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Abstract

Locomotion is an important human faculty that affects an individual’s life, bringing implica-
tions not only in social and personal development but also in the aspect of employment. Thus,
it becomes necessary to find means and tools to improve or help to restore and increase the
mobility of the affected people, so they can recover their independence.

For several years, researchers have been addressing the needs of persons with mobility
disabilities through alternative, e.g. wheelchairs, or augmentative devices, e.g. canes, and
walkers. Among augmentative devices, walkers play an important role, due to the large num-
ber of potential users, its simplicity and ambulatory potential. They were designed to improve
pathological gait, through a support base for the upper limbs that improves the balance of the
individuals and reduces the load on their lower limbs.

Over the past years, technological advances allowed the incorporation of sensors and actu-
ators in conventional walkers. A new class of devices, the smart walkers, emerged to provide
a better stability, without affecting the resultant naturalness of the users’ gait patterns.

In this context, this thesis aims to develop a smart walker (SmartW) for mobility assistance
in hospitals and clinics for people with balance problems. This work is structured in five stages
as follows.

A complete survey regarding the current state-of-art of walker-based studies is presented.
The advances in the walkers’ and SmartWs’ have been enormous and have shown a great
potential. Thus, it is presented a review of the available literature of walkers and SmartW and
it is discussed major advances that have been made and limitations to be overcome.

Then, it is presented the design specifications of the proposed SmartW based in an “end-
user” approach, i.e. concerns and needs of end-users are the main focus for these specifica-
tions.

Functionalities is the next stage where different information gathered by several built-
in sensors is used to characterize the assisted human gait and the interaction user-walker.
Thus, three sensory systems are developed: (i) a system that captures the relatives evolutions
between the lower limbs of the user and the walker as well as the trunk, giving information
related to gait pattern and stability for further clinical evaluation; (ii) an intuitive interface for
direct acquisition of navigation commands; and (iii) sensory systems to ensure the user safety
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during assisted gait, by identifying situations like the fall of the user.
These systems are validated by performing real experiments with healthy and pathological

users. This data is converted into gait parameters to be used in the evaluation of the user.
Results are used in the assistive-movement analysis.

This latter stage turns possible the evaluation and finding of important characteristics that
define the main effects of the use of a walker in comparison to other assistive devices.

Finally, a clinical validation with patients with ataxia are performed. Results enabled the
clinicians to differentiate gait deviations objectively and evaluate quantitatively the evolution
of the rehabilitation process of these patients. This also validated the use of the SmartW as a
diagnostic tool that enables clinicians to monitor the medical conditions of their patients.

The proposed research is relevant because introduces a new concept in terms of rehabili-
tation, since the SW may effectively work as a rehabilitation tool, by monitoring objectively
the patients’ motor state.

In the future, the proposed SmartW will serve not only as a measure of a treatment out-
come, but also as a useful tool in planning ongoing care for various gait disorders. It is note-
worthy that currently there is no device in the national market that offers the same possibilities
as the one proposed.
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tema que captura a evolução relativa dos membros inferiores do utilizador ao andarilho, bem
como o movimento do tronco, dando informação relativa do padrão de marcha e estabilidade
do utilizador para futura avaliação clínica; (ii) uma interface intuitiva para aquisição direta dos
comandos de navegação; e (iii) um sistema sensorial que assegura a segurança do utilizador
durante a marcha assistida, identificando situações de perigo, tais como a queda do utilizador.

Estes sistemas foram validados em experiências reais com indivíduos saudáveis e patológi-
cos. Os dados são convertidos em parâmetros de marcha que serão usados na avaliação do
utilizador. Os resultados são usados na análise de movimento assistido.

Esta última fase torna possível a avaliação e procura de características importantes que
definem os efeitos dos andarilhos em comparação com outros dispositivos de assistência.

Finalmente, é feita uma validação clínica com pacientes atáxicos. Os resultados permiti-
ram aos clínicos diferenciar os efeitos da marcha objetivamente e avaliar quantitativamente a
evolução dos pacientes. Foi também possível validar o uso do AI como uma ferramenta de
diagnóstico que permite aos clínicos monitorizar o estado dos pacientes.

Este trabalho é relevante pois introduz um novo conceito em termos de reabilitação, dado
que o AI funciona como uma ferramenta de reabilitação.

No futuro, o AI proposto será não só usado para tratamento, mas também como ferramenta
útil no planeamento de cuidados continuados para vários distúrbios de marcha. É de evidenciar
que correntemente não existe nenhum dispositivo no mercado nacional que ofereça as mesmas
possibilidades que o dispositivo aqui desenvolvido.



Contents

Contents xi

1 Introduction 1
1.1 Motivations, scope and problem statement . . . . . . . . . . . . . . . . . . . 1

1.2 Overview of the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Goals and research questions . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Contributions to knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Research on Walker Devices: Review 19
2.1 Assisted Gait Evaluation: A systematic review about conventional walkers . . 21

2.1.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.1.2 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2 Smart Walkers: A descriptive review about new robotic funcionalities . . . . 42

2.2.1 Autonomous and Shared-Control smart walkers . . . . . . . . . . . . 44

2.2.2 Manual guidance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.2.3 Sit-to-Stand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.2.4 User’s State Monitoring and security . . . . . . . . . . . . . . . . . 49

2.2.4.1 Upper limbs: Force sensors approach . . . . . . . . . . . . 49

2.2.4.2 Lower limbs: gait tracking . . . . . . . . . . . . . . . . . 50

2.2.4.3 Upper limbs and Lower limbs . . . . . . . . . . . . . . . . 54

2.2.4.4 Monitoring user’s safety . . . . . . . . . . . . . . . . . . . 55

2.2.5 Discussion and Challenges . . . . . . . . . . . . . . . . . . . . . . . 57

2.2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60



xii Contents

3 ASBGo walker – Project and Functionalities 61
3.1 Design considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.2 Electronic System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3 Operation Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.3.1 Autonomous Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.3.2 Manual Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.3.3 Safety Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.3.4 Remote Control Mode . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.4 Gait Evaluation system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4 Gait and Posture Assessment and Analysis System 81
4.1 Feet Position Tracking with an Active Depth Sensor . . . . . . . . . . . . . . 82

4.1.1 Active Depth Sensor System . . . . . . . . . . . . . . . . . . . . . . 82
4.1.2 Brief Review of Feet’ Tracking Methods with Active Depth Sensor . 83
4.1.3 Algorithm for Feet’s Tracking . . . . . . . . . . . . . . . . . . . . . 86

4.1.3.1 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.1.3.2 Feet Segmentation . . . . . . . . . . . . . . . . . . . . . . 88
4.1.3.3 Computation of feet distances and orientations . . . . . . . 88

4.1.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.1.4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . 91
4.1.4.2 Feet detection and segmentation results . . . . . . . . . . 92
4.1.4.3 Position errors results . . . . . . . . . . . . . . . . . . . . 92
4.1.4.4 Orientation errors results . . . . . . . . . . . . . . . . . . 97

4.1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.2 Legs Position Tracking with Laser Range Finder Sensor . . . . . . . . . . . 99

4.2.1 LRF System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.2.2 Brief Review of Legs’ Tracking Methods with LRF . . . . . . . . . . 100
4.2.3 Proposed Algorithm for Legs’ Tracking . . . . . . . . . . . . . . . . 101

4.2.3.1 Pre-processing of Data . . . . . . . . . . . . . . . . . . . 102
4.2.3.2 Detection of Transitions . . . . . . . . . . . . . . . . . . 103
4.2.3.3 Calibration Mode . . . . . . . . . . . . . . . . . . . . . . 103
4.2.3.4 Pattern Analysis and Estimation of the Coordinates of the

Legs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2.3.5 Non-Patterns Detection . . . . . . . . . . . . . . . . . . . 105
4.2.3.6 Conversion of LRF frame to walker’s frame . . . . . . . . 107

4.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.2.4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . 109



Contents xiii

4.2.4.2 Online Calibration Mode and Patterns’ Detection Results . 110
4.2.4.3 Estimation of the Coordinates of the Legs Results . . . . . 111
4.2.4.4 Conversion of LRF coordinates to real world coordinates . 113

4.2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.3 Spatiotemporal Evaluation in Walker Rehabilitation . . . . . . . . . . . . . . 115

4.3.1 Conversion of Lower limbs coordinates to world displacement . . . . 118
4.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.3.2.1 Gait Events Detection . . . . . . . . . . . . . . . . . . . . 119
4.3.2.2 Calculation of the Walker Displacement . . . . . . . . . . 119
4.3.2.3 Validation of the Spatiotemporal Parameters acquired with

LRF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.3.2.4 Validation of the Spatiotemporal Parameters acquired with

ADS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.4 Multi-sensor Data Fusion based on Laser Range Finder and Active Depth sen-
sors’ data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.4.1 Data Fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.4.1.1 Information Filter . . . . . . . . . . . . . . . . . . . . . . 127
4.4.1.2 Decentralized Information Filter . . . . . . . . . . . . . . 128
4.4.1.3 State Estimation . . . . . . . . . . . . . . . . . . . . . . . 129
4.4.1.4 Fuzzy Logic Supervisor . . . . . . . . . . . . . . . . . . . 132
4.4.1.5 Results and Discussion . . . . . . . . . . . . . . . . . . . 133
4.4.1.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.5 Assessment of Posture Stability and Fall Risk using one Accelerometer . . . 135
4.5.1 Accelerometer system . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.5.2 Brief Review of the Assessment of Posture Stability and Risk of Fall

Methods with Accelerometers . . . . . . . . . . . . . . . . . . . . . 137
4.5.3 Algorithm for Assessment of Posture Stability and Risk of Fall . . . . 139

4.6 User Security State Estimation based on multi-sensor configuration . . . . . 141
4.6.1 Multi-sensor system . . . . . . . . . . . . . . . . . . . . . . . . . . 142
4.6.2 Definition and Implementation of States . . . . . . . . . . . . . . . . 142
4.6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5 Feature Reduction and Multi-Classification of Different Assistive Devices 147
5.1 Preliminary Work in Multivariate Analysis . . . . . . . . . . . . . . . . . . . 149
5.2 Methods and Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 151



xiv Contents

5.2.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
5.2.2 Protocol and parameters . . . . . . . . . . . . . . . . . . . . . . . . 151

5.3 SVM Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.3.1 Cross-validation of the classifier . . . . . . . . . . . . . . . . . . . . 155
5.3.2 Classification Evaluation . . . . . . . . . . . . . . . . . . . . . . . . 155

5.4 Feature Reduction and Extraction Approach . . . . . . . . . . . . . . . . . . 156
5.4.1 Proposed Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
5.4.2 PCA analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
5.4.3 KPCA analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.4.4 Design/Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.5 Feature Reduction and Selection Approach . . . . . . . . . . . . . . . . . . 169
5.5.1 Proposed Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
5.5.2 F-ratio ranking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.5.3 Evolutionary multi-objective optimization approach using NSGA-II . 171
5.5.4 Forward, Backward and Stepwise selection . . . . . . . . . . . . . . 173
5.5.5 Shrinkage Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
5.5.6 Design/Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.5.6.1 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . 176
5.5.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
5.5.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.5.9 Conclusions and Originality . . . . . . . . . . . . . . . . . . . . . . 187

6 Introduction of a Smart Walker for Rehabilitation in Ataxic Patients: Case Stud-
ies 189
6.1 Ataxia Treatment: Background . . . . . . . . . . . . . . . . . . . . . . . . 190
6.2 Experimental Setup and Parameters Acquisition . . . . . . . . . . . . . . . . 192

6.2.1 Advantages of ASBGo Walker . . . . . . . . . . . . . . . . . . . . . 192
6.2.2 Clinical, gait and postural stability assessment . . . . . . . . . . . . . 193

6.2.2.1 Berg Balance Scale (BBS) . . . . . . . . . . . . . . . . . . 194
6.2.2.2 Timed up and Go . . . . . . . . . . . . . . . . . . . . . . 195
6.2.2.3 Activities specific Balance Confidence (ABC) Scale . . . . 195
6.2.2.4 Spatiotemporal Gait Parameters . . . . . . . . . . . . . . . 195
6.2.2.5 Postural Stability . . . . . . . . . . . . . . . . . . . . . . 196

6.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197



Contents xv

6.3.1 Cases Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
6.3.2 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

6.3.2.1 Examination/Evaluation . . . . . . . . . . . . . . . . . . . 198
6.3.2.2 Intervention . . . . . . . . . . . . . . . . . . . . . . . . . 198

6.3.3 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

6.4.1 Evaluation with the proposed clinical scales . . . . . . . . . . . . . . 201
6.4.2 Spatiotemporal parameters Results . . . . . . . . . . . . . . . . . . . 205
6.4.3 Postural Stability Results . . . . . . . . . . . . . . . . . . . . . . . . 215
6.4.4 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

7 Conclusions and Future Work 229
7.1 Main Findings and Contributions . . . . . . . . . . . . . . . . . . . . . . . . 230
7.2 Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

References 235

A Conventional Walkers Summary 259

B Hospital Ethical Committee Approval 275

C Physical Therapy of Patients with Ataxia - Table Review 279



Chapter 1

Introduction

This thesis presents the work developed during the past four years in the Industrial Electronics
(IE), Control, Automation and Robotics (CAR) group of the Department of Industrial Elec-
tronics, Algoritmi Center from University of Minho.

