applied to the affected
leg when a person walks with the cane robot, by making the ARCane work in a similar way to a proper use

of a conventional cane.
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Figure 6.1: Representation of the three-point gait phases with the ARCane.

The start of the gait event occurs with the user's feet aligned with the ARCane, representing the
standing phase. Subsequently, there is the cane swing phase, in which the cane must interpret the user's

intention to move it forward, in order to assist the movement of the legs for the following phases of gait. With
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the ARCane already placed in a posterior position in relation to the user's feet, the healthy leg support phase
arises, where the cane must remain stationary to prevent the user from falling during this gait event so that
he is able to advance with the affected leg while supporting most of his weight on the healthy leg.

Finally, there is the affected leg support phase, representing the most important gait event, in which
the healthy leg moves forward. During this phase, the user, rather than supporting the body weight on the
leg that remains stationary (i.e., the affected leg), leans on the cane to allow the healthy leg to advance, while
the cane remainsin a static position throughout this process to ensure a stable support for the user.

For all these sets of consecutive processes to be carried out correctly, the ARCane needs to
understand the user's intention of movement in the second phase of the gait. Additionally, it also required to
detect when there is a greater application of vertical forces on the cane, symbolizing when the user is
supporting his body weight on the cane, namely in the third and fourth gait phases, in order to stop its
movement. In the next sections, it will be discussed the proposed methods that enable all data acquisition
and actuation mechanisms to obtain the desired ARCane operation, corresponding to the gait event
represented in Figure 6.1. A schematic of the intended mode of operation and the proposed admittance

control system architecture for ARCane is shown in Figure 6.2 and Figure 6.3, respectively.

s the user supporting
his weight on the
cane?

Is the healthy leg
near the cane?

Yes

Stop the cane | —

Is the user
intending to
move?

Yes

Move the cane

Figure 6.2: Flowchart representing the intended admittance control operating mode of the ARCane.
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Figure 6.3: Architecture of the admittance control system applied in the ARCane.

6.2 ARCane mechanical study

A total of 55% of the robotic canes included in Chapter 2 used axial sensors, however they do not
correspond to an ideal model, due to their high cost associated with the bi-axial and 6-axis force/torque
sensors (Figure 2.9), and due to the implication of applying significant changes to the original structure of
the cane (Figure 2.10). Therefore, a search for an idea and solution that was equally feasible and more
simplistic was carried out, in order to enable the user's interaction forces to be obtained in a similar way, so
that it can be detected the user intended direction of movement.

According to the representation of the three-point gait phases with the ARCane shown in Figure 6.1,
it can be seen that there are two support phases, namely the healthy leg and the affected leg support phase.
In the case of the healthy leg stance phase, the user may or may not support their weight on the cane to
assist in walking, while in the affected leg stance phase, the user should support their body weight on the
cane so as not to overload the affected leg as much it would overload without the use of the cane, as shown
in Figure 6.4. In both situations it is of great importance that the cane remains stationary during the entire
process, in order to provide total stability to the user, and avoid possible falls. Thus, it is important that the
detection of the support phase is performed by the ARCane during gait. As the canes partially support the
user's weight during the gait cycle, and considering that as the user walks there is a change in the transferred
weight to the cane, it is possible to use this parameter to detect which phase of the gait the user is in, by
considering the weight transferred to the cane’s handle. It is also important to take into account that during
a gait cycle, the maximum force applied to the cane is when it is applied fully vertical [177]. Based on this
idea, it was then decided to implementa way to detect the gait phase from the user'sinteraction forces with
the cane. It is then possible to verify that the user's movement intention, as well as the detection of his gait
phase, can be detected through the interaction forces applied in the ARCane. On this matter, two sensor
proposals will be assigned in this section for the detection of user interaction forces, in which their
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implementation will be evaluated based on the results acquired from a mechanical study of the ARCane’s

rod, given the application of different interaction forces.
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Figure 6.4: lllustration of the total force across the hip joint without a cane (A), and with a cane (B),
demonstratingwhy a cane is used in the hand contralateral to an affected hip or affectedleg. F1 represents
the force of the hip abductors; F2 is the force of gravity acting on the mass of the body (excluding the stance
leg); and F3 the force that can be applied to a standard cane. Image from [76].

6.2.1 Methods

As a way of determining the user's movementintention, one must detect the components of forces
applied in the direction of the ARCane displacement plane, defined by the x-axis and y-axis. To identify the
user's gait phase, one must detect the component of forces applied in the direction perpendicular to the
displacement plane of the ARCane, i.e., the direction in the z-axis. The piezoresistive sensor and the strain
gage sensor were defined as the two possible force sensors to detect the user's interaction with the ARCane.
The strain gauge is a sensor that can be used to measure force, strain, weight, and pressure, resulting in a
difference in its resistance that gives a different electrical output. These sensors are widely used for a variety
of electrical transducer devices, primarily due to their high accuracy and excellent reliability, although their
performance can be affected by humidity, temperature, and accuracy drops with prolonged use. Thus, it

would be possible to measure forces applied to the cane through physical deformations in the ARCane
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structure, more specifically, in the rod. It was proposed a method of detecting the user's intention to move,
by placing two strain gages at the base of the upper rod of the cane, one directed towards the y-axis (sagittal
axis) and the other positioned towards the x-axis (transverse axis), as illustrated in Figure 6.5. Regarding the
method of detecting the user's gait phase, it was proposed to place a strain gage on the inner curvature of
the upper rod of the ARCane, as illustrated in Figure 6.6, as a prediction of being the point that would suffer
the greatest deformation for the forces applied to the cane in the vertical direction.

To prove the feasibility ofimplementing strain gages sensors in the ARCane, in comparison with FSR
sensors, the author proceeded with a study of the deformations in the ARCane rod, resulting from the forces
applied by the users. Afterwards, deformation tests were performed with simulations using SolidWorks
software. Regarding the user intention of movement, deformation tests were carried out for forces of 100N
applied on the cane handle in the direction of the x-axis and y-axis, as illustratedin Figure 6.7 (a) and (b).This
applied force is equivalent to a force of approximately 10kg, which is a value that is considered more than
enough to move the ARCane, considering its dimensions and weight. For the implementation of the user gait
phase detection method, it is important to consider that, according to the literature, the greatest force the
values obtained for the transfer of body weight of the user supported on a single tip cane were 29 kg [177]
and in percentage terms it was 25% [141]. Considering these values, deformation tests were carried out for
forces of 300N (=30.6 Kg) applied on the cane handle in the vertical direction, i.e., z-axis, as illustrated in
Figure 6.7(c). For both simulations, fixings were imposed on the structure geometry of the cane, namely in
the plane of the base of the upper rod of the cane, so that there is an action-reaction for the applied forces
in order to resemble the real context in which the upper rod of the cane always remains immobile, as it is

connected to the lower rod of the cane.
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Figure 6.5: Proposed strain gauge sensors configuration to obtain an axial force system, which allows
detection of movementintent in both x-axis and y-axis directions.

Figure 6.6: Proposed strain gauge sensor configuration to obtain a gait phase detection sensor, which allows
detecting the forces applied to the cane in the z-axis direction.
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Figure 6.7: Applied force of (a) 100N on the cane handle in the y-axis direction; (b) 100N on the cane handle
in the x-axis direction; (c) 300N on the cane handle in the z-axis direction.

6.2.2 Results

Before proceeding with the results obtained by the simulation, it is important to explain what is
known as deformation. Deformation (g) is a measure to determine the behavior of a material subjected to
applied forces, representing in a concrete way the distance that the material stretches or compresses (AL),

divided by its original distance (L), as presented in equation 6.1.
AL
L

Based on the performed simulations related to the user motion intention, it was obtained a maximum

€ (6.1)

value of equivalent deformation (€) of 9.909e-4 and 3.748e-3, at the intended location for the strain gages,
for a force of 100N applied to the cane handle in the direction of the y-axis and x-axis, respectively, simulating
forward and lateral movement. Regarding the gait phase detection simulations, it was obtained a maximum
value of equivalent deformation (&) of 1,590e-03 for a force of 300N applied to the cane handle in the
direction of the z-axis, simulating a support gait phase. The obtained results of the equivalent deformation

for both methods are representedin Figure 6.8.
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It was found that the material deformation of the of the cane rod is too small to be detected by
common strain gauges. The reason these equivalent strain values are not sufficient, is that a common strain
gauge has a sensitivity of about =2.0mV/Vto 1000um/m (€ = 1*107(-3)) deformationin a full-wheatstone-
bridge configuration [174]-[176], resulting in a value of =7.50mV/V for the respective equivalent strain
value obtained in the simulations for applied forces on the y-axis, which is the highest value obtained. This
sensitivity would result in a signal too small to be feasibly detected considering the specifications of the
control unit's analog ports, which have a sensitivity of =3.22mV, and also taking into account that the
maximum equivalent strain value obtained was at a point location, rather than representing a section of
considerable area as comparison to the dimensions of a strain gauge sensor.

Therefore, the use of strain gages was considered unfeasible for the acquisition of interaction forces
to obtain the user’s intention of movement and to recognize the user’s gait phases. It was then decided to
implement FSR sensors as the sensory device of the motion control system, as they are durable, thin, flexible,
widely available and cost-effective sensors with a wide range of force sensitivity, capable of detecting the user
interaction forces applied in the ARCane. All the details about the material, mesh, results, plots for the strain,

and resultant displacement, regarding the present section are present in Appendix V.
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Figure 6.8: Equivalent deformation values obtained for applied force of (a) 100N in the direction of the y-
axis; (b) 100N in the direction of the x-axis; (c) 300N in the direction of the z-axis.
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6.3 User motion intention

The final solution for the ARCane axial force system is based on the combination of four force sensors
located on the cane rod in a similar way to the idealized configuration for strain gages, perpendicular to the
cane displacement plane, in the x-axis and y-axis directions. This solution is already presented in subsection
4.3.2, where the technical specifications and reading circuits of the sensors are described, while in this
section it will be discussed ways to obtain a smaller dispersion of forces applied by the user, in order to
improve the acquisition of forces by the sensors, as well as to demonstrate and explain the final configuration
implemented for the axial force system in the ARCane.

It should be noted that, in a strict technical sense, force sensing resistors sense pressure, which is
equal to force divided by area. This means that applying equal amounts of force with a finger, as opposed to
applying the same force but with a nail, will result in a completely different resistance response. To address
this difference between force and applied pressure, the sensor can be covered with a material to ensure
proper force distribution that will result in more accurate readings. For example, a thin elastomer such as
silicone rubber placed betweenthe actuator and sensor can be used to absorb some error from inconsistent
force distribution [112].

Thus, a 3D printing structure, nominated axial ring (Figure 6.9), made out of a polymer known as
PLA (Polyactic Acid), is placed on top of the sensors sensitive area to obtain a better distribution of the
applied forces, and also to provide stability by preventing them from moving around. In addition to the already
purpose of force distribution, this axial ring, together with another 3D printing structure, nominated the
stabilizer ring (Figure 6.10), placed in a higher position of the base rod, has the secondary function of
stabilizing the upper rod of the cane, in order to reduce and mitigate unwanted and accentuated oscillations
resulting from the user's interaction with the cane handle, while allowing the detection of forces applied in

the direction of the cane's displacement plane.
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Figure 6.9: Configuration of the axial ring fixed to the upper rod of the cane with the FSR sensors; top view,

sectional view and trimetric view of the axial ring in the top row, respectively.

Figure 6.10: Configuration of the stabilizer ring fixed to the lower rod of the cane; top view, sectional view
and trimetric view of the stabilizer ring on the top row, respectively.
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With the FSR sensors, the stabilizer ring and the axial ring inserted into the cane, as illustrated in
Figure 6.11, it is then possible to obtain the user's movement intention. As already mentioned, in addition
to the stabilizer ring acting as a stabilizer for the cane rod, it also allows transferring the forces applied by
the user to the FSR force sensors, acting as the basis of a first class lever system. A representation of the
interaction of forces present in the cane and a demonstration of the analogy of the system with a lever are

illustrated in Figure 6.12.