This work addresses the field of rehabilitation robotics based on the development of a
smart walker and its funcionalities. The ultimate goal of this work is to enable a technological
breakthrough in the field of human pathological gait assistance, by providing functional reha-
bilitation with higher safety and quality. The developed smart walker device can provide an
alternative to mobility, with an eventual recovery and enhancement of the residual capacity of
the user’s movement.

1.1 Motivations, scope and problem statement

Stability in ambulation is fundamental to independent activity and quality of life. However,
among the disabled population, such stability is impaired, bringing implications not only in
social and personal development but also in the aspect of employment [1]. These individuals
present widely different and heterogeneous functional profiles, like impairments that range
from extremely moderate (people able to walk with a cane) to extremely severe (persons
bedridden). In the first case, we are in the domain of prevention, functional compensation
and rehabilitation, and, in the second case, palliative care or institutionalization.

People in the middle stage of impairment are prone to fall injuries and show a dependence
on caregiver’s attention and support from society [1, 2]. As in most cases the fall-injuries
cannot be treated medically or surgically, they are expected to have the best results and im-
provements through the use of proper assistive technology and are the target of the assistive
intervention, such as rehabilitation. In this sense, emerging therapies are necessary to help
and improve the quality of life of these individuals. Some diseases have no current solution in
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terms of physiotherapy, and because of that, some patients have to choose the wheelchair as
their locomotion device.

Rehabilitation involves the management of disorders that alter the motor abilities and per-
formance of patients. It is a combination of medication, physical manipulation, therapeutic
exercises and adaptation to technical aids. Thus, it involves assistive intervention that is based
on assitive devices that can improve balance control by providing mechanical advantages and
help to reduce lower-limbs loading and thereby alleviate joint pain [3]. In cases like the el-
derlies, the assistive devices can be used as a functional compensation tool to compensate for
weakness or injury and reduce fatigue in their daily routine in home or in the care centre [4].

For that purpose, new devices for assisted mobility appeared by acting as augmentative
devices. In intermediate situations the individuals have residual capacity of locomotion, so
they can use augmentative devices, represented by orthoses, crutches, walkers, and others.
These devices contribute to the improvement of physical and cognitive abilities of the user.
The goal is to avoid the inappropriate use of wheelchairs that may present a negative effect on
locomotion, leading to lower limb muscle atrophy [5].

One of most common used augmentative device is the walker. Walkers have the potential
to improve mobility by decreasing weight bearing on one or both lower limbs. Using walkers
may also compensate for weakness or impaired motor control of the lower limb, and can
increase user’s confidence and feeling of safety, which may raise their levels of activity and
independence. It is very likely that walkers can increase stability and improve balance by
providing an increased base of support [6].

However, some considerations have to be taken into account, since walkers are not suit-
able for every patient. Walkers are more appropriate for patients with low/medium balance
problems. Individuals with motor disability with high imbalance and coordination problems,
such as ataxic gait caused by tumours or stroke, cannot use walkers due to many problems.
The light weight of the walker (mainly the four-legged walker) provides unstable and fragile
support to them. In addition, it does not provide a natural gait pattern to its users, forcing
them to stop in order to place it correctly on the floor, and then continue walking. Also walk-
ers lack of adaptation to the user’s different necessities in terms of handling and stabilization.
There is also the problem with the rollator (walker with four wheels) that requires strenght
and good coordination capabilities to be maneuvered, transmiting a sense of instability to its
users. Moreover, studies have identified other several factors explaining the correlation be-
tween walkers and risk of fall due to destabilizing biomechanical effects, interference with
limb movement during balance recovery, and metabolic and physiological demands.

Thus, there are people that despite having residual capacities of locomotion, prefer to use
wheelchairs, since they do not feel safe with a walker, or any other augmentative device.
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In addition, it is a very high manpower demand on the healthcare professionals in nursing
home to maintain a reasonable mobility for the needed patients that require assistive devices,
like walkers. Since we are facing a future aging society, nursing and home care problems will
become more severe and demand urgent attention [7].

To improve or even prove their efficiency, the influence of walkers on gait needs to be
studied, explored and quantified. By examining which variations in the design can influence
clinical and functional features of a certain disease, one may pave the way for further research
in other specific diseases and more generic rehabilitation populations.

Thus, it is intended in this thesis to give the first steps in directing the walkers’ research
on standard methodology that includes assessment and evaluation of gait patterns of patients
while they are being assisted by a walker. A preliminary approach will be proposed in order to
conceptualize and improve the investigation and developments of walkers, in terms of design
and effectiveness in the rehabilitation and functional compensation programs.

Following this argument, another problem that appears is the non-standardization of clin-
ical guidelines for prescribing walkers and other assistive devices that often depends on the
clinicians experience. Selecting an appropriate walker should depend on objective assess-
ments of a person’s functional requirements and physical capabilities. Also, individual care
and evaluation is necessary. There is still little research about these methodological consider-
ations [8]. Therefore, in this thesis, a preliminary proposal to classify the funtional features
that should be taken in high consideration before prescribing a walking aid will be presented.
It will also be verified if individual evaluation is needed when prescribing an assistive de-
vice, i.e., do not generalize the individuals and group them by disorder/disease, since each
individual has his/her own characteristics and problems.

The general opinion of the researchers is that active devices can free medical staff of
demanding tasks and give them the possibility to improve their concentration and help on
patients, improving the quality and duration of the rehabilitation exercises [4, 9]. Therefore,
technological aids can reduce the number of persons around the patient, provide the execution
of repetitive basic movements, assist the patient in therapeutic movements, grid movements to
be as natural as possible, keep control of therapeutic movements, develop new rehabilitation
protocols, and bring a gait and posture evaluation thanks to robot sensors acquisition.

Thus, over the past years, technological advances allowed the improvement of walkers [4,
9]. Due to problems with the design and stability of walkers, robotics have been investigated
in the last few years as a mean to change and augment walkers in order to provide higher
stability, postural stability and safety to its users.

Thus, smart walkers appeared providing the stability of four-legged walkers, without af-
fecting the naturalness of gait patterns of the users, assistive navigation systems with sensors
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that detect obstacles, help in auto-localization and provide an easy manoeuvrability[4, 9].
Through the existence of a smart interface, the maneuver of these devices does not require a
great cognitve, physical and metabolic effort to the user, since it reads user’s interaction infor-
mation and transforms this knowledge into motor commands. Smart walkers also present the
potential to be introduced in an acute phase of rehabilitation, in which the patient needs to get
out of bed and give his/her first steps.

Despite existing many smart walkers in the state-of-art [4, 9], this research area still
presents many problems.

One of the problems that investigators should pay more attention is the lack of “end-users”
research with smart walkers. There is a high concern in developing complex control strategies
with high cost interfaces, that often are not user-friendly and do not work with walker-users.
The goals and research questions of smart walkers’ projects tend to do not direct their attention
to the patients’ real needs. The following open questions remain: What does a walker-user
needs in order to improve the patient’s recovery? Which functionalities are important to them?
How can a smart walker help efficiently a physical therapist?

Research should aim to transform the smart walkers into multi-funtional devices that pro-
vide different functionalities, either mechanical/structural or electronic, for the therapy of their
patients. Such funtionalities should provide different options for the physical therapists to
work with their patients, with more quality, objective and optimal recovery results, depending
on the problem of the patient. This will decrease the burden required in a conventional therapy,
both mental and physical. Such goal will be studied in this thesis.

Also, there should exist a tool, incorporated in the smart walker, to objectively evaluate,
monitor and diagnose the patient’s treatment, since nowadays, such process is made subjec-
tively or through clinical scales. These tools will enable the clinicians to differentiate gait
deviations objectively, and thus check the effectiveness of the rehabilitation treatments and
validate the clinical benefits of the smart walker as a rehabilitation tool. This point is crutial
to improve the quality of physiotherapy with smart walkers and is included in the goals of this
thesis.

It this context, the present thesis aims to develop a smart walker that provides different
functionalities to their users and physical therapists. The developement of such functionalities
will be focused on the end-users and validated with them. Also, a gait and posture assessment
tool will be developed and tested in order to capture the relative evolution between the lower
limbs of the user and the walker, as well as posture and balance evaluation. The device of
this thesis, in its final state, will be a simple, intuitive and multi-functional system with the
capability of being used by patients with high balance disorders.
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1.2 Overview of the research

In the state-of-art [4, 9], walkers play an important role on giving balance and partial weight
support to its users. However, there is still the necessity to better understand which are the real
walker-user’s needs; which are the specific effects of the interaction user-walker, and which
are the benefits that conventional and smart walkers can bring to the gait and posture of the
patient regarding other assistive devices, to improve the aimed results on the rehabilitation
process. More specifically in this thesis, there is a special concern in the potential of four-
wheeled walkers with forearm supports. Until this date there are no studies focusing on them.

The author of this thesis, in previous work [10], built a four wheeled smart walker with
two rear wheels driven by motors. This smart walker had a joystick, as a smart interface,
placed in the upper base (handlebar) whose signals were treated and processed into user’s
command intentions. A fuzzy control system converted this knowledge onto the required mo-
tor commands to drive the walker. However, despite achieving good results with this smart
walker, there are concerns and improvements which have to be tackled that rise several multi-
disciplinary challenges in terms of scientific contributions, design implementation and robotic
methodologies. For instance, it was not performed a detailed description and analysis of the
main parameters that describe the user-walker interaction (spatiotemporal parameters, for ex-
ample). Additionally, the design was not ergonomic and not concerned with the user confort
and support.

In order to address these advantages, this thesis is composed by five main stages of re-
search: survey, design, functionalities, assistive-movement analysis and clinical validation.

The first stage is one of the most important in this thesis, being related to the survey of
the walker’s research field. In the begining of this thesis, there was no complete survey about
studies that focus on evaluating the walker’s efficiency and their influence on gait. Moreover,
there was also no survey about the many potential advantages of smart walkers and their func-
tionalities. Such review is essencial to organize ideas and present to the scientific community
which are the main advances in this field. So, it is crucial to present and discuss the current
state of this research area and this will be done in this thesis.

After evaluating all the state-of-art about walker, the next stage, design, must be carried
out. It aims developing a smart walker for mobility assistance in hospitals and indoor houses
for people with balance problems. A necessary first step is the improvement and re-design of a
smart walker capable of supporting the weight of the user with high stability. This device will
be driven through a smart interface based in low cost sensors and simple strategies. Also, the
smart walker should be safe to drive with high manoeuvrability. For instance, a user-friendly
handle bar design must be addressed and it must be verified the best way to dispose the base
support of the user’s upper limbs, in order to improve the manoeuvrability of the walker. Thus,
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there is a great concern in the end-user of the smart walker in order to improve his/her confort
and rehabilitation recovery.

At the end of this stage, a new smart walker with an ergonomic and economic design will
be presented.