Top view
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Figure 6.11: Location and top view of the axial and the stabilizer ring inserted into the cane.

This lever model is based on the mathematical equation 6.2, which relates the forces applied by the user to
the forces felt by the FSR, through Newton's third law, related to the system conservation of torque and
angular momentum, and the fact that for an action force there is reaction force, which can be represented
by the rate of change of the angular momentum:
F, % cos(0,) * D, = F, * cos(6,) * D, (6.2)
Considering that 8; and 6, are zero, and that D=D1+D2=0.55 m, equation 6.2 can be simplified
into equation 6.3 and later to equation 6.4:
Fi Dy =F,*D, (6.3)

Dy

2= ph,

(6.4)
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Figure 6.12: (a) Cross-sectional view of the ARCane main body structure with the axial ring (yellow) and the
stabilizer ring (red) implemented, and the interaction of the forces applied in the handle by the user, with the
resultant force in the force sensors. (b) Analogy of the force detection system applied to the cane handle to
a first-class lever model.

The value D1 can vary, as the height of the cane can be adjusted. By taking as a reference the the
average height from the range of heights that the cane can have, the value of D1 becomes 0.43 m, and by
taking 10N as the value of Fj, it is obtained the final equation 6.5:

F, =358 xF; (6.5)

This relation and the values representedin it are not as linear as they should for the real context, as
there are several variables to be taken into account, such as the dissipation of forces along the cane rod,
mainly along D1; the contact surface between the cane rod and the stabilizer ring is not punctual, therefore
it influences the leverage effect that transfers the user's forces to the force sensors; and the fact that the
values of F; and D vary from person to person due to their strength and height. These factors are difficult
to be determined analytically, however, the result obtained in equation 6.5 provides an idea of the operation
of the axial force detection system to acquire movement intention, by relating the force applied by the user
to the force actuated on the sensors. It also makes it possible to have an idea of the magnitude of the forces
to be applied to the FSR sensors, thus facilitating the choice of the resistance to be placed in the reading

circuit of the force sensors, taking into account the linearity of force-tension regression demonstrated
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previously in Figure 4.7. The user's movementintention can then be classified in a primary phase as “front”,

“back”, “left” and “right”, from the relation of the force components obtained by the FSR sensors,

represented by equation 6.6 and as illustrated in Figure 6.13.

{FX:FB_FD
Fy =F,— F¢

(6.6)

Figure 6.13: Components of forces obtained by FSR sensors on the axial ring.

6.4 Gait phase detection

The proposed solution to obtain the haptic sensing system was then determined, presented
superficially in subsection 4.3.1, through the combination of three FSR sensors, equidistant from each other,
located on the ARCane handle, as it is the location that is subjected to the user direct forces. This
configuration is able to acquire the interaction forces between the user and the ARCane, more specifically
the forces applied vertically, in order to detect when the user supports his body weight on the cane and
recognize the user gait phase. Taking as a reference the fact that the maximum body support weight to be
applied to the cane is approximately 25% of the person's body weight and can reach 30Kg, this value being
for forces applied in the vertical direction, it was possible to define the resistance to be used in the reading
circuit of FSR sensors, to acquire detectable data between 0-300N.

With the same purpose of the axial force sensors mentioned before, a 3D printed PLA polymer
structure, must be placed over the sensors, covering the handle, in order to improve the distribution of the

applied forces, as shown in Figure 6.14 and in Figure 6.15. In addition, it is also important to note that the
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PLA material is biocompatible, meaning that it is not toxic or harmful to the human skin; the 3D printed
structure has the same geometric structure as the handle, maintaining its ergonomics; and that the width
and height of the cane handle remains within the range of values shown in Table 3.3 of the cane technical
specifications. A visual representation of the force sensors, along with the structure that covers the contact

area of the sensors for better distribution of applied force at the cane handle, is portrayed in Figure 6.16.

e WL e

Figure 6.14: Demonstration of the force distribution on the FSR sensors and cane handle, with and without
the polymer structure. Blue - force applied by the user; Green - force applied on the handle; Yellow - force
sensors FSR; Black and red — 3D printed polymer structure.

1 7 2 I ;
; 7 .
Figure 6.15: Visual 3D model representation of the FSR sensors with the 3D printed structure (represented

in green and grey) placed on top of the handle for improved force distribution. 1, 2, 3 - trimetric view; 4 -
cross-section view.

124



Figure 6.16: Visual representation of the 3D structure with the insertion of the three haptic force sensors
with its implementationin the ARCane handle.

6.5 Holonomic base movement control

The ARCane base seeks to provide stability and support to the cane-user system. With the insertion
of three omnidirectional wheels, it becomes a holonomic base, capable of moving in any direction without
changing orientation, and also capable of changing to any desired orientation while in motion. This
configuration gives the ARCane the ability to easily maneuver in tight, restricted spaces, achieving high
maneuverability while maintaining robust stability.

The same way that with the implementation of the axial force system it is possible to obtain the
user's movement intention by detecting the forces applied by the FSR in the x- axis and y-axis directions,
obtaining Fx and Fy respectively, itis now necessary toimplementa way to transform these interaction forces
into the movement of the cane. This process is known as direct kinematics, and it is based on the use of
kinematic equations that decipher the rotation speed that each motor must have, considering the disposition
of each motor and the direction of the applied force, causing the displacement of the cane in the direction
intended by the user. As a first step to obtain the cane kinematic equations, it is necessary to have a well-
defined reference axis to obtain the locations of each motor in relation to each other through a common
point. For reasons of calculation simplification, the origin of the axis of the Cartesian coordinate system was
defined at the center of mass of the cane, with the y-axis pointing in the direction of the user's sagittal axis
(i.e., in the direction of forward motion), and the x-axis pointing in the direction of the user's transverse axis

(i.e., in the direction of motion to the right). This Cartesian referential together with the arrangement of the
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base of the cane and the configuration of the wheels plus motors is represented in Figure 6.17(a) with the
respective numbering, to help define the kinematic calculations. Thus, it is now possible to define the angles
that each motor makes in relation to the x-axis, obtaining a, 8 and Y, for motors 1, 2 and 3 respectively.
Having acquired the angles of each motor, it is necessary to take into account that the rotation of the engines
will cause translational movement of the wheels in a perpendicular direction. Thus, it can be defined the
angle that corresponds to the direction of movement of each wheel as 8, 8, and 65, perpendicular to a,

B and Y, corresponding to equation 6.7:

6, = a +90°
0, = B + 90° (6.7)
0; =Y +90°

As this configuration guarantees a total of 3 DOF, it is possible to define a force for each degree of
freedom, corresponding to a force acting in the x-axis direction (Fy), in the y-axis direction (Fy) and the
rotation direction of the cane around the vertical axis (Fy,), which corresponds to Yall. It is then possible to
represent how much the cane will move in each DOF, depending on the contribution that each motor has in
the respective direction of movement, through equation 6.8.

Fx = cos(6;) - motor; + cos(6,) - motor, + cos(6;) - motors
Fy = sen(6,) - motor; + sen(6,) - motor, + sen(6s3) - motors (6.8)
Fy, = motor; + motor, + motor;

We can now transform this system of equations into matrix equations, as represented by equation
6.9,toobtain F = A * M, where F represents the components of forces, A represents the contribution that
each wheel has in each direction of the 3 DOF, and M represents the contributions that each cane motor

has, in order to carry out the movement that corresponds to the respective force components.

Fy | = |sen(8,) sen(6,) sen(93) motor, (6.9)

E, cos(8,) cos(8,) cos(6;) ”motorll
1 1 motors

o

With this equation, it allows us to know how much the cane will move in the x, y and w direction for
a given speed defined for each motor. However, it is intended to know what is the contribution (ie speed)
that each motor must have, with a given direction in which the cane must move. To do this, we must solve

the matrix equation as a function of M, and one way to isolate this term in equation 6.9 would be to multiply
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on both sides of the equation the inverse matrix of A, which corresponds to A~1, as demonstrated in
equations 6.10 and 6.11.

ATxF=A1«AxM (6.10)
Al«F=13«M (6.11)

with I3 representinga 3x3 identity matrix, results in equation 6.12.:
M=A1%F (6.12)
With this final equation, we obtain the direct kinematics of the cane system. Therefore, after
obtaining the forces detected by the axial force system, and determining the user’s intended movement
direction, the parameters of the cane movement (Fx, Fy, Fy) are defined. Then, through the kinematic
equation obtained, it is determined the contribution that each motor must have to achieve the desired
movement. It is demonstratedin Figure 6.17(b) together with Table 6.1, a force simulation set applied to the
ARCane, and the respective results of the contribution of each motor, in order to obtain the displacement of
the cane in the direction of the applied force, for values of a =240°, 3=0° and Y=120° for the ARCane

wheels.

(a) (b)

Figure 6.17: (a) ARCane base with the Cartesian frame of reference located at the cane center-of-mass. (b)
Simulation of forces that can be interpreted by the kinematic equations to carry out the movement of the
cane in the respective directions.
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Table 6.1: Results of the contribution of each engine, in relation to the forces applied to the cane as shown
in Figure 6.17(b)

[Fx, Fy, Fw] M1 M2 M3

F1(1,0,0) 0.58 0 -0.58
F2 (0,1,0) 0.33 0.67 0.33
F3(1,1,0) 0.24 0.67 0.91
F4(0,0,1) 0.33 0.33 0.33

6.6 Experimental validation

Experimental tests were carried out, with the objective of validating the proposed motion control
method. A total of six healthy subjects aged between 22 and 27, with body weight between 48kg and 95kg,
and with body height between 1.51m and 1.82m, participated in these tests. The tests were performed with
the intention of verifying the functioning of the motion control strategy with different users, by analyzing if it
can detect the participants' movement intention and recognize the gait phase while using the ARCane.
Initially, it will be addressed the methods used during the experimental validation, by mentioning the
instructions given to each participant and how to proceed in each phase of the tests. Finally, it will be
demonstrated the obtained results related to the sensory data acquisition, along with the participants

feedback on the motion control strategy implemented in the ARCane.

6.6.1 Methods

The first stage is dedicated to the user motion intention and aims to verify if the cane could detect
the user's intention to move, using the axial force system implementedin the cane, as exemplifiedin Figure
6.18. Tests were performed only for forward direction as it was the most importantin a first phase of testing.
Regarding the intention of movement in the lateral directions, data were not acquired, because in this initial
phase of the experimental tests with this ARCane prototype, it is intended that the participants focus on the
movement in the forward direction, in order to simulate the gait with the gait phases shown in Figure 6.1.

Thus, with the cane immobilized, a brief explanation was given on how the cane's axial force system works,
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and later the participant was asked to simulate an intention to move forward. Initially, the values acquired by
the force sensors were recorded in order to readjust the threshold values to correspond to the person's
strength and desired sensitivity. Then, the results acquired by the sensors were recorded in order to verify if
they corresponded to the participant intention to move, with this action being repeated 10 times per
participant.

The second stage of the experimental tests is related to the detection of the forces applied by the
user in the vertical direction with the haptic sensing system. These vertical forces were differentiated into
three categories: “no touch”, which represents the absence of forces applied to the cane; “light touch”,
which intends to inform when the user has his hand resting on the cane; and “support phase” which
represents when the user is supporting their body weight on the cane. A demonstration of the detectable
force types by the haptic sensing system is illustrated in Figure 6.19. Again, with the cane immobilized, a
brief explanation was given about the types of force detectable by the cane and then the participant was
asked to simulate each of the three detectable force categories so that sensory data was collected to define
the threshold values for each strength categories, depending on the weight and structure of the user. Finally,
the participant was randomly assigned to apply one of three types of force settings, where the results acquired
by the sensors were later checked to see if they matched the action performed. This procedure was repeated
until a total of 20 results per person.

Lastly, once the participant was minimally adapted to the cane movement control, he was instructed
to walk freely, and also to simulate walking with an injured leg for a total of 6 minutes, a standard duration
widely used in training. of walking [44]. During this time, sensory information was acquired from the haptic
detection system and the axial force system related to each participant. At the end of the experimental tests,
a small questionnaire was carried out to the participants regarding the operability of the cane. The questions
asked to the participants sought to know: (i) if the ARCane is considered lightweight and easy to maneuver;
(ii) if the preparation procedures to start the ARCane, were considered an easy procedure; (iii) what is the
level of psychological fatigue it was felt after using the system on a scale of 1 to 5; and if (iv) the participants

considered that the system has adequate dimensions and that it does not restrict movement during gait.
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Figure 6.18: Data acquisition by the axial force sensors with force applied in the y-axis direction, when a
participant was asked to move in the forward direction and in the backwards direction.

No Touch Light Touch Support Phase S

Figure 6.19: Data acquisition by the haptic sensing system with force applied in the z-axis direction, when a
participant was asked to: stand still, place his hand on the handle, and to lean its weight on the cane.
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6.6.2 Results

It was finally obtained as the results for the detection of the user's motion intention with the
implemented axial force system, a total of 58 correct results were obtained in a total of 60 tests performed,
achieving an accuracy of 97% for the axial force system. Regarding the user’s gait phase recognition with the
implemented haptic sensing system, a total of 81 correct results were obtained in a total of 90 tests
performed, achieving an accuracy of 90% for the haptic detection system. It is listed below in Table 6.2 the
obtained experimental results of the axial force system and the haptic detection system referring to the
detection of motion intention and gait phase recognition, respectively.

Table 6.2: Experimental results obtained from the axial force system and haptic detection system

Axial force system Haptic sensing system
Participant ne Forward intention No touch Light touch Support phase
(n/10) (n/5) (n/5) (n/5)

1 9 5 5 5
2 10 4 4 5
3 10 3 4 5
4 9 3 5 5
5 10 5 5 5
6 10 4 4 5

Success/Total 58/60 81/90

Accuracy 0.97 0.9

The experimental results referring to when the participant was instructed to walk freely, and also to
simulate gait with an injured leg, seek to provide the participants a better idea and understanding of how the
implemented motion control strategy actually works, with ARCane in motion. It also presents an overview of
the ARCane's features and capabilities as well as its use in a real-life context. It is representedin Figure 6.20
the acquisition of data by the sensory components while a participant was asked to move in the forward
direction, by simulating the gait with an impaired leg. Additional data related to the results obtained with the
experimental validation, are presented in Appendix V.

At the end of the experimental tests, a small questionnaire was carried out to the participants about
the operability of the cane, obtaining the following results: (i) all participants consider that the device is
lightweight and easy to maneuver; (ii) the preparation procedures, which coincide with pressing the switch
button, were considered an easy procedure by all users; (iii) all users rated the level of psychological fatigue

they feel after using the system < 2 on a scale of 1 to 5; (iv) all participants considered that the system has
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adequate dimensions and that it does not restrict movement during gait. It was also mentioned that the

system has good sensitivity and is comfortable in terms of usability.

Thresholds

. Support Phase 4

D Move Forward 4

Figure 6.20: Data acquisition by the haptic sensing system and the axial force sensors while a user was

asked to move in the forward direction, while simulating a two-point gait with an impaired leg. Detection of

the user intended direction and gait phase detection.

During the experimental tests, it was possible to obtain a critical opinion of the ARCane in a real

context environment, which made it possible to verify future improvements for the ARCane system, namely:

(i) to place the power button in a higher position, located relatively close to the cane handle, for easier and

quicker access; (ii) to implementa control strategy on the motors to obtain a smoother and more controlled

movement; and finally, (iii) take take into account the person's stride length, in order to adjust the speed of

the cane to the user's walking speed.
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6.7 Discussion

This chapter started with the identification of the admittance control as the motion control method
to be incorporated into the ARCane, from a comparison between the methods applied in the robotic canes
review literature, since it proved to be the most compatible considering the structure and the components
that make up the developed ARCane. It was then possible to define a strategy for the control of the ARCane
that is based on the four gait phases with a cane: standing phase, cane swing phase, healthy leg stance
phase, and support phase of the affected leg. The ARCane must then detect the user’s intention to move, in
order to drive in the desired direction and follow his gait, as well as interpret the user's gait phase, in so that
it remains immobile when greater body weight is applied to the cane, providing a stable support to the user.

Afterwards, it was presented a solution to obtain: the user's movement intention, based on force
sensors located on the ARCcane rod; and also, the detection of the user's gait phase, based on force sensors
located on the ARCane handle. These settings provide detailed detection of user interaction with the ARCane,
by detecting forces applied in the x-axis, y-axis, and z-axis. Since piezoresistive force sensors were used,
which more adequately detect the pressure, structures in PLA material were developed through 3D printing,
in order to obtain a better distribution of the applied load and more reliable force measurements acquired
by the FSR sensors.

Finally, operability tests were performed with six healthy participants, in order to obtain a validation
of the implemented motion control system, verifying the feasibility of the proposed solutions and analyzing
the use and behavior of the ARCane in experimental context to assess the potential for acceptance of this
device by future users. The main results obtained from the experimental tests were an accuracy of 97% for

user movementintention recognition and 90% accuracy for user gait phase recognition.
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7 Towards Fall Detection and Prevention Strategy

In addition to the actual ARCane assistance in the user's gait through the built-in motion control
system, that ensures greater user stability, better cane maneuverability, and an effective cane-user
interaction, it is also of great importance to achieve a fall detection and prevention system. These systems
aim to ensure user safety, with the objective of reducing their rate of falls. All this will be possible through
detection and actuation mechanisms, and later calculations and evaluations processed in the high-level CU.
Thus, the ARCane will be able to obtain a sufficiently fast response to complementthe user's reaction time,

guaranteeing a successful fall prevention strategy.

7.1 Fall detection

Falls are among the most damaging events that older people can experience, and they can happen
suddenly and without warning in all types of contexts and environments. With the increasing aging of the
population, fall detection technology is becoming an invaluable resource that saves lives, leading to an urgent
need for the development of fall detection systems. For falls to be detected and predicted, it is necessary to
use several sensory devices to obtain information and continuous assessments about the user while walking
and using the cane. Then, various parameters are taken into account, being later analyzed and processed
by the high-level control system, using computational methods that ultimately allow the user to accurately
identify the user's gait state and detect if a fall is occurring.

Fall detection can be generally classified as pre-impact detection and post-fall detection [145]. Post-
fall detection methods are based on sending an emergency alert signal to the emergenciesin case a fall is
detected, thus reducing the time of arrival of medical assistance. However, this type of fall detection can only
detect falls after impact, so all injuries (physical and psychological) caused directly by the impact of the fall
cannot be prevented or even diminished. Pre-impact detection uses predictive methods that seek to predict
fall incidents before or during their occurrence, allowing immediate prevention actions, as in the case of
airbag activation during an automobile accident, in order to prevent physical accidents caused by the impact.

Considering that certain falls can cause damage to health, or even fatalities, it is of greatimportance
that fall detection systems can operate in (almost) real time, with high computational efficiency. Since real

time is a key characteristic for fall detection systems, it is necessary to consider the fall detection time,
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depending on the computational method and detection instruments used, so that it is fast enough, allowing
a time window to activate the fall prevention system.

A fall event can be divided into four distinct phases (Figure 7.1): (i) pre-fall phase, when normal
activities of the daily living occur; (ii) critical phase, when the fall event happens; (i) post-fall, when the
person has no movement, lying on the ground; and (iv) recovery phase, when the person stands up and
shows movement [146], [147]. The critical phaseis where this section will take his focus since it represents
the window time to detect and prevent falls. During the critical phase there is a temporary period of free fall
during which the vertical speed increases linearly with time due to gravitational acceleration, and its duration
can be estimated to be around 300-500 ms [148] and 900 ms [145].

Lead time and detection time are typically used to assess the efficiency of fall detection. Detection
time represents the time difference between the fall initiation and the fall detection, and is used to indicate
how quickly the fall detection system responds to a fall. On the other hand, the lead time is defined by the
time interval between when the fall is detected and the fall impact, accounting for the time for protective
measures to be activated to protect fall victims from the impacts of the fall. In short, the smaller the detection
time and the longer the lead time, the better the fall detection performance.

o o
@
(L

pre-fall critical post-fall recovery

detection time lead time
fall initiation fall impact

Figure 7.1: The main phases of a fall event.

7.1.1 Fall detection algorithms

Currently, computing power is technologically developed to the point that its processing time scale
allows the performance of mathematical and analytical calculations, through computational algorithms,

within the time window for detecting and preventing a fall, i.e., the critical phase. According to the literature,
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threshold-based and data-driven algorithms, including machine learning and deep learning, have been the
two main approaches used for fall detection [110], [145], [147], [148].

With the application of threshold-based algorithms, a fall is considered to be detected if the selected
fall detection indicators are beyond pre-defined threshold values established empirically. The algorithms are
computationally efficient which allows them to be easily implemented in real-time applications. However,
setting an appropriate threshold can be challenging. Typically, with a threshold too low, the system may
detect negative events (i.e., false positive), resulting in less misdetection but more false alarms. Whereas
with a threshold too high, the system may not detect positive events (i.e., false negative), leading to fewer
false alarms but more misdetection of falls [145]. This threshold value is also dependent on the subject-to-
subject variability. To overcome this difficulty, a learning period may be used, by asking the user to carry out
a series of voluntary movements in order to mark the reference values of execution [148].

The method of predicting falls using a threshold is inconsistent depending on the types of fall
situations, age, physical characteristics and so on. To overcome this limitation, machine learning models
seek to increase the accuracy of pre-impact fall detection based on various experimental data for training
[147]. A training period is required to collect data during non-fall activities to facilitate resource extraction
and activity classification. Overall, data-driven algorithms are more computation-intensive compared to
threshold-based algorithms and therefore may lead to a longer detection time. On the other hand, data-driven
algorithms can achieve greater accuracy in event recognition, leading to fewer false alarms compared to
threshold-based algorithms. The evaluation of these results can be defined by the quality criteria of the fall
detectors, represented by the sensitivity, which measures the rate of correctly detected falls, and the
specificity, measures the rate of falls correctly classified situations of non-fall. In short, the higher the
sensitivity and the specificity of the system, the optimal the system performance [148], [149].

According to the literature, the parameters of the fall detection methods applied vary depending on
the framework and application of each detection system. Such variables involve different: (i) spatial contexts,
whether falls are in an enclosed or open space; (i) types of users, targeted at a certain age group, physical
condition and/or health status; (i) detection times, detection in real time or not (pre-impact detection or
post-fall detection); (iv) types of instrumentation, wearable or context-aware systems; and (v) computational
algorithms, like threshold-based algorithms, but also machine learning techniques such as Support Vector

Machine (SVM), Hidden Markov Model (HMM), Discriminant Model (DM) and deep learning techniques,
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comprising Convolutional Neural Networks (CNN), Long Short-Term Memory (LSTM), Recurrent Neural
Networks (RNN), and so on.

As an example, FallDeFi [150] is a non-wearable indoor fall detection system that uses commodity WiFi
devices as the physical fall monitoring infrastructure. In practical terms we can evaluate the variables of this
detection method as: (i) spatial context destined to a closed space; (ii) proposed use for all types of users;
(i) with post-fall detection, i.e., detection time after impact; (iv) detection tools based on context-aware
systems; and (v) machine learning techniques, more specifically a SVM classifier trained to classify the gait
state. On the other hand, Tamura et al. [151] designed a system that integrated the fall detection algorithm
with an inflatable wearable airbag system to protect falls from body-ground impact. If we evaluate this system
considering the parameters described above, we can classify it with: (i) spatial context intended for an open
or closed space; (ii) mainly intended for elderly people; (iii) with pre-fall detection, i.e., detection time before
impact; (iv) wearable-based detection instruments; and (v) uses thresholding technique as fall detection
algorithm.