The next stage, funcionalities, is concerned with the functionalities that a smart walker
should contain to answer the walker-users’ needs as well as decrease the burden of the physi-
cal therapists. In this thesis, the developed smart walker will be integrated with four operation
modes (autonomous, manual, security and remote control) and will be turned into a measure-
ment tool for evaluating the walker’s user gait.

This latter funcionality will be handled in detail. A system based on an active depth sensor
and a laser range finder that captures the relative evolutions between the lower limbs of the
user and the walker will be developed. It is intended to characterize the gait by extracting
the gait features related to the users’ gait patterns. Posture will also be explored in detail, to
infer the balance problems of the walker users. An accelerometer sensor will be used for such
task. Thus, new algorithms will be explored to give as outcomes a set of spatiotemporal and
postural stability parameters.

At the end of this stage, it will be possible to characterize the signals gathered by the
different sensors, by performing an exhaustive analysis of the main features involved in the
user’s gait pattern.

Different assessments will be considered at different points, such as, the way the user’s
lower limbs and center of mass move. These assessments lead this thesis to the next stage, the
assistive-movement analysis, which puts the previous developed systems in practice.

This stage is based on two great concerns: assessment and evaluation of gait patterns of
patients while they are being assisted by a walker and the correct prescription of walking aids
to a specific patient. Thus, it investigates which are the gait and posture stability parameters
that should be considered when deciding what is the most suitable device for the recovery of
a given patient. For this, a group of patients (recovering from total knee arthroplasty) was
selected to study which are the specific effects of the user-walker interaction and the benefits
that walkers with forearms can bring to the gait and posture of the patient regarding other
walking aids. Due to the type of studied disorder, uni-lateral disfunction, a special focus
will be given to inter-limb symmetry and postural stability measurements. The study and
characterization of the assisted-movement was done with different assistive devices, including
a four wheeled walker with forearm supports.

To help in the decision making of the prescription of a given assistive device, it was pro-
posed a complete gait classification approach that verifies differences in the acquired walking
patterns. Multivariate statistical analysis was employed to determine relationships between
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the features, the patients and the assistive devices. Clinicians were consulted to help in the
interpretation of such relationships.

Results from this stage were decisive in the definition of different patterns of performance
of different users with different assistive devices and can be used to modify and personalize
the rehabilitation program accordingly to the user disorder.

The final stage is based on the validation of the clinical benefits of the smart walker’s as a
rehabilitation and functional compensation tool. It is intended to objectively validate the use
of the developed smart walker as a diagnostic tool that will enable clinicians to monitor the
medical conditions of their patients. For this a group of patients with ataxia were selected and
evaluated through months, giving the possibility to evaluate the long-term effects of a smart
walker in a rehabilitation program.

This proposed research is relevant because introduces a new concept in terms of rehabili-
tation and prevention of risks with the use of a smart walker and a four-wheeled walker, both
with forearm supports. Additionally, provides means to monitor the patients’ motor state in
hospitals and clinics. Finally, an evaluation of the clinical benefits of the usage of the walker
and smart walker both with forearm supports will be possible.

The motivation is that this will contribute towards better rehabilitation purposes by pro-
moting ambulatory daily exercises and thus extend users’ independent living.

1.2.1 Goals and research questions

The ultimate goal of this thesis is the development of a robot for mobility assistance that it is
easy to drive with a smart interface and capable of monitoring and evaluate gait characteristics.
The smart walker will be based on a conventional four-wheeled device and will be driven by
the movement intentions of the user, online interpreted by a user-walker interface for command
and control. Human gait with the developed device will be studied and characterized in order
to provide assisted locomotion adapted to the user’s needs and to short- and long-term changes
in mobility capacities and modifications on gait patterns.

To achieve this, it is necessary to achieve the following goals:

Goal 1: To conduct two extensive surveys on the state of the art related with walkers. The
first survey will be a systematic review that focus on the effects and influence of the walker
device on its user’s gait, routine, and behavior. The second survey will review the importance
of smart walkers in maintaining mobility, will discuss their potential in rehabilitation and their
demands as robotic assistive devices.

This goal will unify the current goals and limitations of the reported studies and highlights
the main topics that should be present on walker-related studies.
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Chapter 2 addresses this first goal, which is related with the first stage (survey) of this
thesis. This chapter led to one conference publication [11] and two journal publications [4, 9].

Goal 2: To develop and assembly a smart walker platform based on a conventional four-
wheeled walker with special attention on end-users’s concerns. Different operation modes
and functionalities will be integrated on the proposed smart walker in order to turn it into a
adaptative and versatile device that is capable to answer to the different user’s needs.

This goal will allow a better understanding of the main concerns that a smart walker design
should address.

Chapter 3 addresses the second goal of this dissertation, which is related with the second
and third stages (design and functionalities) of this thesis. This chapter led to six conference
publications [12–17]and one journal publication [18].

Goal 3: To develop a gait assessment system capable of different assessments at different
points as follows: the pattern followed by feet and legs and the characteristics of body balance
of a walker user.

This goal will give the necessary information to spatiotemporal, posture stability and fall
risk estimation.

Chapter 4 addresses this third goal, which is related with the third stage (functionalities)
of this thesis. This chapter led to five conference publications [19–23] and one journal publi-
cation [24].

Goal 4: To address additional safety issues, to detect possible falls of the user or other
mishaps that can arise while the user is guiding the walker and to deal with the possibility
that the walker may roll away from the user. Henceforth, additional sensor systems including
infrared and force sensors will be included onto the system.

This goal will turn possible to predict danger situations for the user and as such stop in
time the walker.

Chapter 4 addresses this forth goal, which is related with the third stage (functionalities)
of this thesis. This chapter led to a conference publication [14].

Goal 5: To characterize the assisted human gait, through the processing of the infor-
mation obtained by the gait assessment systems. Gait characteristics data presents high-
dimensionality and therefore there is a critical need for data reduction and to determine which
parameters actually contain useful information within a specific clinical context. Multivariate
analysis approaches and multi-classification will be addressed in order to assess parameters
related with patient’s gait in assisted gait with three different ADs: crutches, standard walker
and rollator with forearm supports.

This goal will allow to identify differences and similarities in gait performance between
three different assistive devices and to understand how gait patterns of patients recovering
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from total knee arthroplasty differ from person to person and how they are influenced by the
type of device that is prescribed during their recovery. Such understanding might help in
physical therapy for improving the recovery of such patients.

Chapter 5 addresses this fifth goal, which is related with the fourth stage (assistive-movement
analysis) of this thesis. This chapter led to two conference publications [25, 26] and four jour-
nal publications [27–30].

Goal 6: To clinically validate the smart walker through experiments with specific users
(patients with ataxia) in a rehabilitation program.

This goal will verify if the proposed smart walker may be prescribed as a rehabilitation
tool to correct specific gait disorders.

Chapter 6 addresses this sixth goal, which is related with the fifth stage (clinical validation)
of this thesis. This chapter led to one conference publication [31] and four poster presentations
in medical conferences [32–35].

Goal 7: To establish new quantitative measures for the assessment of the progression
of ataxic patients’ gait. The main expected result is to obtain quantitative information that
objectively indicate the functional motor recovery of the patients based on their assisted gait
performance (spatiotemporal data), balance, posture and symmetry.

Chapter 6 addresses this sixth goal, which is related with the fifth stage (clinical validation)
of this thesis.

Therefore, the current thesis aims to allow in the near future the use of the proposed smart
waler in physiatric treatment of patients with high balance disorders requiring gait training, in
order to contribute to gaining functional autonomy and improving the quality of life of these
patients.

The following research questions (RQ) are expected to be answered:

RQ1: How do walkers with forearm supports influence and modify the walking gait pat-
tern and posture of their users, in comparison with crutches and standard walkers?

RQ2: Is there a need to individualize the gait pattern evaluation in order to prescribe a
walking aid?

RQ3: Can the smart walker with forearms be prescribed as a rehabilitation tool to correct
specific gait disorders (ataxia)?

RQ4: Which parameters are important to evaluate and diagnose the recovery of a patient
with balance that is performing gait training with a smart walker?
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1.3 Contributions to knowledge

This thesis approaches five distinct but complementary studies: survey about the advantages
and disadvantages of the conventional walkers and smart walkers; design and assembly of a
smart walker; development of different functionalities for such device with implementation
of a gait and posture assessment tool integrated in the smart walker; analysis of the assisted-
movement with walker with forearm supports and other assistive devices; and finally valida-
tion of the developed smart walker in the reabilitation of patients with ataxia.

In the overall, this thesis developed a new robotic motorized walker for gait assistance,
which is missing either in the national and international market. The new design, function-
alities and assessment tool can provide several advantages to its users, mainly to people with
high balance disorders: (1) The motorization allows systematic control and progression of the
speed at which walking is performed; (2) The repetitive training of a complete gait cycle with
user involvement enables a more appropriate gait pattern; (3) Allows the physical therapist
to provide manual assistance during assisted gait to help the patient simulate a more normal
walking pattern; (4) The patient performs double tasking, training his/her coordination and
cognition; (5) Walk in a real environment; (6) Provides the physical therapist with quantative
clinical information; (7) Provides axial support, with the forearm supports, decreasing tremor
and dysmetria, which is very important for patients with ataxia, parkinson, etc; (8) Allows
the physical therapist to challenge the patient with different velocities and directions; (9) The
device can be used in acute stages, allowing the patient to start early (regarding conventional
therapy) his/her gait training; (10) Decreases the burden of physical therapist work with a
safety system that monitors the patient’s state, by predicting danger situations for the user.

The following statements point out the main contributions of this work:

• Presentation of systematic review that unifies the current goals and limitations of the
studies that focused on walker investigation. It also highlights them so that the inves-
tigation on this area can be more focused on the walker users’ complaints, disorders
and the design limitations of the walkers, as well as the necessities of the physicians
(described in Chapter 1).

• Presentation of a descriptive review that highlights major advances that have been made
and limitations to be overcome in smart walker’s field, in terms of gait analysis and
user-machine interface (described in Chapter 1).

• New smart walker design developed with the participation of physicians, physical thera-
pists and end-users, achieving an ergnomic and comfortable model that meets the needs
of its users (described in Chapter 3).
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• Development of a smart interface based on a mechanic handlebar adapted to the user:
with position adjustment of the handles and lateral and rotational course. Economic
and simple solution with a versatil and adaptative potential, being suitable for different
patients (described in Chapter 3).

• Implementation of four different operating modes that allow the physiotherapist to choose
the most appropriate one for the actual type of difficulty of the patient (described in
Chapter 3).

• Development of an innovative methodology to analyse precisely the status of a patient
gait. The proposed device is integrated with sensors that evaluate, in real-time, the
progress of the patient in terms of spatiotemporal and postural stability parameters and
safety. This information is then analyzed to follow the evolution of the patient and helps
on deciding when the patient should leave the smart walker, to go to the next stage of
treatment (described in Chapter 4 and 6).

• Development of an innovate methodology that applies a feature reduction method, based
on multivariate analysis techniques, to identify the differences and common features in
evaluating the gait performances by using three different assistive devices (described in
Chapter 5).

• An understanding about how gait patterns of post-surgical patients differ from person to
person and how they are influenced by the type of device that is prescribed during their
recovery might help in physical therapy (described in Chapter 5).

• Findings concluding that inter-limb symmetry and postural stability features can be eval-
uated in an outpatient setting, supplying important additional information about indi-
vidual gait pattern, which is not represented by gait velocity, cadence and scales usually
used (described in Chapter 5).

• The features calculated in this study are able to provide complementary information to
gait velocity, cadence and clinical scales to assess the functional capacity of patients
that passed through total knee arthroplasty (TKA). The selected parameters make a new
clinical tool useful for tracking the evolution of patients’ recovery after TKA (described
in Chapter 5).

• Findings concluding the potential of the developed smart walker and its long-term ben-
efits in ataxia rehabilitation treatment (described in Chapter 6). Despite the clinical
consensus in relation to the usefulness of physical therapy exercises in patients with
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ataxia, documentation of the effects of different protocols on functional performance of
such subjects is scarce in the scientific literature. In these patients the potential of using
a smart walker was showed to be promising. The combination of impaired balance and
incoordination in lower-limb dynamics of ataxic patients suggests a strong rationale for
the use the proposed smart walker for gait training.