This comparison served to demonstrate the multiplicity of variables that involve the detection of falls in
several studies, applications and commercial devices. Therefore, the present work focused its study, takin
as a reference, the fall detection systems presented in subsection 2.2.5, as a way to obtain a more oriented
and objective solution for the ARCane’s fall detection system. It was shown in Chapter 2 that 50% of the
robotic canes under review contained a fall detection system, featuring various fall detection methods used,
such as Zero Moment Point (ZMP), Leg-motion-based detection, Human-robot coordination stability (HRCS)
and Cane balance-stability. A critical analysis of these methods will be carried out, with the intention of finding
a fall detection system applied to robotic canes that corresponds to the intended fall detection parameters
to be placed in the ARCane.

One of the advantages of the Zero moment point (ZMP) method is that it takes into account the cane-
user system, allowing a configuration that seeks to maintain the stability of both during the entire time of
use. This method also has a fall detection time of 350 ms, which is within the critical phase time window.
Although the ZMP presents itself as a viable option for a fall detection method, it has a disadvantage as it
requires the mandatory use of wearable sensors, i.e., shoes with built-in force sensors, to measure the forces
applied by each lower limb in the ground, in order to obtain the point of center-of-pressure.

The Human-robot coordination stability is a method that has similarities with the ZMP method in the

way that both robot and user stability are considered, which makes it more reliable and convenient to

137



measure the stability of the human-robot system. However, as for the ZMP method, in order to obtain the
stability constraints for the user, posture measurements are needed, such as the angle between the body
and the ground, which are detected by using wearable sensors.

A simpler method is the Cane balance-stability method, which is simply based on the forces of
interaction between the user and the robotic cane. It is mainly used in 1- or 2-wheel canes, with a design
and system based on an inverted pendulum. As already mentioned, this method cannot be applied to robotic
canes with three or more fixed legs, as they are always stable in their neutral position, with or without the
application of forces in the cane, making the selection of this fall detection method unfeasible for the ARCane.

The fall detection system based on Leg-motion-based detection, which is based on the storage and
analysis of the user's gait data, allowing later to distinguish the gait, consists of two detection methods. Both
methods have the learning ability to adapt to different users, building the possibility and probability
distributions of the normal walking status.

First, the Dubois possibility theory method, by measuring the distance between the robotic cane and
the location of the user's feet, and the relative acceleration of the user's legs, it allows to obtain histogram
data for each feature, which are later computed to obtain an experimental training set of data from various
gait states. According to Di et. al. [28], this method allows the detection of stumble within 50 ms and does
not necessarily require the use of wearable sensors. The limitation of this method is that it can only detect
stumbling events, which does not always cause people to fall, but it still poses a high potential risk of falling.
This fall detection method can be used as a future reference for tripping detection as it presents a very short
detection time, which is ideal for fall detection systems.

Finally, there is the Gaussian distribution method, which uses data obtained through normal walking,
namely the distance between the user's legs and the robotic cane, and the frequency of the user's legs
position in the x-y plane in relation to the robotic cane, in order to obtain a Gaussian distribution, as shown
in Figure 7.2. After all the information is acquired and the Gaussian distribution obtained, a threshold
probability (e.g., 90%) is then decided to define an interval to distinguish between the walking state and the
emergency state. After this procedure has been performed, the detection system is ready, and a fall can then
be detected by evaluating the relative position of the user's legs while he is walking, in relation to the Gaussian
distribution. When the relative position of the user with respect to the robotic cane is within the mixture

Gaussian distribution, the user is evaluated as being in the walking state. On the other hand, when the
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relative position of the user is out of the mixture Gaussian distribution, the user state must be transitioned

to the emergency state, and therefore prevention methods must be triggered.
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Figure 7.2: Gaussian distribution obtained by the cane user’s legs position during walking (a) Image from
[68] (b) Image from [58].

This detection method does not require the use of wearable sensors, as information about the
position of the user's legs in relation to the cane can be obtained through distance sensors. Furthermore,
this method has the learning ability to adapt to different users by building the probability distributions of the
normal walking status. It also enables the detection of all types of falls, as it analyzes the entire spectrum of
information obtained on the state of normal gait, detecting all situations that do not fall into this class, i.e.,
abnormal gait. For these various reasons, this is the method of fall detection chosen to be incorporated into
the ARCane. Although this detection method presents itself as the ideal method, it is necessary to have a
critical position to observe and recognize that there are points to improve in a way to increase its
performance, in order to obtain a more efficient, complete and accurate fall detection system for the ARCane.

One aspect of this method is that it uses a threshold-based algorithm, as it requires deciding a
probability threshold to define an interval to distinguish between walking state and emergency state. Although
this type of computational algorithm is easy to implement in real-time applications, these threshold values
must be established empirically, and defining a suited value to its needs can be challenging. Furthermore,

this method is inconsistent for predicting falls as it depends on subject-to-subject variability and does not
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adapt to different types of fall situations. To overcome this barrier, the solution would be to incorporate data-
driven algorithms to achieve greater accuracy in event recognition and pre-impact fall detection, leading to
fewer false alarms compared to threshold-based algorithms, as well as a way to make this method more
adaptable to different users. A possible proposal to incorporate data-driven algorithms in the evaluation of
Gaussian distributions would be to use machine learning, more specifically, Radial Basis Function (RBF)
kernel, a class of algorithms used for pattern analysis commonly used in support vector machines (SVM)
classification.

Additionally, during walking there are phases in which the user becomes more stable (e.g., mid-
stance phase) and less stable (e.g., during heel strike). On this matter, another improvement for this detection
method would be to get information and data analysis channeled to specific gait states. Currently, the
Gaussian distribution method uses a distribution relative to the user's gait, i.e., intended for all gait phases.
One way to improve the performance of this method would be, first to distinguish the phase of the user's
gait, and later, to attribute a Gaussian distribution of the location of the user's feet in relation to the cane for
each phase, thus obtaining more objective results and, consequently, greater chance of detecting possible
falls. It is represented below in Figure 7.3 a scheme of the Gaussian distribution fall detection method to be
incorporated in the ARCane, and represented in Figure 7.4 the scheme of the respective fall detection method

with the added proposed improvements, both in the training phase and in the experimental phase.
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Figure 7.3: Threshold Gaussian distribution method for fall detection (a) train schematic (b) experimental
schematic.
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Figure 7.4: Proposed data-driven Gaussian distribution method for fall detection (a) train schematic (b)
experimental schematic.

7.1.2 Fall detection devices

The selection of appropriate fall detection indicators is essential to achieving desirable fall detection
performance, however, there is not much empirical and theoretical evidence indicating the most appropriate
set of fall detection indicators [145]. The fall detection indicator, in relation to the fall detection method to
be used, involves monitoring the user's lower limbs, in particular the position of the user's legs in relation to
the ARCane. Considering the detection method and the fall detection indicator, it will be necessary to have a
detection instrument capable of acquiring the desired data for a fall to be detected. The devices used in the
existing pre-impact fall detection can be generally classified into the context-aware systems and wearable
sensors [145], [152].

Wearable sensors can be defined as electronic sensor-based devices that are worn by the bearer
under, with or on top of clothing [152]. Due to the advancement of microelectronics and wireless

communication technology, wearable MicroElectroMechanical Systems (MEMS) such as accelerometers and
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gyroscopes have become small, lightweight, and low-cost. They are able to unobtrusively capture body
movement and allow kinematic measurements to be monitored in extended space and time. Additionally,
wearable sensors often have wireless communication capabilities that allow them to easily communicate
with smartphones or other internet-enabled devices, with the benefit of not requiring additional infrastructure
installation. This feature in particular makes them suitable for pre-impact fall detection. Today's smartphones
come with a rich set of built-in sensors such as accelerometer, digital compass, gyroscope, GPS, microphone
and camera. Several researchers are taking advantage of this fact to develop smartphone-based fall
detectors. However, most studies devoted to smartphone-based fall detectors placed them in standardized
positions, which allowed for highly stereotyped measurements that helped with accuracy ratings but made
the results less applicable to the way people carry their smartphones every day (e.g., in pockets or purses)
[152].

There are some limitations related to the use of wearable-sensors for fall detection systems. A major
drawback of wearable sensors is that people under fall detection surveillance are required to we ar the sensors
at all times, adding that some wearable sensors are still bulky and intrusive. This can result in low user
compliance because they can be uncomfortable to use, or people can sometimes forget to use them. In
addition, data stability is lower compared to context-ware sensors due to insufficient battery power, and
because alarm transmission may be affected by data loss due to wireless communications. Lastly, some fall
detection indicators cannot be measured directly by wearable sensors and must be obtained based on
estimation basis. For instance, body segment velocity variables must be estimated by integrating acceleration
signals from accelerometers, which inevitably leads to some errors resulting from such an estimation
procedure [145].

Visionbased or context-aware systems rely on sensors to acquire information about the surrounding
environment, such as: colors, shadows, contrasts, depth, shapes and motion detection. The context-aware
systems often have high computational demands as the visual data is much larger compared to the one-
dimensional signal coming from non-vision based wearable devices. Furthermore, such systems can be
difficult to implement, expensive, and restricted by space [110], [145]. One of the main challenges of vision-
based detection is that context-aware systems are much more prone to privacy concerns than other detection
devices, due to the levels of detail that cameras can capture, such as personal information, appearance and

visuals of the living environment [110], [152]. However, with technological development over the years,
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innovative context-aware detection systems have been developed and used, keeping privacy issues to a
minimum by not providing information about the user's appearance and the living environment i nvolved.

In terms of sensor placement, vision-based approaches are applicable to a limited field-of-view, or a
restricted space defined by the camera position and settings [153]. In the case of the ARCane, this does not
necessarily apply, as it is not necessary a high field-of-view for the detection of the fall indicators, and also
because the cane accompanies the user's movements while walking, allowing continuous monitoring of the
visual-data coming from the visual sensors.The acceptance of elders is also a big problem as they may not
be familiar with electronic devices. To overcome this challenge, the way the system operates is essential.
Vision systems, like other non-intrusive methods, are very good in this regard, as they can operate
automatically, without user intervention. The main advantage of context-aware systems is that the person
does not need to use any special devices for falls to be detected. Additionally, one of the benefits of using
vision-based approaches for fall detection is that fall detection indicators can be accurately determined, since
the biomechanical convention for calculating body kinematic measurements based on the capture system of
movement has been well established in several studies [145].

Overall, in correspondence with the literature, sensor acceptance is generally lower if the sensor is
carried on the person (i.e., endosensor) rather than installed in their environment (i.e., exosensors) [145],
[148], [152]-[154]. Therefore, the use of wearable sensors as fall detection devices for the ARCane system
is questioned and, based on the factors discussed above, the final decision lies on the use of vision-based
sensors, since they are capable of acquire the fall detection indicators that enable the detection of the user's
fall, through the proposed computational method. Regarding the decision of the visual sensor to be used by
the ARCane detection system, a comparative analysis is carried out between the most used context-aware
sensors in robotic canes and the most used in general applications, based on the literature. Among all fall
detection systems, the most used visual sensors are RGB cameras and depth cameras, while for fall detection
systems more focused on robotic cane applications, as seenin subsection 2.2.2, the most used visual sensor
is the Laser Range Finder.

The working principle of the Laser Range Finder is that it uses laser beamsto measure distances by
detecting the time-of-flight between the transmitted and the reflected laser beam. They are known best for
their high precision, fast data rate and long detection range, making them suitable for all type s of robotic
applications. There are different types of LRF sensors, namely 1D, 2D and 3D Laser Range Finder (Figure

7.5). The 1D-LRF detects in one dimension, i.e., it measures the distance from a single point in space,

143



making it the cheapest sensor (ranging from €50 to more than €300) and the easiest to program
computationally. The 2D-LRF and 3D-LRF, also known as laser scanners, are the most used in autonomous
applications for obstacle detection, and have the ability to accurately capture two-dimensional and three-
dimensional data, respectively, with the consequence of making them more expensive (ranging from €100
to more than €1500 for the 2D-LRF, and from €750 to more than €5000 for the 3D-LRF) and requiring more
processing power. The different types of LRF sensors are intended for different applications, corresponding
to the needs of each system. In the case of the ARCane, it would be necessary to implement 3D-LRF sensor
in order to acquire the monitoring and sensing of the user's lower limbs, namely the relative position of the
user's legs and feet in relation to the cane. In addition to limitations associated with LRF sensors due to
ambient light intensity, which can alter the laser beam and result in inaccurate measurements, and also
when measuring the distance from reflective surfaces values, a 3D-LRF sensor has a very high cost, which

consequently limits the availability of the ARCane in the future market.