• Findings from this thesis provided possible support for research demonstrating the im-
portance of cerebellar structures in gait adaptation and in practice-dependent motor
learning. The correct intensity and duration of gait training using smart walker, or other
therapies, required to achieve functional gains is not known nor standardized. However,
with the clinical validation presented in this thesis, the preliminary steps were given to-
wards the determination of the optimal intensity and duration of gait training to optimize
functional walking outcomes following cerebellar pathology (described in Chapter 6).

The resulting product is very significant throught a medical perspective and its use results in
clinical benefit based on a qualitative analysis. Such validation is itself innovative and does
not exist today.

In the future, it will serve not only as a measure of a treatment outcome, but also as a
useful tool in planning ongoing care for various gait disorders. The validation of the clinical
benefits of the walker‘s as a rehabilitation and functional compensation tool validates the use
of the smart walker also as a diagnostic tool that will enable clinicians to monitor the medical
conditions of their patients.

1.4 Publications

The work here described allowed the publication of the following journal articles, conference
papers and poster communications.
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• M. Martins, L. Costa, A. Frizera, and C. P. Santos, “Feature reduction with pca/kpca for
gait classification with different assistive devices,” International Journal of Intelligent
Computing and Cybernetics, vol. 8, no. 4, 2015.
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1.5 Thesis outline

The thesis is organized in seven chapters, as illustrated in figure 1.1.
Chapter 1 (current chapter) introduces the topic of this thesis, through the presentation of

the smart walker developed in this thesis. The overview of the research work is described
together with the goals, main contributions and outline of the thesis.

Chapter 2 presents two reviews. First it is presented a systematic review that presents 37
studies that focus on the effects and influence of the walker device on its user’s gait, routine,
and behavior. It also presents the testing protocols used to acquire the evaluation parameters,
data processing and statistical tools. This review intends to unify the current goals and limita-
tions of the reported studies and highlights the main topics that should be present on walker-
related studies. Then, a review that surveys the importance of smart walkers in maintaining
mobility, discusses their potential in rehabilitation and their demands as assistive devices. It
also presents related research in addressing and quantifying the smart walker’s efficiency and
influence on gait. Besides, it discusses smart walkers focusing on studies related to the concept
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Figure 1.1: Schematic of the thesis outline.

of autonomous and shared-control and manual guidance, the use of smart walkers as personal
helpers to sit-to-stand and diagnostic tools for patients’ rehabilitation through the evaluation
of their gait.

Chapter 3 presents the development and assembly of the proposed smart walker. The
design of the smart walker is presented and was planned for specifically help prescribed walker
patients for gait therapy. Then, since a smart walker is intended to be a device that can act as
a versatile rehabilitation and functional compensation tool, it should be adaptive considering
the necessities of its user and its use should be safe. Patients present different necessities
according to their intrinsic characteristics, their diseases and therapies. In order to help them, a
smart walker should provide different functionalities. This chapter aims the implementation of
four diferent operating modes that allow the physical therapist to choose the most appropriate
one for the type of difficulty of the patient. In addition, a brief overview of the gait assesment
system tool is presented.

Chapter 4 intends to present different assessments: the pattern followed by lower limbs
and the patterns of body balance of a walker user. Different systems were created and will
be presented in detail. One active depth sensor will provide position and orientation of the
feet center and one laser range finder will provide position and orientation of the legs. After
validating these systems, a method for spatiotemporal parameters calculation is proposed as
well as a multi-sensor data fusion based on these systems. Other system that will be presented
is the use of one accelerometer placed at the trunk to indicate the stability of the user regarding
his centre of mass position, giving posture and balance information. Finally, it is important
to monitor the user safety while walking with the walker device. For this force sensors and
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infra-red sensors will infer different security states of the user in order to alarm him and advise
for dangerous situations.

Chapter 5 presents a gait analysis approach based on feature reduction tecniques associated
with multivariate analysis and classification. Such techniques aim to identify differences and
similarities in gait performance between three different assistive devices. Also, it is studied
how gait patterns differ from patient to patient and are influenced by the assistive device that
is prescribed. Standard walker, crutches and rollator are tested with patients recovering from
total knee arthroplasty.

Chapter 6 presents a study that verifies the potential of the smart walker and its long-term
effects in rehabilitation therapies. This study introduced a smart walker in the rehabilitation of
six patients with ataxia. Their gait patterns and postural stability was acquired and clinically
evaluated.

Finally, Chapter 7 provides a general conclusion on the achievements of the thesis and the
perspectives for future research.



Chapter 2

Research on Walker Devices: Review

People with motor disabilities represent a relatively small minority of the population with
disabilities, but their importance transcends their numbers [36]. Stability and balance in am-
bulation are fundamental for independent activity and quality of life.

Individuals who do not have such stability and balance require the help of assistive devices
that may improve their state [1, 4]. Given the importance of assistive devices and the impact
they have on the functional ability of the user, research needs to conceptualize and to improve
investigation on this area. In the first stage of rehabilitation, treadmill exercises are often
prescript since they have a partial weight relief that uses belts or suspension systems. However,
the patient should start walking on the floor as early as possible, using parallel walking bars,
walkers, canes or crutches. Parallel walking bars restrict the patient’s movement to a small
area, canes are unilateral, not providing enough support for the muscles and crutches are ver
unstable [4]. Thus, different types of walkers appear as a good option to improve mobility and
independent performance in mobility-related tasks [4].

Individuals requiring walkers present a decreased ability to provide the supporting, sta-
bilizing, propulsive or restraining force necessary for forward progression [1]. Walkers may
help these individuals by releaving their pain through the decreasing weight bearing on one
or both lower limbs. Static equilibrium is maintained when the body’s center of pressure
(COP) is positioned over the base of support. Loss of balance can result when the center of
mass (COM) is displaced in relation to the base of support because of voluntary movements
or external perturbations. The use of a walker increases the base of support, thereby allow-
ing a greater tolerated range for COM positions. It can also prevent instability by allowing
stabilizing reaction forces such as holding on or pushing against the ground [37].

However, several issues have been raised, since a large number of walker owners have
reported problems related to the use of a walker related to its design, and to the great number
of accidents [2, 38]. The most commonly reported walker related accident is a fall [4].
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In addition, it is important that medical staff ensures that patients walk for a reasonable
time during the rehabilitation process, to adjust their walking speed, according to their coor-
dination ability and strength, as well as to define the individual limits for walking distance
exercises [39]. This is a very demanding and subjective task. Thus, it is crutial to find means
to turn this process more effective, objective and less demanding.

For such purpose, research should first evaluate the effects caused by the use of different
types of walkers on the mobility of its users. Then, investigation may proceed to the standard-
ization of protocols and methodologies to objectively assess a person’s functional physical
capability. Then, the adequability and long-term effects of walkers should be investigated in
order to help with their prescription. Finally, new functionalities and design of walkers should
be reviewed with the help and use of robotic technology.

In the last years, many studies have appeared to show the many methodologies to select
the adequate walker type for different patients. Such studies will be presented and discussed
in section 2.1 in format of a systematic review. In such section, it will be discussed the related
research with the quantification of the conventional walker’s efficiency and their influence
on gait. These studies are expected to pave the way for further research in specific disor-
ders. Related studies about the benefits and the possible demands associated with walkers will
also be examined, by making important research questions. It is essential to determine the
effectiveness of walker device interventions in terms of activity and participation for people
with mobility limitations, since prescription often does not take into account the influence that
walkers may have on the user’s resultant gait pattern.

Additionally, in order to help healthcare professionals to execute their work with more
efficiency, research began to find a solution to improve walkers’ design and funcionalities.
Robotics emerged with particular interest to promote safe mobility, specifically considering
the prevention of falls through precise motor function evaluation and additional help in the
patient’s rehabilitation process. Therefore, researchers invested in creating smart walkers.
Due to the many potential advantages of smart walkers, it is crucial to present and discuss
the current state of this research area. Many examples of studies related to smart walkers
development and their different functionalities will be presented in section 2.2 in the format
of a descriptive review. It is intended to focus on the relevant achievements that smart walkers
had in the past few years, demonstrating that although this area is growing, there are still
fundamental questions in terms of usability, design and multi-modal functionalities to address
and validate.
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2.1 Assisted Gait Evaluation: A systematic review about con-
ventional walkers

Given the prevalence of walkers it is clear that their impact on the health care system is in-
creasing, as well as the functional ability of the user [40]. Therefore, it is crutial to conceptu-
alize and improve the investigation and developments in walker’s field, in terms of design and
effectiveness of the device in the user’s rehabilitation process and functional compensation.

In order to design a useful system for clinicians, research has been focused on this prob-
lematic by addressing the characterization of human gait parameters and other aspects with
the use of walkers [8]. Moreover, some studies started to relate clinical and functional features
of disorders to the specificities of the type of walker [41–44]. However, there are still many
issues to address in terms of protocols, data analysis, sample data, etc.

Thus, this systematic review intends to present some walker-related studies in order to an-
swer the following research questions. (A) What are the purposes and goals, in general, of the
walker-related studies? (B) Which type of disorders are currently being the focus on walker-
research? (C) How are the test experiments and data collection in walker-related studies per-
formed? (D) What are the relevant parameters (outcomes) in walker-assisted gait evaluation?
(E) What kind of processing and data analysis is done in walker-related studies?; (F) How
do walkers influence and modify the walking gait and are there differences between different
types of walkers? A wide range of testing protocols, data processing and statistical tools will
be reported in this review. These research questions are summarized in table2.1.

The key criterion for this review was to include studies that incorporated a research design
explicitly examining the evaluation of the use of a walker. A second important criterion was to
include only those studies which specified the population, testing protocol, the framework of
data processing and the evaluated parameters. Other inclusion criteria were the type of devices
included in the studies: standard walker, two, three and four-wheeled walker (Figure 2.1).

The results of the selection process, that took into account the aforementioned criteria,
are shown in figure 2.2. A total of 1609 citations were retrieved from the search of electronic
databases. After inspecting the title and abstract, 100 articles were assessed for full text review.
Based on the previous inclusion criteria, 37 articles were suitable for full review. Tables of
Appendix A summarize the selected studies.

The selected studies present the effects and influence of different walker types on the user’s
gait pattern, routine, and behavior and report the testing protocols used to acquire the outcome
parameters, data processing and statistical tools.

Eleven studies compared the impact of different walkers to determine their limitations
and risk factors. The results of these studies may help to explain the condition and injury of
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Figure 2.1: Conventional Walkers: A. four-wheeled walker; B. three-wheeled walker; C. two-
wheeled walker; D. standard walker.

1609 identified from 
search strategy

100 articles assessed 
by full text review for 

eligibility

37 articles suitable for 
full review

1509 excluded based on 
title, abstract assessment 
and no access to the full 

text article

63 articles did not 
meet inclusion criteria

Figure 2.2: Search results through the review process.
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patients using walkers. In addition, these studies became a good reference to improve walkers’
design in order to facilitate their users in holding and handling. These articles are divided into
four types of studies: attentional demands, metabolic cost, walker risks and gait modifications
provoked by walker use.

Another eleven studies explored the standard walkers (SWs). SWs are recommended and
prescribed for patients with hip fracture and a variety of musculoskeletal and neurological
problems [1, 8, 39]. Studies show that a SW is an attractive option following surgery or
trauma to the lower extremities (LEs) as it may provide mechanical support and inherent
stability. However, this walker has some drawbacks related with the discrete, unnatural and
slow gait motion that is imposed on its users [1]. The physical therapist may evaluate the
patient for abnormalities and identify the correct assistive device (AD) to prescribe and the
type of gait pattern to be learned. Also, the SWs have not changed in their basic design
along the past years [1, 39]. Thus, the role of a SW has to be revised and explored in order
to consider design modifications and enhancement, as well as, define which type of patients
should actually use this type of walker. Those eleven studies have explored these issues. They
present studies related to the evaluation of spatiotemporal, kinematic, kinetic patterns and
muscle activity of SW users while ambulating with the device. In addition, they focus on the
effect and demands on the LEs and/or the upper extremities (UEs). Another concern is related
to the postural stability and reaction of the perturbations while ambulating with the walker.