(a) (b) (c)

Figure 7.5: Example of laser range finder sensors available in the market (a) 1D-LRF (140.44€). Image from
[155]; (b) 2D-LRF (532.85€). Image from [156]; (c) 3D-LRF (910.00€). Image from [168].

Moving on to image capture devices, RGB cameras are designed to create images that replicate
human vision, capturing light in red, green, and blue (RGB) wavelengths to achieve an accurate
representation of colors. In vision-based action recognition, many works have used conventional RGB
cameras, which may be associated with being: (i) widely available; (i) cost-effective; (iii) easy to operate; and
(iv) able to provide rich texture information of the scene.

However, there are limitations associated with the utilization of RGB cameras: (i) they require a

considerable amount of hardware resources, in order to run computationally intensive image processing and
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computer vision algorithms [164]; (ii) the accuracies of RGB camera-based detection systems vary drastically
due to environmental conditions, such as illumination changes, which often results in limitations during the
night [155], and occlusion problems, where part of the human body is occluded by a certain object [169];
and lastly, (iii) they are prone to privacy concerns, due to the levels of detail that cameras can capture, such
as personal information, appearance, and visuals of the living environment.

In the case of depth cameras, they are designed to create images based on depth information from
the surrounding environment, and have become the most popular vision-based sensor in the field of fall
detection, since 2014, taking the place of the traditional RGB cameras [155]. One of the main possible
limiting features of depth cameras compared to RGB cameras is that: (i) depth information is sensitive to
materials with different refection properties (e.g., transparent materials, and light absorbing materials); (ii)
they do not provide color and texture change information of the environment [164].

While depth cameras have certain limitations compared to RGB cameras, these parameters
do not have as much impact in the context of fall detection systems. In addition, the advantages arising from
the use of depth cameras outweigh its disadvantages, having several parameters that stand out, namely: (i)
widely available; (ii) cost-effective; (iii) easy to operate; (iv) provide 3D structure information of the scene; (v)
insensitive to lighting conditions and illumination changes, meaning it can work in total darkness; (vi) do not
require complicated calibration [155]; (vii) high performance in human action recognition [164]; and (viii)
can only capture depth information, which makes it less intrusive of privacy. The last parameter is one of the
most important, as it has a high weight on user adherence and acceptance in the application of fall detection
systems. Since the advent of affordable depth sensing technology, fall detection with depth cameras has
been extensively and thoroughly studied due to its inexpensive price and easy installation. The Microsoft
Kinect (Figure 7.6) is a device with depth sensing technology that is highly regarded and cited throughout
the literature due to its cost-effectiveness and performance in context-aware systems, and tt can be obtained
for around €355. Kinect uses an RGB-D camera, which can capture RGB images like a regular camera and
also capture depth images with a depth camera (Figure 7.7(a)). An important key of this device is that the
Kinect System Developer Kit (SDK) has skeletal tracking (Figure 7.7(b)), which allows researchers to analyze
the main joints of the human body and the recognition of human action for fall detection [169], [170]. Ina
comparison process, Table 7.1 was created to consider various parameters and their insertion into the
context-aware system discussed in this section. The depth camera is finally defined as the choice of visual

sensor to be inserted into the cane to obtain the fall detection indicators and to enable a possible fall
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prevention, mainly due to its very cost-effectiveness, but also for its ability of skeletal tracking, and because
it is not intrusive to users' privacy. A simulation of the depth camera's visibility when inserted into the ARCane

is shown in Figure 7.8.

(a) (b)

Figure 7.6: (a) Microsoft Kinect (discontinued manufacturing). Image from [171]; and Microsoft Azure
Kinect. Image from [161].
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Figure 7.7: (a) Depth images obtained with Microsoft Kinect. Image from [171]; (b) Microsoft Kinect skeletal
tracking pipeline. Image from [173].

Table 7.1: Comparison of potential vision-based devices for the ARCane fall detection, considering different
parameters

Parameters 3D-LRF  Depth camera RGB camera
Widely available X X
Cost-effective X X
Provides 3D structure information of the scene X X
Easy to calibrate X X
Skeletal tracking X
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Parameters 3D-LRF  Depth camera RGB camera

Insensitivity to lighting conditions X
Insensitivity to materials with different refection properties X
Gives color and texture information X

Not intrusive to privacy X X

Figure 7.8: Simulation of the depth camera's visibility inserted in the ARCane. 1- SolidWorks camera mode;
2- Simulated camera view; 3- Trimetric view of the simulated human model using the ARCane.

It is also worth noting that vision-based methods are not required to be a standalone fall detection
system as they can also be combined with other modules to form an overall system. Sensor fusion involves
using different signals coming from multiple devices. This is all done to complement the strengths of all the
devices and develop a more robust algorithm to monitor the user's gait and detect potential falls. Therefore,
the accuracy of the overall ARCane fall detection system can be improved, and additional functionalities can
be included. An example of application of a fusion sensor in the cane is the force system present in the
cane’s handle, which uses multiple force sensitive resistor sensors that can measure the force applied to the
cane. With this configuration, it allows to detect when the user is leaning or not on the cane, since falling risk

situations are more likely to happen when the user does not exert or exerts little force on the cane.
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7.2 Fall prevention

The fall prevention system is the superior attribute that distinguishes the robotic cane from a
conventional cane. This system is the complement of the cane fall detection system, as it is based on the
way the cane will react to the detection of a user's state of emergency to keep the cane-user system in
balance and safety. According to the literature, there are already several devices with fall detection, the vast
majority with post-fall detection (i.e., after an impact), but few with fall prevention. The response time of the
fall arrest mechanisms of action is crucial, as they must be fast enough so that the body balance of the user
who is in the act of falling can be recovered in time to avoid a fall. impact situation with the ground or
surroundings. In this sense, it is extremely necessary that the time of detection and prevention of falls be

within the critical phase, of gait events, with sufficient lead time for a fall to be effectively prevented.

7.2.1 Prevention mechanism

There are several fall prevention methods already reported from the latest generation of robotic
canes. Each method is adapted to the physical structure of each cane, also considering its degrees of
freedom, number of wheels, type of movement control, as well as the sensory unit and the unit of action that
compose them. In the absence of a specific type, or already pre-defined, of fall prevention method to be used
by robotic canes in general, it was then sought to obtain a method more intended for the ARCane of the
present study, which corresponds to all its characteristics. and makes it possible to carry out successful fall

prevention actions.

7.2.1.1 Vibrotactile feedback

Starting with vibrotactile feedback, this method is based on the context of direct robothuman
communication and interaction, through vibrational actuation methods integrated into the cane. The vibrating
motors integrated into the cane are intended to notify and adjust irregular gaits, through vibrating signals
that propagate through the cane handle to the user's hand, in order to enable a controlled and monitored
gait. These vibration signals can then be triggered with certain emission rhythms to adjust the pace of the
user's stride, which can also be incorporated in rehabilitation centers to adjust the pace and speed of the

patient's movement by considering the length of the user’s stride while using the cane.
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The other application of the vibrating signals is emitting signals of great amplitude, with the purpose
of notifying any type of irregularity or associated danger during the execution of the gait. This system is
interleaved with the high-level control unit that analyzes and processes the signals obtained by the fall
detection system, which continuously monitors the relative position of the user's legs in relation to the cane.
An example of a dangerous situation when walking is when the user is in a tandem position, i.e. a state
where both legs form a line along the direction of walking, which results in a lower base of support of both
legs and a smaller stability margin (Figure 7.9(a)). The use of vibrotactile feedback can then behave in a way
that prevents the user from being in a tandem position, signaling the possibility of this occurrence when
analyzing the angle between each leg, and when it detects that they are below a certain value (Nakagawa et
al. [38] used 5 degreesas a threshold value to detect tandem posture), this system acts to alert the user to
increase the distance between each foot during gait (Figure 7.9(b)). Although this method of actuation and
user interaction may not directly prevent a detected fall, the fact that it informs the user of any irregularities
in gait makes it a passive method of fall prevention, which makes it possible to reduce the chances of a fall

caused by an irregular gait.
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Figure 7.9: (a) Fall event caused by tandem stance. Image from [38]; (b) Tandem stance prevention through
vibrotactile feedback.
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7.2.1.2 Cane displacement

Having already incorporated a passive fall prevention system, it is essential to implement an active
prevention system that complements the functionalities of the ARCane. Considering the prevention methods
presented by the eight robotic canes of the state-of-art which include a fall prevention system, it was decided
to implement a prevention system similar to the methods applied in cane no. 1, 4, 5 and 7, which are based
on moving the robotic cane to ensure the stability of the cane-user system.

Cane methods no. 2, 6, 12 and 13 were excluded because: they were intended for canes with one
or two wheels based on the inverted pendulum model (cane n° 2 and 6); they do not use drive motors to
move the cane, instead they have wheel brakes to stop the passive movement of the cane (cane n® 12); and
because it is intended for canes with legs, i.e., that do not use wheels, in which the height of each leg can
be easily adjusted (cane n° 13).

The fall prevention system intends to perform quick actions in situations of high risk of falling,
preventing the occurrence of this tragic event that can be fatal for many users. For the proposed prevention
method to be implemented, when detecting a state of emergency by the fall detection system, the cane robot
will be able to reposition itself strategically and quickly, by rotating along the user and moving to the direction
that the user is falling, in order to provide an effective and preventive support. As soon as the cane moves to
the specified position, all three omnidirectional wheels of the ARCane will stop and ensure the user's balance.
Figure 7.10 demonstrates an example of the fall prevention method to be implemented when a fall event
occurs, and Figure 7.11 illustrates the human-in-the-loop control flowchart in the ARCane system circuit.

The fall situation is unpredictable, and there are numerous possibilities for the direction of falls, so
it is very important to reconcile the fall detection system with the fall prevention system. As the fall event
usually follows a voluntary movement, which is performed mainly in the sagittal plane, most falls occur in
the forward or backward direction [155], and at least 60% of the fall behavior occurs in the forward direction
[46], On this matter, the fall prevention mechanism can be trained initially in these two directions, and later,

expand the prevention spectrum for different fall situations.
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Figure 7.10: Example of a detected fall situation, with the fall detection and prevention mechanism in action.
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Figure 7.11: Representation of the human-in-the loop control flowchart of the ARCane system.
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7.3 Discussion

This chapter aimed to investigate a fall detection and prevention system that can be implemented in
the ARCane, with the main objective of obtaining a system that, during the critical phase (i.e., the time interval
in which the fall occurs), it occurs the detection and prevention of the fall, through detection and prevention
mechanisms. Regarding the fall detection system, it was defined that the goal is to obtain a fall detection
system, which seeks to predict fall incidents before or during their occurrence, allowing immediate prevention
actions. In a first step, in order for a fall to be detected, it is necessary to have a clear definition of which
detection method to use, i.e., to take into account which indicators and parameters of the user's gait and
body biomechanics, which can describe whether the user is performing normal or abnormal walking.

Considering the fall detection methods present in the State-of-the-Art, the method based on the
Gaussian distribution was chosen as a fall detection method to be integrated in the ARCane. This method
takes as a fall detection indicator the relative position of the user's legs and feet, where in an initial training
phase it uses this data to create a Gaussian distribution in relation to the user's gait. After the training phase,
this method is prepared to evaluate the user's gait event in a real context, distinguishing between normal
and abnormal walking depending on whether the relative positions of the fall indicators are inside or outside
the Gaussian distribution, allowing the detection of an emergency state, leading to the activation of fall
prevention mechanisms.