Two articles explored the two-wheeled walker (2WW). The 2WW is designed for people
who have little muscle strength in UEs or tendency to fall back when trying to lift a SW.
This walker promotes a natural gait, not forcing the person to stop in order to move forward.
It is particularly useful for patients with Parkinson’s Disease (PD) or Paraparesis, because
they have a strong tendency to fall backwards [1]. However, very few articles studied this
walker. This review, only identified two articles that explore this type of walker and compare
its potential with crutches, with two different concerns: LEs and UEs’ demands.

Three-wheeled walker (3WW) is the least explored and studied walker in the literature.
Only one study was found with this type of walker related to exercise evaluation. Because of
this, the study will not be analyzed in detail.

Twelve articles were selected to present the typical studies about the effects that four-
wheeled walker (4WW) have on its users. 4WWs are preferred by patients, as compared
with the 2WW, for example [1]. These walkers do not need to be raised and have a wheel
system that allows these devices to roll in a smooth and gentle way with little effort. The
4WW promote a natural gait and are easier to use, when compared with other types of walker.
However, they provide less stability to the user and require great cognitive effort [1, 8]. This
happens because they have manual brakes, i.e. controlled by the user when he wants to stop
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Table 2.1: Summary of the research questions proposed on the current systematic review.

What are the purposes and
goals, in general, of the

walker-related studies?(A)

• Attentional demands;
• Metabolic costs and functional exercise
capacity;
• Risk factors (falls);
• Gait modifications (spatiotemporal, kinematic
and kinetic changes);
• LEs and UEs demands (biomechanical
effects);
• Postural adjustments;
• Stability (balance).

What kind of processing and
data analysis is done in
walker-related studies?(E)

• Data filtering;
• Parameters normalization;
• Exploratory data analysis;
• Analysis of variance and covariance;
• Post-hoc analysis;
• Parameters correlations;
• Level of significance: 5%.
• Software: SPSS, SAS, Minitab, MATLAB,
Labview and Ariel.

Which type of disorders are
currently being the focus on

walker-research?(B)

• Young and healthy;
• Elder and healthy;
• Elder (walker users, potential walker users);
• Chronic Obstructive Pulmonary Disease
(COPD);
• Huntington’s Disease (HD);
• Parkinson’s Disease (PD);
• Amputation patients;
• Spinal Cord Injury (SCI);
• Hip or knee joint replacement surgery.

How walkers influence and
modify the walking gait and is
there differences between
different types of walkers?(F)

Comparison of multiple walker types:
• Avoid SW if the patient has attention
problems and need to concentrate on its
ambulation;
• Healthy elders should use 4WW to reduce
their fatigue, and COPD elders should use the
2WW;
• Walker design should facilitate elders in
holding and handling;
• Walker use might change the body mechanics
of its user;
• Any type of walker is useful as a tool to
overcome freezing on PD. However, 4WW can
be taken into account for promoting safe
ambulation and easy maneuverability;
• 4WW more acceptable to HD;

How are the test
experiments and data

collection in walker-related
studies performed?(C)

• Depend on the study purpose;
• Different test conditions: different walker
types and without assistance;
• Pre-determined time and/or distance to walk
forward on a walkway;
• Questionnaires, motor and cognitive scores;
• Sensors placed both on the subject and
walker;
• Test pre-established different gait patterns,
velocities, body inclination and weight.

Standard walker:
• Limits velocity;
• Provokes asymmetrical step length and time;
• Elevated vertical accelerations;
• More stability and balance;
• Flexed trunk posture;
• Supports great percentage of body weight;
• Lower height alleviates the load on LEs, but
increases demand on UEs;
• Demanding for shoulders and elbows;
• Prevents stepping compensatory reaction in
loss of balance situations;
• Improves postural control when visual
information is compromised;
• Maintains/increases muscle strength;
• Caused psychological and physical
consequences;
Two-wheeled walker
• Great base of support;
• Reduces percentage of body weight load;
• High load on shoulder for SCI patients;
• Decreases step length.

What are the relevant
parameters (outcomes ) in

walker-assisted gait
evaluation?(D)

• Spatiotemporal parameters;
• Voice response time (VRT);
• Oxygen cost, heart rate and blood pressure;
• Questionnaire results;
• Observational results;
• Kinematic parameters;
• Kinetic parameters;
• Electromyography parameters;
• Motor and cognitive score results.

Three-wheeled walker
• Provides high exercise capacity
Four-wheeled walker
• Improve functional capacity;
• Patients with airflow limitations may benefit;
• Increase hip joint flexion;
• Reduce range of motion of LEs joints;
• Not considered a safe device;
• Relieve muscular loads in UEs;
• Reduce attentional demand in narrow
surfaces.

the device. This implies that the user has to be able to learn to press the brakes, simultaneously
(press the right and left brake at the same time), and react quickly to dangerous situations. As
it will be presented, the main focuses of these articles are the effects on the balance and UEs
demands, the changes on the LEs’ control, attentional demands and the effects on functional
exercise capability on patients with Chronic Obstructive Pulmonary Disease (COPD).

After analysing such studies in a format of research questions, a discussion about the
limitations and problems of the reported studies will be presented.
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2.1.1 Research Questions

(A) What are the purposes and goals, in general, of the walker-related stud-
ies?

Walker-related studies focus mainly on seven concerns regarding the ambulation with a walker
as presented on table 2.1.

Regarding attentional demands, Wright and Kemp [45] provided a preliminary examina-
tion of the attentional demands of ambulating with a SW and 4WW and introduced a dual-task
methodology. They stated that one factor that might influence a patient’s ability to use an AD
is the cognitive demand required to properly use the device. Later, Wellmon et al. [46] and
Miyasike-daSilva et al. [47] studied the attention required to walk with 4WW among the
elderly population and the execution of two tasks at the same time.

Another main topic is the metabolic costs induced by the use of walkers. This point is
important for subjects with breathing problems. Three articles [48–50] compared metabolic
measures between unassisted and assisted gait. They hypothesized that the lower the car-
diorespiratory and metabolic costs of ambulation per distance traveled, the greater the effi-
ciency. Other five articles worked with COPD patients [43, 44, 51–53], since these patients
have a breathe limitation which need to be decreased. They focused on the evaluation of the
effect of 4WW on disability, oxygenation, and functional exercise capacity in these patients
in order to improve their quality of life. Finally, Grant and Capel [42] evaluated the exercise
capacity with a 3WW in people with pulmonary emphysema.

Another important concern is the fact that elderlies usually get injured when using ADs.
Thus, four articles [54–57] discussed whether the potential risk factors causing injury exist or
not and which are the difficulties while using walkers. The most studied topic is the gait mod-
ifications (spatiotemporal, kinematic and kinetic changes) and the effects caused by walker
use in specific diseases like Huntington’s Disease (HD) [58] and Parkinson’s Disease (PD)
[41, 59]. Gait and balance impairments lead to frequent falls and injuries in individuals with
HD and PD. Walkers are often prescribed to prevent falls, but their efficacy is unknown. Thus,
in [41, 58, 59], they examined the effects of different types of walkers on quantitative gait
measures. Also, Smidt and Mommens [60] and Crosbie [61] focused on describing gait with
spatiotemporal parameters, but only with SWs. Smidt and Mommens [60] compared assisted
gait with unassisted gait to discuss the clinical implications and modifications evoked by the
SW use. Crosbie [61] evaluated two specific different gait patterns and observed which one
was the best to ambulate with a SW. Later, Fast et al. [62], Deathe et al. [63], Melis et al. [64],
Ishikura [65], Bachschmidt et al. [66], in addition to focusing on spatiotemporal parameters
modifications, they studied the forces that are transmitted through the frame of the walker
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during ambulation. Parameters like walker height [63], kinematic excursions [64] and muscle
activity [65] were also considered.

Other studies assessed the influence that 4WW has in gait and mobility of elders [67, 68]
and studied the differences in gait parameters among True 4WW users (TUR) and Potential
rollator users (PUR) [57].

Regarding biomechanical effects and demands on both extremities of the body, it is im-
portant to verify if the long-term use of a walker can lead to injury due to excess effort on the
limbs. Youdas et al. [69] proposed a study to determine if subjects can offload the right LE to
a targeted amount of weight bearing using the 2WW. They evaluated whether the limitation of
weight bearing is essential to recover in the rehabilitation program. Another article studied the
changes on the LEs’ control, in terms of biomechanical effects with the comparison between
the use and non-use of the 4WW [70]. Bachschmidt et al. [66] and Mcquade et al. [71], on the
other hand, focused on the demands on the UEs, studying the forces that were applied on the
UEs joints. Haubert et al. [72] conducted a study, which purpose was to compare the reaction
forces of the shoulder joint and stride characteristics during 2WW ambulation in subjects with
Spinal Cord Injury (SCI). They stated that the functional integrity of the shoulder joint is vital
for achieving independence in subjects with SCI. Two articles [73, 74] studied the effects on
the balance and UEs demands.

Takanokura [73] developed a 2D mechanical model to optimize the height of the 4WW to
reduce the muscular loads in the UEs with various road conditions. Later, Tung et al. [74]
characterized the way in which UEs may be used for balance control during walking with a
4WW, and investigated the consequences of using the UEs for these tasks. Finally, other kind
of study was performed by Bateni et al. [75] and Vennila and Aruin [76] whose focus relied on
the postural adjustments and stability during assisted ambulation. Bateni et al. [75] focused
on the lateral movement and the compensatory reaction during lateral loss of balance. Ven-
nila and Aruin [76] related vision with support of the anticipatory and compensatory postural
adjustment and their interaction and studied muscle activity during these events.

(B) Which type of disorders are currently the focus of walker-research?

The most studied population type are the elderlies [46, 47, 49, 54–57, 61, 67, 68, 73, 74, 77].
Elderlies can be healthy (participants with no acute medical illness), walker users or amputated
patients [63]. Then, COPD [43, 44, 51–53, 62], HD [58], PD [41, 59], SCI patients [64,
72] and hip or knee joint replacement surgery patients with good health and functional UEs
[71] are other type of disorders that are addressed in walker-based studies. It is noteworthy
that Fast et al. [62] evaluated various diagnoses leading to gait dysfunction (hip fracture,
hemiparesis, knee amputation, COPD, cerebral palsy, hemiplegia . . . ). However, Fast et al.
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[62] just evaluated one patient per disease.

Major populations that are also studied are the healthy and young subjects [45, 48, 50, 60,
65, 66, 69, 70, 75, 76]. Although there is no accepted justification for using healthy subjects
in studies with walker, some studies [70] justified “The reason for studying a group of healthy
subjects was that it was both unethical and difficult to ask actual walker users to walk without
their 4WW” and “the results may be used as a model for general changes in the joint moment
pattern and the kinematics during 4WW-walking in healthy subjects”.

The sample size goes from 1 [62] to 47,312 [55] participants. There is a need to standardize
the number of samples that is adequate for these type of studies. Since there is no specification,
each study selects the sample size according to the availability of resources. In Tables of
Appendix 1, one can find inclusion and exclusion criteria, as well as demographic and sample
size information for each selected study.

(C) How are the test experiments and data collection in walker-related stud-
ies performed?

Depending on the purpose of the study, different protocols were established. Regarding at-
tentional demands, the protocol consists in three main phases [45, 46]: (1) rapid respond to
a stimulus with a vocal or manual response (secondary probe reaction-time task); (2) walk
with and without assistance (single task); (3) walk with and without assistance in conjunction
with the secondary probe reaction-time task (double task). Miyasike-daSilva et al. [47] only
performed two tasks (single and double task).

To evaluate metabolic cost and functional exercise capability the following protocol with
three phases was presented: (1) Oxygen consumption test that consists on running on a tread-
mill until volitional exhaustion; (2) metabolic measurement devices during ambulation tests
with and without different types of walkers; and (3) determine test-retest reliability by per-
forming more testing sessions. Despite using different types of walker and subjects, the proto-
col was very similar across studies. Priebe and Kram [50] was the only study to introduce two
gait patterns (normal walk pattern and repeatedly step forward with one foot and then step-to
the same position with the other foot). On the other hand, Roomi et al. [51], Honeyman et
al. [44], Solway et al. [52], Probst et al. [53] and Gupta et al. [43] selected elderly patients
with COPD and only performed phases (2) and (3). Phase (2) was specified in all studies as a
6-minute walk test (6MW).

In order to evaluate risks of the walkers’ for the users, studies reported protocols based on
questionnaires, which are different across studies. Leung and Yeh [54] proposed a question-
naire of 37 items divided into four parts: background of participants; walker using state; activ-
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ities in using walker and the opinion of user (5-point Likert Scale). The study assess whether
the potential risk factors causing the injury exist or not while elders are using walkers. Liu
[57] performed a Mini-Mental Status Exam, that collets demographic data, background about
the walker usage, walker maintenance and fall occurrences. Andersen et al. [56] performed a
Short-form 36 and fall inquiry questionnaires prior and after training with a walker. Stevens
et al. [55] based their results on observation of surveillance data of injuries treated in hospital
emergency departments.

When the purpose is to evaluate the gait modifications produced by the walker, there is a
great concern about the correct choice of sensors. In the articles the following sensors were
used: accelerometers, placed posterior to the sacrum [60] to be sensitive to velocity changes;
pressure foot switches, attached to the heel and forefoot of each feet [60, 63] to provide stance
and swing times, through the detection of heel contact and toe off events [63]; GAITRite
walkway [58, 59, 68, 77]; and video cameras that film while the subject is ambulating and
record data that is later digitalized [61, 64]. When using cameras, reflexive markers usually
are chosen to be placed on the user in order to identify specific joints and limbs and can also
be placed on the walkers’ frame [61, 64] for orientation purposes.

Another great concern with these protocols is the gait pattern. Some articles [60, 61, 65,
66] specified the type of gait pattern that the user should perform. Smidt and Mommens [60]
tested and compared nine different walking patterns and explained the characteristics of each
one of them (delayed two point, delayed three point, four point, etc). Crosbie [61] tested two
walking patterns, as conditions: gait D (the SW was advanced followed by the right foot and
then the left) and gait S (the walker and right foot moved simultaneously forward, followed by
the left foot). Bachschmidt et al. [66] selected three count, delayed and five point gait pattern.
For more details about these patterns see [60, 78]. Ishikura [65] selected the partial weight
bearing gait (for more details consult [79, 80]).

The most used test experiment was to ask the subject to walk on a flat pathway during a
determined time/distance at a self-preferred speed with different types of walkers and without
assistance [41, 58–66, 68, 69, 77]. Then there are some differences among the studies. Smidt
and Mommens [60] tested the influence of different velocities, Deathe et al. [63] the influence
of different walker heights, Ishikura [65] performed tests with the hip joint at various flexion
angles and Bachschmidt et al. [66] tested different load weight percentage over the walkers.
Kloos et al. [58] and Kegelmeyer et al. [59], in order to test maneuverability of the different
walkers around obstacles, timed the subjects while walking as fast as they could in a figure-of-
eight pattern around two chairs. They also performed clinical scales on the subjects. In Cubo et
al. [41], the subjects had to perform different tasks: rise from a chair, walk through a doorway,
down a hallway, turn, walk through the doorway again and sit down. This walking course was
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designed to reproduce conditions that increase freezing on the PD subjects. The patients were
also rated using motor and cognitive clinical scales. Vogt et al. [67] designed a study that
included physiotherapy, ergotherapy, ergometer exercises and different motor clinical tests.
Schwenk et al. [68] also performed motor scale tests. In order to evaluate the UE and LE
demands, video cameras or infra-red with reflexive markers on the target limbs were used [66,
70–72, 74] as well as load cells under the handles of the device to acquire forces on the walker
and calculate the amount of body weight that the walker is bearing [72–74]. Protocol for this
purpose was also based on asking the subject to walk at a preferred-speed in a pre-determined
time/distance [66, 70–72, 74] with different types of walker and without assistance. Haubert
et al [72] also performed motor clinical scores to determine which limb would experience the
largest weight-bearing load during ambulation. Takanokura [73] reported a different study
where he created a mechanical model to optimize the height of the 4WW in order to evaluate
UE efforts. To acquire the model parameters, they asked subjects to use the walker in dry
asphalt and dry gravel roads with imposed posture characterized by stretched UEs and not
bended elbows.

Regarding posture control and stability, accelerometers [76] and video cameras [75] were
used. Bateni et al. [75] asked the subjects to stand in a standard position representing a typical
self-selected stance and were instructed to push down the walker with constant force. Vennila
and Aruin [76] asked the subjects to maintain a vertical position with upright stance during
the test. In Bateni et al. [75], subjects were placed on a movable platform to provoke pertur-
bations for postural reactions. Subjects had to wear a harness, for safety. The platform moved
unpredictably and the subjects performed a distraction task to impede ability to engage proac-
tive strategies. In Vennila and Aruin [76] a pendulum impact was used to cause perturbation.
On both studies, tests were performed with and without a walker.

For more detailed information about the protocols, consult Tables in Appendix A.

(D) What are the relevant parameters (outcomes) in walker-assisted gait
evaluation?

In walker-related studies, the purpose of the study, type of walker and the type of subjects
almost do not influence the choice of relevant parameters to acquire and evaluate. The typical
parameters that almost all studies calculate are the spatiotemporal parameters - velocity, stride
length and time, swing and stance time, double support time, etc [41, 45, 50, 58–61, 64, 66, 68,
69, 72, 74, 77]. Then some variations appear depending on the purpose. When studies want to
evaluate attentional demands, voice reaction time (VRT) is acquired [45–47]. When evaluating
the metabolic cost, the oxygen consumption and saturation is essential to be measured [43, 44,
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48–53]. Another essential parameter is to record the distance made on 6MW [43, 44, 51–53]
to obtain the functional exercise capacity. Some of these latter studies also performed fatigue
scales and questionnaires [43, 44, 52, 53].

Potential risks of the use of a walker are evaluated through different questionnaires among
studies and video observations [54–57].

Regarding gait modifications, studies with such purpose differ most with the type of dis-
order. Gait modifications in PD caused by walker usage were characterized by freezing time,
number of freezes, mean duration of freezes through video recording [41] and GaitRite® sys-
tem [59]. Kegelmeyer et al. [59] also calculated the number of observed stumbles (loss of
balance from which the subject recovered without assistance) and falls (loss of balance for
which the investigator provided assistance to prevent the subject from coming to the ground).
Kloos et al. [58] calculated the same parameters as Kegelmeyer et al. [59] for HD minus the
freezing related parameters. The remaining studies with the same type of patient (elderlies and
young subjects) evaluated kinematic and kinetic parameters [61–65, 69]. LE and UE demands
studies are very similar to the latter articles (gait modification purpose), however focusing
more on the kinematic effects on the LEs and UEs [66, 70–74], through the acquisition of the
position and angular displacements of the joints (ankle, knee, hip, elbow, wrist and shoulder)
as well as joint moments and angular impulses. Finally, the evaluation of postural adjustments
focused on calculating the centre of pressure (COP) [75, 76]. However, other studies with
other purposes also calculated these parameters [63, 65, 74].

(E) What kind of processing and data analysis is done in walker-related stud-
ies?

The data processing and analysis is independent of the study purpose and type of walker and
patients. In terms of pre-processing, data from the video records was filtered with a fourth-
order, zero-lag Butterworth filter [61, 64, 72]. Sensors data can be filtered by low-pass digital
filter [63, 64, 70, 71, 74, 76]. The electromyography (EMG) data was high-pass filtered [65] or
low-pass filtered [76]. Before filtered, parameters have to be normalized [61, 64–66, 71, 75].
Then, some studies performed exploratory data analysis. Smidt and Mommens [60], Youdas
et al. [69], Andersen et al. [56], Crosbie [61], Deathe et al. [63], Bachschmidt et al. [66]
and Mcquade et al. [71] calculated the average and standard deviation for each parameter, and
Kloos et al. [58] and Kegelmeyer et al. [59] calculated coefficient of variation values for all
parameters.

In terms of statistical analysis, Wright and Kemp [45], Holder et al. [48], Foley et al. [49],
Deathe et al. [63], Bateni et al. [75], Youdas et al. [69], Leung and Yeh [54], Gupta et al. [43],
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Liu et al. [77], Solway et al. [52], Wellmon et al. [46], Miyasike-daSilva et al. [47], Tung et
al. [74], Liu [57], Priebe and Kram [50], Kloos et al. [58] and Kegelmeyer et al. [59] used a
one-way analysis of variance (ANOVA) for repeated measures. Holder et al. [48] and Vennila
and Aruin [76] performed a two-way ANOVA repeated measures. If the sample is not normal
distributed, non-parametric tests like, Wilcoxon signed-rank test [53, 66, 68], Krustal-Wallis
test [67] and Mann-Whitney U test [68] are used.

When significant differences were found Wright and Kemp [45], Holder et al. [48], Bateni
et al. [75], Priebe and Kram [50] and Tung et al. [74] used the Tukey’s post hoc procedure to
determine which values differed significantly. On other hand, in Foley et al. [49] and Youdas
et al. [69] studies, when a difference was found, a Newman-Keuls post hoc analysis was
used to determine where the difference occurred. Paired t-tests were performed to compare
differences in the study parameters [44, 51, 68, 70, 74, 77]. If the results were significant,
Leung and Yeh [54] used least significant difference method as post-hoc test. Stevens et al.
[55] used a direct variance estimation procedure that accounted for the sample weights and
complex sampling design. Cubo et al. [41] used mixed models and Friedman’s test. Tests
performing multiple comparisons of pairs of conditions were performed using Signed Rank
tests and with a Bonferroni correction for multiple tests [69, 71, 76]. To verify how strong the
relationship of variables was, Tung et al. [74] used analysis of covariance (ANCOVA).

Then, some articles used statistical tools to search for differences and correlations between
the variables. Ishikura [65] used Chi-square test for goodness fit and to examine differences
between variables. A Spearman’s correlation coefficient was performed to correlate variables
[65, 71]. To identify correlations, it was performed a one-way ANOVA and Fisher least sig-
nificant difference method. To model the relationship between one variable with one or more
explanatory variables univariate can be used [52, 73] and multiple linear regression [52], step-
wise multiple regression [52, 53] and coefficient of multiple correlations [72].

The level of significance was set at 5%. The statistical analysis was run in the SPSS
statistical software package[46, 54, 56, 68, 69, 71, 72, 76, 77], SAS software [41, 53, 58, 59],
Minitab [61], Matlab [70], Labview [52] and Ariel Performance analysis system [64].

(F) How walkers influence and modify the walking gait and are there differ-
ences between different types of walkers?

In order to answer this research question, it was divided into: (i) Comparison of multiple
walker types studies, (ii) SW, (iii) 2WW and (iv) 4WW studies.
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Comparison of multiple walker types

The main findings of the selected articles that compared multiple walker types [41, 45, 48–
51, 54, 55, 57–59] and the organization of the study purpose will now be addressed.

Wright and Kemp [45] compared the attentional demands between SW, 4WW and no
walker. Their findings indicate that greater attentional demand was required when ambulating
with the SW, since voice reaction time (VRT) was greater when walking with this device. The
usefulness of the dual-task methodology was emphasized, since it is simple to administer as
an evaluation tool to examine the progress of the patient in terms of attentional demands.