In order to improve the performance of this detection method, since this method is based on
threshold algorithms, it was proposed to incorporate data-driven algorithms to achieve greater accuracy in
event recognition and pre-impact fall detection. Thus, it would lead to the acquisition of less false alarms
compared to threshold-based algorithms, as well as a way to make this method more adaptable to different
users. Additionally, it was pointed out that another way to improve this detection method would be to
distinguish the phase of the user's gait and, therefore, assign a Gaussian distribution to each phase, thus
obtaining more objective results and, consequently, a greater chance of fall detection.

Having the fall detection method to be incorporated into the cane well defined, and considering which
fall detection indicators need to be sensed in order for a fall to be detected, it is required a suitable detection
instrument which fits the ARCane system, the consumer needs, and that is also cost-effective. From an
analysis between context-aware systems and wearable sensors, a visual-based sensor was defined as a

detection instrument to be incorporated. Being one of the main reasons the user compliance, since sensor
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acceptance is generally lower if the sensor is carried on the person (i.e., endosensor) rather than installed in
their environment (i.e., exosensors). Considering an evaluation carried out between the three most used
visual-based devices in fall detection systems, the depth camera was defined as the most suitable instrument
to be used for the detection of falls in the ARCane. This decision lies in the fact that the depth camera has
few limitations in terms of noise readings from the surrounding environment, being ideal for outdoor use; it
has a good cost-benefit ratio; and is not intrusive to the user's privacy as it only captures depth information

Regarding the prevention of falls, two preventive methods were defined for the ARCane, one passive
and the other active. As a passive method, it is implemented a vibrotactile feedback that is based on the
communication and interaction between the cane and the user, by sending vibrating signals through the
cane handle, to alert dangerous situations, signal irregular gait situations, or as a way to adjust the gait speed
and stride rhythm. As an active method of fall prevention, and based on the literature research of fall
prevention methods applied to robotic canes, it was decided to apply a prevention method based on the
displacement of the cane. Therefore, when a fall is detected, the ARCane is repositioned in the direction of
the user's fall. After reaching the desired position, the ARCane's omnidirectional wheels will lock to support

the user's body weight, ensuring stability and safety for the user.
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8 Conclusion

A fall can be defined as an event that results in a person inadvertently coming to rest on the ground,
floor or other lower level. Falls are timeless and unpredictable, and they can happen anywhere and to anyone.
People who fall, even if they are not injured, can become afraid of falling, as the non-fatal injuries associated
with falls can range from minor to severe, such as broken bones, soft tissue injuries, bruises, and head
trauma. Although falls can happen to anyone, they are mostly related to age and frailty level, as the elderly
are more susceptible to falls with a greater risk of death or serious injury resulting from a fall. By focusing
on this majority, it can also be verified through statistical data that the elderly population in the world finds
itself in constant growing. Also, by considering that there is an increase in lack of nursing professionals, it
originates in conservative methods with the elderly, in order to avoid possible falls, which results in many
consequences such as: loss of motor functions, lack of feeling of independence, monotonous life, many
health, mental and physical problems.

This dissertation seeks to respond to these problems caused by falls, by integrating a robotic gait
assist device capable of detecting and preventing falls, orientated at an early stage to the geriatric community.
Initially, a superficial analysis of the robotic assistive devices present in the literature was carried out, where
it was identified the pros and cons of each device. The cane was then defined as the device to be integrated,
due to: (i) its low cost, which makes it a more accessible product on the market; (ii) their reduced weight,
facilitating its use and operation; (iii) its reduced dimensions, which allows its use in external and uncontrolled
environments, and (iv) the fact that it also provides greater body activity and more extensive and complete
muscular use of the lower limbs. With this moderate support, the user will have a better recovery, greater
independence and a more practical use during walking and rehabilitation. A study of the State-of-the-art of
robotic canes in the literature was then carried out, in order to obtain a broad and in-depth knowledge on the
matter. [t was possible to identify a total of 18 robotic canes, verifying several different designs and structures,
providing each one different degrees of freedom to the system. The electronic components implemented in
the robot-user system were also identified, verifying that 50% of the robotic canes in the literature required
the use of wearable sensors by the users, and that 100% of the robotic canes contained sensors implemented
in the structure of the cane. An analysis on the types of motion control, fall detection and fall prevention
strategies implemented in each cane was also carried out, verifying that out of these 18 robotic canes, 100%

have movement control, 50% uses fall detection and 44% have fall prevention strategies. Finally, experimental
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protocols, main results, limitations and challenges were also evaluated, obtaining as predominant
parameters missing in the development of robotic canes: (i) the lack of clinical gait trials, with the elderly or
people with reduced mobility, to test the robotic cane in real conditions with patients that meet the
specifications and needs of the cane; (ii) the lack of robotic canes with fall prevention strategies that do not
require the use of wearable sensors, and (iii) the lack of strategies to recognize the user's gait phase, to
determine the user's gait state and enable abnormal gait detection.

The next step is related to the product design, where, having already identified an opportunity for the
development of a robotic cane, it was possible to improve the product's mission by defining a description of
the future product as a robotic cane with an integrated system real-time fall detection and prevention with
intuitive motion control. Then, the main barriers related to the use of the cane were evaluated, obtaining as
main results the fact that the cane device made the users look old or fragile. As a solution to this problem,
some seniors felt that fashionable assistive devices would make them more likely to use them rather than
standard medical-looking devices, and ultimately, they believed that motorized equipment offered not only
convenience and ease of use, but also, a youthful appearance. The list of customer needs metrics was then
identified in order to update the target specifications of the ARCane, extended teamwork [13], to obtain a
product with market compatible design and engineering that meets the needs and desires of the cane users.
Finally, the cane design is presented, along with the structural modifications carried out related to the
displacement of the cane handle to the position directly above the cane's center of mass. This new
modification would ensure a robust and stable structure that can withstand the user's weight during the gait.

The hardware architecture was then defined in chapter 4, where the features that are intended to
be incorporated by the ARCane were defined first, as well as the main functionalities to be implemented that
differentiate the ARCane from a conventional cane. Subsequently, the control units responsible for processing
all the information that encompass the cane electronic system were identified, defining through a benchmark
the STM32 F446RE as the control unit responsible for the low-level processing, and the NVIDIA JetsonNano
as the device responsible for ARCane's high-level processing, dedicated to fall detection and fall prevention
strategies. The components for the sensory, actuation and energy units were also identified and
implemented, based on the problem statement and scope defined in Chapter 1, and based on the review
analysis carried out in Chapter 2. Resulting from the acquisition of all the components necessary for the
incorporation of the ARCane, the total purchase price was €688.97. Although this value is slightly higher

than the €650 mentioned in the target cane specification, it is important to bear in mind that this version of
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the ARCane is not the final product, but a prototype of a potential future commercially available product.
Thus, all parts were purchased in single quantities, and all hardware components are considered
experimental, which later in the design can be either over-engineered, to optimize performance and also
change the overall price of the ARCane. Afterwards, the UART and 12C communication modes were
discussed, and the operating frequencies were analyzed for each component presentin the electronic system
of the ARCane. Regarding operating frequencies, a hierarchical management of sensory data and actuation
commands was chosen, with the respective priority being defined for each component. This configuration
aims to maximize the efficiency of the processing time of the control units, by prioritizing the most relevant
data, to ensure the safety of the user, as well as the proper functioning of the cane.

After the incorporation of all electronic components into the ARCane, interoperability tests were
carried out as a way of validating the functioning of the components individually and collectively. It was
obtained as main results that: (i) all communications were carried out successfully and without loss of
associated information; (ii) the system has an autonomy of 2 hours and 30 minutes, highlighting the
possibility of using the ARCane in rehabilitation sessions; and (iii) the vibrations in the cane handle, arising
from the haptic feedback system, could be perceived, as well as distinguish between different amplitudes
and frequencies of vibration, which demonstrates the possibility of the cane interacting with the user by
varying the vibratory stimuli applied.

Regarding the motion control strategy to be implemented at the ARCane, it was initially defined that
the objective was to obtain a simple and intuitive and cost-effective system. This proposition takes into
account that most robotic canes often rely on expensive sensors or require major modifications to the cane,
which makes them more inaccessible, limiting the number of potential users. Having first developed the
intended working admittance control strategy for the cane based on the gait of a healthy person and a person
with an affected leg, it was identified the admittance control as the movement control method to be
implemented. This evaluation was based on the methods outlined in the SoA review, the ARCane design,
and the previously identified mission statements. The motion control was then divided into three categories:
(i) movement intention recognition; (ii) recognition of the gait phase; and (iii) motion control of the holonomic
base. For categories (i) and (ii), simulations were initially performed with strain gages implemented in the
cane rod, showing that they do not present sufficient sensitivity to detect the user's interaction with the
ARCane. It was then decided to implement FSR sensors as the sensory device of the motion control system,

as they are durable, thin, flexible, widely available and cost-effective sensors with a wide range of force
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sensitivity. It was also proposed a method to improve the acquisition of sensory data from the FSR through
a better distribution of the applied forces. The sensors were then placed on the cane rod and arranged on
the cane handle, making the motion control an innovative cost-effective system that doesn’t require major
structural changes to the cane, as mentioned in the problem and scope statement. The holonomic base
movement was based on the admittance control method, which allows the transformation of the user's
intention forces into the movement of the cane, through forward kinematics and matrix equations,
considering the configuration of the wheels and motors arranged in the holonomic base. Finally, operability
tests were carried out with six volunteers in order to validate and obtain a critical analysis of the motion
control system implemented in the ARCane. The main results of the experimental tests were: (i) 97% accuracy
for user movement intention recognition, and (ii) 90% accuracy for user gait phase recognition.

Aiming at the future integration of fall detection and prevention systems in the ARCane, it was
idealized a fall detection strategy with a commercial device capable of obtaining images based on depth
information of the surrounding environment, in order to complement the fall detection method based on
Gaussian distribution, through leg-motion-based detection during the gait. Regarding the fall prevention
system, were addressed strategies and action mechanisms that make it possible to assist the user in a fall
situation, based on vibrotactile feedback as a passive prevention method and the locomotion of the cane as
an active prevention method.

Furthermore, with the developed master thesis, the goals that were established in Chapter 1 were
all achieved and the RQ can be answered:

e RQ1: How are robotic canes in the scientific literature instrumented to provide motion
control? This RQ is adressed in Chapter 2. Among the 18 robotic canes present in the
literature, it was found that all had sensors implemented in the cane, with the axial
force/torque sensor being the predominant component. Regarding the use of wearable
sensors, only nine robotic canes required their use, with the IMU being the predominant
sensor implemented. These two sensor components have in common the fact that they are
intended to assistthe motion control of the robotic canes, as they make it possible to obtain
and monitor information about the interaction of forces applied by the user to the cane, and
the user's gait state. Additionally, LRF sensors were also implemented in some canes to
detect the movement of the user's lower limbs during gait, as well as wearable force sensors

and wearable inertial sensors were implemented in order to detect the user’s gait phase,
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and the distance the user is from the cane, respectively. Regarding the movement and
design of the robotic canes, it appears that a total of 16 robotic canes use motors as a drive
mechanism to carry out their locomotion. After studying the implemented instrumentation,
it was found that all robotic canes in the literature have motion control. For this reason, it is
then possible to associate movement control as the priority strategy to be implementedin a
robotic cane.