In Holder et al. [48], unassisted ambulation was compared with SW and 4WW. Findings
indicate that unassisted ambulation resulted in the lowest oxygen consumption per minute, and
the use of SW resulted on the greatest consumption. This may happen because SW requires to
be lifted causing more fatigue to the patient. Foley et al. [49] also compared SW with 4WW
and the results demonstrated that ambulation with a SW in elderly required greater oxygen
consumption than in unassisted ambulation, as in [48]. The values obtained by each study are
different, since the target subjects (elderlies and young subjects) were different as well as the
speeds performed on each study. Foley et al. [49] also found that the use of any AD with
an elderly patient with a history of myocardia infarct or who has been identified as having
an increased risk, should be undertaken with caution and appropriate monitoring. Use of a
SW with these patients requires a greater degree of caution. Priebe and Kram [50] obtained
the same conclusions as Foley et al. [49], in terms of oxygen consumption. In addition,
they reported that 2WW requires greater consumption than 4WW. Roomi et al. [51] also
studied metabolic costs, but with COPD patients. They reported that 4WW improves exercise
capacity in elderly patients with COPD whereas a SW reduces it. They also concluded that
the need to lift the SW requires an extra metabolic requirement, since it is a work involving
arm elevation. Then, they concluded that, in those elderly patients with COPD who remained
disabled despite optimum medical therapy and following a pulmonary rehabilitation program,
a trial with a 2WW is worthwhile since it is associated with reduced oxygen consumption
during exercise. This conclusion is different by the one reported by Priebe and Kram [50].
However the study population is different. Another conclusion is that SW should be avoided
if possible for these patients, as it was also recommended by Foley et al. [49]. If a patient
finds the 2WW unacceptable, a 4WW should be the next choice.

Regarding walker use risk evaluation, Leung and Yeh [54] suggested three issues that
might be beneficially addressed by future studies in this area to reduce walker risks: posture
to hold the walker; elderlies’ strength of lifting up; observe elderlies while using the walker
in e.g., sit to stand, stand to sit, and walk. In summary, according to the results of this study,
a walker should be designed in order to facilitate elderlies in holding and handling. Liu [57]
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analysis shows that older walker users experience falls, despite the use of a walker. Problems
commonly identified among walker users were: lack to consult a medical professional when
obtaining a walker, incorrect walker height, poor walker maintenance, improper gait initiation
and forward-leaning posture. More specifically, the results from this study indicated that in-
correct walker height might not lead to increased fall incidence, but might be an important
factor in causing forward-leaning posture during ambulation. This forward-leaning posture
could be a significant factor in the higher incidence of falls among walker users. Thus, using
a walker might change the body biomechanics of its user.

Many factors should be considered to determine if an elderly may need an ambulatory
device. The risk of fall could be greater if combined with other walker problems, such as in-
correct walker maintenance and height. Gait and posture pattern while using a walker should
be evaluated. Stevens et al. [55] found that injuries increased seven times when walker as-
sisted. Wrist and forearm fall injuries are seen more often in healthy elderlies who are able
to use their arms to cushion a fall. People using ADs had almost five times as many fall in-
juries from tripping as from slipping. The frequency of fall injuries, especially in people using
walkers, suggests that people may have problems using ADs effectively. Approximately 4%
of injuries occurred when people were sitting, standing, or transferring and an additional 5%
to 6% while people were bending, reaching, or carrying objects.

Considering the results of gait modification studies, Cubo et al. [41] focused on PD sub-
jects and demonstrated that most walkers are useful to overcome freezing. Only SWs aggra-
vated freezing, since lifting and replacing the walker on the ground impedes smooth walk-
ing, increasing freezing. However, they confidently discourage PD patients with predominant
freezing from using a walker to overcome this clinical problem. In their view, the most likely
explanation is that the walker acts as a visual obstacle. Because doorways, narrow passages
and other restricting environmental elements typically aggravate freezing, the presence of the
walker with the patients’ close extra-personal space may have contributed to the poor outcome
on freezing. Then, Kegelmeyer et al. [59] stated that maneuverability is an important factor to
consider when prescribing an AD as many individuals with PD fall when turning or avoiding
obstacles. The added support of an AD that allows for smooth turns with larger steps and
radius may be beneficial in PD. Safety was best with 4WW and worst with SW and 2WW
use, considering number of falls and stumbles. SW produced the most variable gait and high
attentional demands, which is consistent with Wright and Kemp [45]. During turns, the 2WW
provoked the higher number of freezing episodes. Fall prevention is a critical component of
care for individuals with PD. Given the frequency which ADs are prescribed, it is critical that
clinicians are provided with evidence on which to base their recommendations. This study
provides evidence that gait with the 4WW produced a pattern most similar to the individual’s
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spontaneous pattern with no AD and did not decrease velocity or increase variability, as did
the other devices. In addition, this walker produced a safer and smoother gait when making
turns. Thus, 4WW appears to be a good choice of device for promoting safe ambulation in
individuals with PD. However, as it was mentioned before, Cubo et al. [41] stated that PD
subjects with high freezing episodes are not indicated for any type of walker.

In Kloos et al. [58] walking with a 4WW produced a more efficient, consistent and safe
gait pattern than other commonly prescribed ADs in individuals with HD both on a straight
path and during turns. The greater stability, ease of use, and maneuverability of the 4WW over
other devices may account for its better performance. The SW and 2WW required the user to
lift the device in time with their stepping whereas the 3WW and the 4WWs allow the person
to push the device without lifting it.

Caution when prescribing ADs for individuals with HD who have difficulties with learning
sequences of movements and performing a second task during walking. Gait with the 3WW
was equivalent to the 4WW across several measures. Thus, these observations are likely to
make the 4WW more acceptable to patients and increase likelihood that the device will be
used. Based on these findings, they recommend that clinicians consider prescribing 4WWs
over other devices for gait impairments and fall prevention for individuals with HD.

Standard Walkers

The use of SWs is common in the rehabilitation process. However, it may impose predictable
limiting effects on the gait pattern. Many conclusions were obtained by the eleven selected
studies [56, 60–66, 71, 75, 76].

First of all it is important to point out that most studies were conducted with healthy people.
But Crosbie [61] reported a justification for not using subjects with limitations: “although
being healthy, the age of the subjects are comparable with subjects for whom SW is prescribed.
The lack of any predisposing gait abnormality supports the fact that spatiotemporal and joint
kinematics characteristics observed in the gait pattern are attributable to the walker rather than
pathological limitations.”

The overall findings for spatiotemporal and kinematic characteristics were that subjects
walked slower with SW [64] than without it, which implicates that the use of a SW limits
velocity. Crosbie [61] obtained the same conclusions with gait D (the SW was advanced
followed by the right foot and then the left), as well as Melis et al. [64] with SCI patients,
which have the same pattern as the one tested by Smidt and Mommens [60], the five point
pattern. This lower velocity caused a higher gait cycle time. Stance, swing and double-stance
time were symmetrical, but step length and step time were asymmetrical [60]. It also provides
a slower cadence, higher stance, decreased hip excursion and reduced step length [64]. Vertical
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accelerations were disproportionately elevated, since assisted gait tends to increase the vertical
loading on the structures of the body [60]. However, it causes less perturbation of balance
[61]. It may offer added security and stability to the user as a consequence to its slowness.
However, this pattern causes no benefit to forward linear momentum of the body, since it is
a discrete movement. Thus, this type of gait (gait D or five-point) may be chosen to subjects
with physical limitations, since it does not comprise balance [61]. But the fact that the walker
is advanced forward while the LEs remain in place, it provokes a flexed trunk posture [61, 64,
65]. This characteristic should be noticed by the therapists since this can lead to the alteration
of the tissues around the hip [65].

Crosbie [61] also tested another pattern with the walker, gait S (the walker and right foot
moved simultaneously forward, followed by the left foot) and concluded that this pattern im-
poses a less flexed posture on the protected hip joint during the period of weight transfer
forward onto the frame than gait D. In addition, this pattern is faster than gait D. Thus, if the
subject has no problems in balance and coordination, gait S should be preferred.

In terms of articles that dedicated their study to the evaluation on the forces transmitted to
the SW, in the overall they concluded that the walker is a stable device and high forces can be
supported by the walker (vertical support) [62–65]. This caused a reduction of the load/weight
of the LEs since the walker supports great percentage of the body weight. However, the UEs
can be injured since the load is supported by them [63–66, 71].

Fast et al. [62] tested various patients with disturbances of gait, and detected two patterns
in the overall patients: use of the walker to unload one of the LEs (fracture on one side, hemi-
paresis, amputation, stroke) and use of the walker to enhance balance (progressive supranu-
clear palsy, cerebral palsy). On the first pattern, the patients ambulate on a synchronous,
rhythmic pattern, transmitting a significant portion of their body weight to the walker, thus
SW evokes a reduction of the load/body weight on the LEs and supports a large percentage
of the body weight. On the second pattern, the patients ambulate with an asynchronous and
less regular pattern and a random loading pattern prevailed. The rate of progression was slow
and the patient covered short distances. Thus, they demonstrated that different patients re-
quire different needs and use the walker differently, which means that different designs and
specifications are necessary.

Reinforcing the idea that the walker design and specifications should be different from
patient to patient, Deathe et al. [63] tested different heights of the walker in amputee patients,
and concluded that lower height alleviates the load on the prosthetic leg but increases the
demand on UEs. Thus, subjects with UE limitations need a higher walker and subjects with
LE limitations need a lower walker. If the patient has both problems (limitations on the LEs
and UEs), the therapist has two choices: recommend another type of walker or find a trade-off
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for the height that benefits both limitations.
Bachschmidt et al. [66] and Mcquade et al. [71] studied in more detail the UEs and both

concluded that the arms of the walker support the body against ground reaction loads. How-
ever there is a high demand on the elbow and shoulder joints to support body weight, being
more demanding for the shoulder than for the elbow. Other concern is that many walker users
are frail, elderly individuals and may not have the UE strength to meet the higher demands of
walker use during rehabilitation of hip fracture. Thus, parameters that can influence the de-
mand on the UEs were reported: walker height, UE length, subject weight, forward placement
of walker, cadence, velocity and stride length.

In terms of postural control, Bateni et al. [75] and Vennila and Aruin [76] concluded that
SW causes a biomechanical stabilization (reaction forces generated by the user’s hands) and
the reaction forces prevent instability and recovering balance, in the event of a disturbance.
Which is in accordance to Crosbie [61], Fast et al. [62], Deathe et al. [63], Melis et al. [64]
and Ishikura [65]. However, Bateni et al. [75] reported that the SW can sometimes prevent
lateral movement of the legs and consequently disabling the implementation of the stepping
compensatory reactions’ in situations of loss of balance. On the other hand, Vennila and
Aruin [76] suggested that the walker can be a valuable strategy to improve posture control
when visual information is not available or compromised.

In relation to the muscle activity, Ishikura [65] demonstrated that the use of the walker
provokes a high muscle activation level that maintains/increases muscle strength, helping on
the everyday exercise.

Finally, Andersen et al. [56] with a more different approach to the demands of the SW
concluded that the use of walker causes a weakening of physical functioning and general
health and these limitations can cause psychological and physical consequences. However, it
should be recognized that AD use may positively affect both mobility and fitness levels, as
demonstrated by Ishikura [65].

Two-Wheeled Walkers

2WW is a type of walker with little research. However, it is usually a substitute for the SW
for subjects with little muscle strength [1].

Youdas et al. [69] concluded that 2WW has a great base of support and subjects maintained
a low percentage of body weight for a long time during stance with the walker. However,
speed, cadence, step width and stride length are reduced when ambulating with the walker. On
the other hand, Haubert et al. [72] concluded that the load on the shoulder by the walker is low,
however is still very high for the SCI patients. They also observed a decreased stride length
during ambulation with the walker, which can be attributed to the differences in structural
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design. Its design can provide a barrier to limit mobility of the LEs.

Rollators (Four-wheeled walker)

Typically, 4WWs are not used in rehabilitation environment [39]. However, this type of walker
has many advantages over other types. Twelve articles [43, 44, 46, 47, 52, 53, 67, 68, 70, 73,
74, 77] were found.

Functional capacity improves with the use of a 4WW. An increase in 6-minute walking
distance was reported, demonstrating that this is a valid outcome to measure clinical trials in
patients with airflow limitations. There was also a reduction in dyspnea, increase in walking
ability and high sense of security, allowing an increased stride length and speed [43, 44, 52,
53]. The decrease on oxygen consumption may be related to the fact the arms are supported on
the walker. When the arms are unsupported, the accessory muscles increase their participation
in the postural support of the chest wall. To reduce dyspnea, subjects often stabilize their arms.
This stabilization enables the arm and shoulder muscles to help the muscles of respiration [52,
53]. In addition, the 4WW allows the subjects to lean in a forward position which improves
diaphragmatic function. This can improve distribution and reduction of ventilation [44, 53].
Thus, 4WW can provide additional benefit in daily life for patients with airflow limitations.