RQ2: What are the main fall prevention methods implemented in robotic canes among the
scientific literature? This RQ is adressed in Chapter 2. There are a total of seven robotic
canes that have fall prevention methods, being that there are three fall prevention methods
applied that stand out. The first method is intended for robotic canes with one or two wheels,
which are based on the inverted pendulum model so that they are capable of maintaining
self-balance. This is mode of operation is intended to counteract the forces applied to the
cane by moving in the same direction so that it maintains an upright position. Thus, when
forces are applied in the direction of forward movement, as if in a possible falling situation,
the cane will move in that direction to maintain balance, while assisting the user from falling,
by moving alongside him. The second method is intended for robotic canes with passive
motion control, where the cane's movement results directly from forces applied by the user,
without any triggering mechanism. This method is based on controlling the braking torques
of the wheels in order to control the movement of the robotic cane. The braking system
allows to adjust the speed of the mobile base, which consequently, can help and prevent
the user from falling, by ensuring the stability of the robotic cane to support the user’s body
weight. Finally, the third method of fall prevention is applied to robotic canes with actuation
mechanisms destined to move the cane. This method is based on moving the robotic cane
to a strategic position favorable to the user during a fall situation, so that it can stably support
your body weight on the cane. In some cases, polygonal support area is used to assist this
method, so that it is considered the distribution of forces to obtain an estimate of where the
center of mass of the cane-user system is located.

RQ3: What are the best sensors and the respective location on the ARCane to detect the
user's motion intention and gait phase recognition? This RQ is adressed in Chapter 6.

Through the study of motion control strategies, it was verified that the detection of the user's
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movement intention, as well as the recognition of the user's gait phase, could be detected
through the interaction of the forces that the user applies in the ARCane. However, most
robotic canes that contained systems to detect the interaction of user forces, were found to
either rely on expensive sensors or to require major modifications to the cane structure.
Thus, to overcome this problem, an innovative motion control method was implemented,
being cost-effective, simple and intuitive. In an initial phase, a comparison was made
between cheaper sensors, capable of detecting user interaction forces, without the need for
structural modifications in the ARCane. Finally, based on the mechanical study carried out,
it was found that the FSR sensors are the most suitable for acquiring information about the
forces applied by the user. For the detection of the user's gait phase, three FSR sensors
were implemented inthe cane handle, as the location is subject to the forces applied directly
by the user. Regarding the detection of the user's motion intention, four FSR sensors were
implemented in the lower position of the cane axis, due to the obtained results from the
mechanical studies. Finally, these motion control methods were validated through
experimental tests, obtaining as final results 97% accuracy for user movement intention
recognition and 90% accuracy for user gait phase recognition.

RQ4: What is the best fall prevention strategy to be implemented in the ARCane? This RQ
is adressed in Chapter 7. The choice of the fall prevention strategy for the ARCane was
based on the study of fall prevention methods implemented by robotic canes in the literature,
which in turn supported the assessment performed to respond to QR2. It was then verified
that the fall prevention strategy compatible with ARCane is based on the displacement of
the cane. Thus, when a fall is detected, the ARCane will reposition itself in a strategic position
in the direction of the user's fall. After reaching the desired position, the ARCane motors will
lock the wheels, so that they do not move, to support the user's body weight, and provide
stability and safety to the user. This method is compatible with the ARCane as it has an
integrated holonomic base with three omni-directional wheels and three high torque motors,
allowing the ARCane to be moved anywhere in order to support the user and prevent him
from falling. Additionally, itis important to note that no feedback method is presentin robotic
canes in the literature, with the intention of the cane interacting with the user. On this matter,

vibrating motors were integrated into the ARCane to send vibrating signals through the
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Arcane handle to the user’s hand. Thus, this method could act as a passive fall prevention
mechanism, which could: (i) alert dangerous situations; (ii) to signal that the user is

performing an irregular gait, or as a way to (iii) adjust the user's gait speed and stride length.

8.1 Future work

Future work within the scope of this dissertation includes: (1) the implementation of a battery with
greater capacity, so that the ARCane has a longer period of use, enabling its applications to domestic use
and at hospital areas; (2) the application of the idealized fall detection and prevention strategies; (3) the
implementation of a motor control strategy to achieve smoother and more controlled movement of the cane
to match the user's changes in speed and acceleration during gait; (4) the implementation of an alert system,
triggered when a fall is detected, that contacts the hospital emergency unit and the user's emergency
contacts with the location of where the fall occurred; (5) the exploration of a gravity compensation strategy,
through the data acquired by the cane's inertial system, to prevent the cane from slipping or falling while
moving on inclined planes, using the torque applied by the motors; (6) the conducting of clinical gaittrials to
obtain results in a real-life context with the elderly or people with reduced mobility, to test the ARCane in real

conditions with patients who meet the specifications and needs of the cane.
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Appendices

Appendix |

This appendix contains an example of the Elderly Mobility Scale (EMS), a mobility assessment tool
explored during the third chapter.
Table A.1: Elderly Mobility Scale (EMS) [88]

Task Scores Date
Independent

Needs help of 1 person

Needs help of 2+ people

Independent

Needs help of 1 person

Needs help of 2+ people

Independent in under 3 seconds

Independent in over 3 seconds

Needs help of 1 person

Needs help of 2+ people

Stands without support and able to reach

Stands without support but needs support to reach
Stands but needs support

Stands only with physical support of another person

Lying to Sitting

Sitting to Lying

Sitting to Standing

Standing

Independent (+ / - stick)

Independent with frame

Mobile with walking aid but erratic/unsafe

Needs physical help to walk or constant supervision
Under 15 seconds

16-30 seconds

Over 30 seconds

Unable to cover 6 meters

(Recorded time in seconds)

Gait

Timed Walk (6 meters)

O L N WO EFEFNWOFNWOFEFNWOFEDNIOF~DN

4 Over 20 cm

2 10-20cm

0 Under 10 cm

(Actual reach in centimeters)

Functional Reach

Score /20
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Appendix I

This appendix is related to all the electronic components instrumented in the ACRane, being
represented their technical specifications along with the respective electronic circuits and connections.
e Low-level control unit
Table A.2: STM32 FA46RE technical specifications [163][90]

STM32 F446RE Technical Specifications

CPU Arm® Cortex®-M4 32-bit
Clock Speed 180 MHz
CPU Flash Memory 512 Kbytes
SRAM 128 Kbytes
Voltage Supply (USB) 5V
Voltage Supply (External) 3.3V; 5V, 7-12V
GPIO Pins 50
PWM pins 30
Analog Pins 16
UART ports 4
SPI ports 4
12C ports 4
y ]
- o
— yPas: ]
o=
—
= ==
MCU pin without conflict m Arduino connector names (A0, D1, ...)
MCU pin connected to other components m LEDs and Buttons (LED_1, USER_BUTTON, .
Serial pins (USART/UART) Analogln (ADC) and AnalogOut pins (DAC)
@ SPI pins CAN pins
m 12C pins
PWMOut pins (TIMER n/c[N]) m Power and control pins (3V3, GND, RESET, ...)

n = Timer number c = Channel
N = Inverted channel

Figure A.1: STM32 F446RE board pinout and pins legend [155][151].
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Table A.3: Pin functions and connections of the STM32 F446RE board pins used in the cane system

STM32F446RE Pins Pin Function Pin Connection
PA_O Analog Input Photoresistor
PA_7 Digital Output LED
PC_2 Analog Input FSR (Handle)
PA_13 Digital Output Mux EN (Handle)
PA_14 Digital Output Mux AO (Handle)
PA_15 Digital Output Mux Al (Handle)
PH_1 Digital Output Mux A2 (Handle)
PC_3 Analog Input FSR (Axial)
PA_11 Digital Output Mux EN (Axial)
PA_12 Digital Output Mux AO (Axial)
PC_6 Digital Output Mux Al (Axial)
PC_8 Digital Output Mux A2 (Axial)
PB_8 I2C SCL (Channel 1) IMU SCL
PB_9 I2C SDA (Channel 1) IMU SDA
PB_5 Digital Output Motor 1 Pulse/Steps
PA_10 Digital Output Motor 1 Direction
PA_6 Digital Output Motor 2 Pulse/Steps
PC_5 Digital Output Motor 2 Direction
PB_1 Digital Output Motor 3 Pulse/Steps
PB_2 Digital Output Motor 3 Direction
PA_8 I2C SCL (Channel 3) Vibrotactile Motors SCL
PB_4 I2C SDA (Channel 3) Vibrotactile Motors SDA
PC_7 PWM Output Vibrotactile Motors IN
PA_9 Digital Output Vibrotactile Motor 1 EN
PB_6 Digital Output Vibrotactile Motor 2 EN
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e High-evel control unit

Table A.4: NVIDIA® Jetson Nano™ 2GB Developer Kit technical specifications [165]

NVIDIA® Jetson Nano™ 2GB Developer Kit Technical Specifications

CPU Quad-core ARM® A57 @ 1.43 GHz
GPU 128-core NVIDIA Maxwel™
Memory 2 GB 64-bit LPDDR4 25.6 GB/s
USB 1x USB 3.0 Type A,2x USB 2.0 Type A, USB 2.0 Micro-B

40-pin header (GPIO, I2C, 12S, SPI, UART)
Pin Connections 12-pin header (Power and related signals, UART)
4-pin Fan header

Dimensions 100 mm x 80 mm x 29 mm

e |nterlink FSR® sensor

Table A.5: Technical specifications of Interlink FSR® sensor [114], [116]

Interlink FSR® sensor Technical Specifications

Actuation Force ~0.2N min
Force Sensitivity Range ~0.2N to >100N
Force Resolution Continuous (analog)
Force Repeatability +/- 2% of initial reading
Non-Actuated Resistance >10 Mohms
Hysteresis +10% Average

Device Rise Time <3 Microseconds

Long Term Drift

<5% per log10(time)

1kg load, 35 days

Operating Temperature Performance
Cold: -40°C after 1 hour

Hot: +85°C after 1 hour

-5% average resistance change

-15% average resistance change
Hot Humid: +85°C 95RH after 1 hour +10% average resistance change

Tap Durability

10% average resistance change
Tested to 10 million actuations, 1kg, 4Hz

Standing Load Durability -b% average resistance change
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Interlink FSR® sensor Technical Specifications

2.5kg for 24 hours

EMI (Electromagnetic Interference) Generates no EMI
ESD (Electrostatic Discharge) Not ESD sensitive
VREF
RG
E, VWA
- -U1 vouT

Figure A.2: FSR current-to-voltage converter reading circuit. Image from [116].
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Figure A.3: Voltage conversion circuit with TL7660. Image from [166].
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Figure A.4: Pin configuration of the multiplexer MUX506IPWR. Image from [167].
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Figure A.5: Schematic of the handle force sensors reading circuit.
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Figure A.6: Schematic of the photoresistor reading circuit.

e Vibrating motors

Table A.6: Vibrating motors technical specifications [126], [168]

Precision Microdrivers Vibrating Motors Technical Specifications

Body diameter 10 mm

Body length 2.7 mm

Operating voltage 2-5V
Vibration speed 12,200 rpm [+/- 3000]
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Precision Microdrivers Vibrating Motors Technical Specifications

Operating Current 100 mA

LED
Table A.7: LED technical specifications.[129]

LED Technical Specifications

Color temperature 6000~ 7000K
Luminous flux 1807 210Im
Supply voltage 3.3Vto 5V

Power 3w
Connection type Digital
Field-of-view 140°
Dimensions 40 mm x 28 mm
Weight 6g

e Wheel motors

Table A.8: DC Servo motor NEMA23 (RMCS-2255) technical specifications [169]

NEMA23 Motor Technical Specifications

Operating Voltage 12V
Maximum Speed 300 rpm
Weight 0.18Kg
No-load current 0.8A
Maximum load current 7.5A
Torque
(Kg/cm) 30 Kg/cm
(N/m) 2.94 N/m
Encoder resolution 0.2° per step
Steps per rotation 1800 steps
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e Battery
Table A.9: Battery technical specifications [131]

Gens Ace Lithium-polymer Battery Technical specifications

Voltage 14.8V
Capacity 8000mAh
Discharge Rate (C) 80C
Connector Type EC5
Weight 0.740 Kg
Dimmensions 157 mm x 53 mm x 43 mm

e ARCane components

Table A.10: Summary of all components that make up the robotic cane

. Average .
Component Qtl:; * VV(eKlg)h t Current  Voltage (V) (PZ?ziit) Reference
Drawn (A)
PLTripod Main ) 50g - - 352€ [104]
Body
) Holonomic Base 1 0.327 - - 461 €
Physical Structure Omnidirectional
3 0.350 - - 22.86 € [107]
wheel
Set Screw Hub 3 0.178 - - 3.27 € -
Jetson Nano 1 0.249 3.0 5.0 52.31 € [170]
Jetson Nano Fan 1 - 3.0 8.67 € [171]
Control Unit Wifi Adaptor 1 - 5.0 11.68 € [172]
Memory Card SD 1 - - - 2592 € [173]
STM32 F446RE 1 0.198 0.3 5.0 12.32 € [174]
Force Sensitive
Resistor 402 3 - - -3.3 8.08 € [175]
(Handle)
Force Sensitive
Resistor 400 4 - - -3.3 7.07 € [176]
Sensory Unit (Rod)
Multiplexer 1 - +3.3 3.03 € [177]
AmpOp 1 - - +3.3 0.26 € [178]
Capacitor (10uF) 2 - - +3.3 0.76 € [179]
Voltage Converter 1 - 3.3 1.31€ [117]
Photoresistor 1 - 5.0 0.74 € [180]
IMU 1 0.002 - 5.0 12.37 € [121]
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Average

Quan- Weight Price

Component ; Current  Voltage (V) ; Reference
tity (Kg) Drawn () (Per unit)
Vibrotactlle mo-—— 54 50 0.1 5.0 3.08€ [168]
tors
Actuation Unit Haptic Drivers 2 - - 5.0 7.54 € [127]
LED 1 0.006 0.7 5.0 1.95 € [129]
DC motor 3 0.180 3.6 12.0 76.75 € [130]
Battery 1 0.733 - 14.8 106.35 € [131]
DC Voltage Regu-
_ 12.
lator (5V) 1 0.063 5.0 80 € [132]
Power Unit DC Voltage Regu-
lator (12V) 1 0.100 - 12.0 12.50 € [133]
Fuses 4 - - - 0.42 € [134]
Power Button 1 0.005 - - 1.90 € [135]
USB type-C 1 ~ 5.0 11.90 € [181]
(male)
USB type-A to
MiniB (male) 1 - - 5.0 3.19€ [182]
EC5 Cable (male) 1 = = = 2.05 € [183]
Cables and JST Connector 12 ~ ~ ~ 078 € [184]
Connectors (male)
6-Pin Connector 6 _ _ _ 0.22 € [185]
(male)
2-Pin Terminal
Block 3 - - - 0.81 € [186]
Fuse Support 4 - - - 0.22 € [187]
688.97€
Total 71 5.5 Kg 7.8 A (All units)
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Appendix Il

This appendix contains some of the steps performed to obtain the low-pass filter, as well as a

comparison with the Kalman filter implemented for signal processing of the acquired data by the FSR

SEeNsors.
P ———
! FeRrimde
N
:
of
x| \h\m ﬁlﬂ'n "
JL N |

Figure A.0.7: Plot of the single-sided amplitude spectrum of the FSR sensor acquired signal, to find its
frequency domain.

~Current Filter Information —Magnitude Resp (dB)
oF——————
Structure: Direct-Form Il, —
Second-Order Sections % -20
Order 2 N
Sections 1 8
Stable Yes g -40
: c
Source:  Designed g
=
Store Filter ... 0 1 2 3 4 5 6 7 8 9
Filter Manager ... Frequency (Hz)
—Resp Type — Filter Order —Freq y Specifications — Magnitude Specifications
@ Lowpass v (@ Specify order: 2 Units: Hz N
O Highpass v
(O Minimum order Fs: 20 The attenuation at cutoff
(O Bandpass frequencies is fixed at 3 dB (half
(O Bandstop _Options ——_ Fc 3 the passband power)
O | Differentiator v :
: There are no optional parameters
—Design Method—{ | for this design method
@ IR |Butterworth v
(OFIR Equiripple v

Figure A.8: Development of the low-pass filter, through the Filter design application, using MATLAB.
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Figure A.9: Comparison betweenthe acquired and processed FSR signals. Green: real signal; Blue: low-pass

filter; Red: Kalman filter.
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Appendix IV

This appendix contains the set of requirements and eligibility criteria performed in the interoperability
tests, as well as some information and visual context of how some of the results were obtained.

Table A.11: Interoperability tests requirements and eligibility criteria

Test Selectif
Requirement Req. ID Eligibility criteria )
ID achieved
1 - Battery
The system has an autonomy of 1 hour. 1
Battery powered R1 001 Power can be turned on and off. 1
system - The system can be recharged. 2
Battery charging connector is easily accessible. 2
Continuous usage
; 8 R1_002 | The system displays all functions for 1 continuous hour. 1
ime
Increase It is possible to replace the existing battery with a higher
R1_003 possible To Tep & Datieny wih a g 5
autonomy capacity without hardware and software modifications.
Safety when
) _ty v ) It is safe to connect and disconnect the battery from the
interacting with the | R1_004 o 2
circuit.
battery
2 — Motors and wheels
Check that each motor consumes up to 0.5A without
Average _ P 10
) the weight of the cane.
consumption of R2_001 -
Check that each motor draws up to 3A when inserted
motors _ 11
into the cane.
) Check that the motor reaches the maximum angular
Motor velocity R2_002 10 4
speed of 300 rpm.
3 - Axial force system
Cane movement The cane moves in the direction desired by the user in
- R3_001 _ . 15
direction the x-axis (transverse axis) direction.
Cane accompanies _ _ . .
R3_002 | Check if the cane accompanies the user during the gait. 15
the user
4 - Haptic sensing system
Verify that the FSR sensors on the handle can detect
Detection of user y _ , 16
) user contact on the handle while the cane is at rest.
contact with the R4_001 -
Verify that the FSR sensors on the handle can detect
cane _ _ _ 16
user contact on the handle while the cane is moving
Gait oh Check if it is possible to detect when the user exerts
ait phase
P ) R4_002 greater support force on the cane, referring to the sup- 16
detection
port phase
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5 - Light sensor

Luminosity

Check if the photoresistor can detect low-luminosity

. R5_001 » 12
detection conditions
6 — Luminosity device
Average
consumption of R6_001 Check if the LED consumes up to 1A 12
LED
Luminosty Check if the LED can light up a low luminosity
eck if the can light up a low luminosi
provided by the R6_002 _ gt ub 12
environment.
LED
7 - Inertial system
Inertial Verify if the IMU is taking the correct
R7_001 Y & _ 13
measurements accelerometer, gyroscope and magnetometer readings
8 - Haptic feedback system
o Drivers can be successfully calibrated 14
Vibrating motors — —— .
o R8_001 Check if different stimuli are perceptible and
functioning S 14
distinguishable by the user
o _ All users were able to perceive the vibration 14
Vibration perception | R8_002
All users were able to perceive the vibration 14
L Verify that the IMU and force sensor readings are main-
Vibration interfe- ) L . .
R8_003 tained due to vibration propagation from vibrating mo- 14
rence
tors
9 - Data processing and storage
There is data recorded on the memory card 4
The memory card connector is easily accessible 4
All predefined data are being monitored 3
All predefined data are being recorded 4
Data storage during Ro 001 | The pre-defined data organization structure is verified 4
cane usage - The pre-set reading frequency is checked 3
There is no logical relationship between the data and
Data protection | R9_002 81e 15 o fogleal revationship behween e data an 9
the people who gave rise to it
| data st It is possible to change the existing memory card to one
ner -
crease data S0 R9_003 | with more storage without hardware and software modi- 5
age
& fications
10 - Usage of the ARCane
All users rated the level of psychological fatigue the
Cognitive effort | R10_001 , peychologlcal fafiede ey ) g
feel after using the system < 3 on ascale of 1t0 5
Preparation procedures coincide with pressing the 8
switch
Cane setup R10_002 5 0 q Jored oy al
reparation procedures are considered easy by all us- 8

ers
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_ Cane weight < 6000g

Weight R10_003 : : -
All users considered the system lightweight
Dimmensions R10_004 | No user considers that the system has large dimensions

Freedom of move- No user considers that the cane system restricts the
R10_005 8
ment movement of the arms

Electric circuits R10_007 Electrical circuits are physically isolated from the user 6

x=1.368E-4 m y=-1.268€-3 m| Indicator position selected (drag or enter position on toolbar]

(a) (b)

Figure A.10: Method to acquire the velocity speed of the motor using Tracker, a video analysis and modeling
tool software. (a) Placed a reference indicator on the motor shaft (red LED) (b) position of the indicator over
time;

Indicator (t,w)
-1200
(]
) Se e . . 9 .
o § H 7 S
_ 1400 9 L P = *
< ° (P |
oo .
1800 ' ® o °
0 0.2 0.4 0.6 0.8
t(s)

Figure A.11: Measurements acquired of the indicator angular speed over time, representing the motor
shaft angular speed over time.

Table A.12: Motor max velocity results in accordance with the measurements achieved, presented in Figure

A1l

Theoretical value Experimental value Efficiency
300 rpm Min. value: 209 rpm Avg. value: 248 rpm 82.51%
Max. value: 299 rpm
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AppendixV

This appendix contains relevant information regarding the studies carried out in SolidWorks simulation soft-
ware, to obtain an analytical validation with the objective of a possible implementation of strain gauge sensors
in the ARCane. These simulations were performed for applied forces of 100N in the direction of the x- axis
and y-axis, and for applied forces of 300N applied in the direction of the z-axis, on the ARCane handle.

Table A.13: Mesh information and details

Mesher type Solid mesh
Mesher used Standar mesh
Element size 5.04 mm
Tolerance 0.25 mm
Mesh quality High
Total nodes 25309
Total elements 12537

Figure A.12: Mesh results of the ARCane main body.

Table A.14: 3003 aluminium alloy properties, information retrieved from the SolidWorks material library

Yield strength 4.13613e+07 N/m”2
Tensile strength 1.10297e+08 N/m”2
Elastic modulus 6.9e+10 N/m”2

Poisson's ratio 0.33

Mass density 2,700 kg/m”3
Shear modulus 2.7e+10 N/m”2

Thermal expansion coefficient 2.3e-05 /Kelvin
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von Mises (N/m»2)

Max: 3.951e+08
3.951e+08

l 3556e+08

- 3.161e+08
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7.917e+07

st 3.968e+07
1.926e+05

—p Yield strength: 4.136e+07

Figure A.13: Von Mises Stress obtained in the static load test simulation, for applied forces of 100N in the y-
axis direction at the handle, where the maximum strain is equal to 3.951e+08 N/m”2.
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Figure A.14: Resultant displacement plot obtained in the static load test simulation, for applied forces of
100N in the y-axis direction at the handle, where the maximum displacement is equal to 2.364e+01mm.
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Figure A.15: Von Mises Stress obtained in the static load test simulation, for applied forces of 100N in the x-
axis direction at the handle, where the maximum strain is equal to 8.412e+07 N/m”2.
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Figure A.16: Resultant displacement plot obtained in the static load test simulation, for applied forces of
100N in the x-axis direction at the handle, where the maximum displacement is equal to 1.248e+01mm.
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von Mises (N/m#2)
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Figure A.17: Von Mises Stress obtained in the static load test simulation, for applied forces of 300N in the z-
axis direction at the handle, where the maximum strain is equal t01.813e+08 N/m”2.
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Figure A.18: Resultant displacement plot obtained in the static load test simulation, for applied forces of
300N in the z-axis direction at the handle, where the maximum displacement is equal to 9.946 mm.
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Appendix VI
This appendix contains relevant information on the motion control methods implemented, and on the data

and procedures performed in the experimental tests.
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Figure A.19: Data acquisition by the haptic sensing system with force applied in the z-axis direction at different
locations of the cane handle.

Figure A.20: Representation of the place where the experimental tests were carried out, along with the
movement trajectory of the participants.
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