Outcomes in the effects provoked by 4WW assistance on LEs’ control consist on a reduc-
tion in knee moment and a reduction of the range of motion of LEs’ joints [70]. This can be
related to the reduction of the load on the LEs [77]. However there is an increase on the hip
joint flexion that can be harmful to the subject, as reported by Ishikura [65]. For some elderlies
the 4WW is not considered a safe device. This is reflected on the changes of the spatiotempo-
ral parameters, where their cadence, walking speed, swing time, step length and stride length
decreased and stance and double support times increased [77]. However, Vogt et al. [67] and
Schwenk et al. [68] reported an increase on the confidence and safety for its elderly subjects.
They also reported that 4WW does not interfere with rehabilitation and improves the balance
and mobility.

Relatively to the demands on the UEs, the outcomes were that subjects with UEs’ limita-
tions should have a higher walker and push it in the perpendicular direction by leaning their
upper body on the walker. This is in accordance with Deathe et al. [63]. This finding reveals
that maintaining an upright posture and gait pattern characteristics will relieve muscular loads
in the UEs [73]. In addition, during assisted gait, UEs play a key role in the control of balance
by compensating for the limitations of the LEs [74]. By this, there is the necessity of a correct
adjustment of the height of the 4WW and body posture [73].

The attentional requirements to walk with a 4WW can be demanding [46] while perform-
ing a second task. However, Miyasike-daSilva et al. [47] and Tung et al. [74] reported that
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there is a reduction of attentional demand and increased stability of gait in conditions where
the equilibrium is ’challenged’ (narrow surface).

2.1.2 General Discussion

The aim of this review was to synthesize and discuss research related with walker’s evaluation,
its effects and demands on its users. After analyzing the 37 selected articles, many concerns
were raised about proper use and research of walkers. The studies presented here show that
there is no agreed standardized protocol when evaluating assisted gait as evidenced by incon-
sistencies in distance and time walked, instrumentation, sample size and analytical algorithms.
Moreover, different and interchangeable terminology is used. The lack of standardization of
measurement protocols and knowledge of gait parameters limits the interpretation and com-
parison of gait modifications with the use of the walker within the evaluative, diagnostic and
prognostic studies.

More important is to verify that most walker users have never been instructed on its proper
use and often have a type of walker that is inappropriate [55]. Assistance and training in the
use of walkers are essential because inappropriate use is even associated with an increased risk
of falls [8]. The selection of a suitable walker depends on the patient’s strength, endurance,
cognitive function, vision, balance, height, weight, gender and environmental demands [39,
54, 55, 57]. Thus, physicians need to provide walker’s checkup for their patients during routine
visits. These services should include routine walker maintenance inspections for appropriate
walker height, handle-grips, tips of walker legs and brakes of wheels [57]. Moreover, it might
be beneficial to increase the amount of time devoted to fitting aids and educating people how
to use walkers safely, especially when performing these types of activities [55]. Research is
needed to understand the physical and cognitive demands that walking aids place on users.
Additional studies are needed to identify potential design problems so as to improve walkers
and reduce the incidence of fall injuries in this high-risk population. In addition, specific tests
and effective strategies to prevent fall injuries in people who use walkers are needed.

Through this systematic review it was possible to identify a series of limitations, non-
studied research topics that need to be highlighted for further studies, since these are still
unclear: (1) Posture and Gait pattern, e.g. holding gesture, trunk inclination, amount of sup-
ported weight on the walker, sequence of UEs and LEs movements, need to be studied in
detail for different type of gait disorders. Crosbie [61] and Smidt and Mommens [60] started
researching different gait patterns and Deathe et al. [63] tested different postures. However,
these studies were performed with healthy users [60, 61] and amputees [63]. Thus, this needs
to be extended for more types of gait disorders to infer which posture and gait pattern should
different walker users present to make use of the potentialities of walkers, and help in the
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walkers selection; (2) Subjects’ strength: evaluate the strength needed to maneuver/lift/push
the different types of walker, to help in the selection of suitable subjects for each type of walker
or conclude that the subject needs a different AD such as cane/crutches or wheelchair. Despite
existing studies [66, 71] that identify parameters that can influence the demand on the UEs and
point out that one type of walker was not suitable for SCI patients due to the overload on their
shoulders [72], there are still no studies reporting the percentage of strength that a user should
have to properly execute different tasks with the walker [54]. Only Ishikura [65] performed a
study about muscle activity on LEs, but only to infer muscle capacity improvement; (3) Dis-
cussion of the biomechanical results: study, evaluate and discuss with clinicians the functional
consequences and clinical evaluation of the biomechanical changes and the long-term effects
of walker-walking to understand the indications for recommending the use of a walker. None
of the selected studies on this review evaluated the biomechanical effects of a long-term usage
of a walker, nor with different gait disorders’ patients; (4) Limited study sample: the majority
of the works present a small number of subjects. The ideal number of subjects should be re-
lated to the disorder and consider the respective prevalence of cases in the country where the
study was made [81]; (5) Manual records and inspection of video records [54–57]: since this
task is time-intensive, automated machine vision algorithms are necessary; (6) No standard
analysis techniques and walking courses (walk tests): Through research questions (C and D
from Table 2.1), the authors verified that there is a need to define and select the appropriate
analysis techniques and ambulatory measurement protocols to observe behavior in its natural
context. To control the frequency of activities, environmental conditions, time and distance
course, trajectory, sampling frequency, etc. Explore the interactions between intrinsic factors
(gait parameters) and extrinsic factors (obstacles) to define and establish specific behaviors
(attention, collisions, falls) to form hypothesis. In addition, find tools (data treatment designs)
to manipulate and evaluate the relevant factors (parameters, behaviors) that are applicable to
everyday life protocols; (7) Lack of variety in the type of studied disorders: Through research
question D (Table 2.1) it was identified that the type of studied subjects are healthy young and
elder’s subjects, PD and COPD patients. There is the need to study subjects with decreased
cognitive level (Mini-Mental Status Examination (MMSE)<24) and other gait disorders such
as ataxic gait, hip post-surgery, severe myopathy. Defining which disorders are the main tar-
gets of walker use and the respective modifications that are expected to be seen. A wide range
of outcome measures were used which did not discuss validity and reability for the population
under study. Development/adoption of valid and reliable outcome measures for a specific type
of population would improve methodological rigor and interpretation of research; (8) Lack of
attentional demand studies (this review only identified three articles) related with time of prac-
tice: longitudinal examinations of changes in attention as walker users acquire skill at walking
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with the walker. Provide insights about the effects of practice and understanding about how
much time might be required to ensure security. This understanding can help to guide recom-
mendations for follow-up care [45]; (9) Lack of perturbation studies during ambulation; (10)
Study performance on real world and outdoor environments; (11) Lack of detail on subjects’
demographic data, inclusion and exclusion criteria; (12) No specific gender studies: some
studies only address one gender, however do not refer this as an outcome; (13) Limited stud-
ies about 3WW and 2WW. Thus, further studies should focus on these current limitations in
order to clarify and answer them; (14) Lack of detailed descriptions of interventions made it
impossible to accurately document the protocol strategies used; (15) Long-term effects were
not investigated.

Moreover, as it was stated before, the results of the current studies suggest that more re-
search is needed to improve the design of walkers. More information is also needed about
the circumstances proceeding falls, both to better understand the contributing fall risk factors
and to develop specific and effective fall prevention strategies. In addition, proper matching in
combination with gait training strategies and appropriate AD progression should help to opti-
mize patient function and independence. Thus, three main steps were considered interesting
to be taken into account when prescribing a walker:

1. Select the appropriate device, which depends on patient’s strength, endurance, cognitive
function, vision, balance, and environmental demands;

2. Give instruction to patients:

(a) Correct height (define if the patient has UEs or LEs limitations and find a trade-off
to avoid extremities’ damages);

(b) Proper use:

i. Both feet should stay between the posterior legs or wheels;

ii. Posture upright without forward or lateral leaning;

iii. Take the time they need to turn;

iv. Define a proper gait pattern to learn.

3. Monitoring:

(a) Clinicians should routinely assess whether the device is appropriate;

(b) Walker maintenance (proper height, verify tips, wheels, brakes, etc).
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In addition to addressing these limitations and as a way of standardizing all studies, future
studies for further walkers evaluation should include their main goals (article purpose), the cri-
teria for choosing the participants on the study (number of samples, gender, age, body mass,
height, inclusion criteria, exclusion criteria, informed consent) as well as the description of
instrumentation (all used devices, sampling frequency, devices’ models). Then a complete
protocol/procedure should be described (conditions, tasks, specify if there was a training ses-
sion/explanation procedure session/rest interval, walker height adjustment and at which level,
test design, conditions execution order, gait pattern, walk test where distance should be spec-
ified, time, location, number of trials) as well as the parameters to evaluate (outcomes and
how they were obtained specifying the used instrumentation, definition and purpose) and data
processing (data filtering, normalization, software). Finally, the statistical tools (procedures,
techniques, confidence interval and software), if used, should be presented.

The results of this systematic review have highlighted the need for high quality research
investigating the effectiveness of walker-use programs. Specifically, authors should employ
a study design with a comparison group and describe the protocol in detail. Clinicians and
researchers should work together to design and undertake clinically relevant research projects
in this area so that the future medical staff can prescribe the correct walkers which are known
to be effective.

With this systematic review, one can unify the current goals and limitations of the studies
that focused on walker investigation and highlight them so that the investigation in this area
can be more focused on the walker users’ complaints, disorders and the design limitations, as
well as the necessities of the physicians.

2.1.3 Conclusions

Walkers have high potential to become feasible substitutes for personal mobility-related activ-
ities and confidence enhancement during rehabilitation and functional compensation if their
use is correct and proper to the user disorder.

Potential future directions are motor rehabilitation with the objective of identifying predic-
tors of rehabilitation outcome and the development of training programs that will potentially
involve rehabilitation technology, like smart walkers.
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2.2 Smart Walkers: A descriptive review about new robotic
funcionalities

Smart walkers (SmartW) (Figure 2.3) started to emerge in rehabilitation research by integrat-
ing motors and sensors in a conventional walker. In addition, different funcionalities were
developed to be integrated in these devices.

Patients with no cognitive and visual problems have the capacity to guide the walker inde-
pendently. However, if the patient has cognitive, coordination and/or visual problems, other
solutions are necessary. Thus, the ability for navigating in environments with obstacles should
one of the functionalities of SmartW to assist and guide its patients. Another problem that
arises is the heavy burden on the physiotherapists, both mentally and physically, during the
rehabilitation process of patients using a walker. If a SmartW is turned into an autonomous
training machine with autonomous navigation for rehabilitation that does not require direct
assistance of a physiotherapist, then the burden will be reduced and patients will gain inde-
pendence. Moreover, the patient can concentrate on correcting his gait through physiotherapy.

Research on SmartW-based systems is also concerned with balance and stability of the de-
vice’s frame. The system must be secure and stable, not putting the user’s health and physical
state in danger. Some SmartW addressed this challenge by relying on significant weight to
lend stability to the system and by putting the electronics on the lower base of the structure
[4]. This requires a design trade-off since lightweight and/or affordable walkers have gen-
erally been preferred for their portability and ability to be carried up and down stairs. Also,
SmartW may integrate a system that helps its users when sitting and/or standing, in order to
provide an extra support care.

The other concern relies in the integration of a shared-control framework, meaning that the
SmartW is designed to continuously evaluate and correct its actions based on its perception of
the goal and needs of the user. However, corrective actions taken by the SmartW should be in
accordance with the users’ desires. The user must feel in control of the guidance of the device,
by giving him a sense of independence.

Additionally, SmartW research is also focused on the manual guiding and braking system,
that has to be easily operated, intuitive and effective, to avoid dangerous situations, such as,
great accelerations of the SmartW on descending surfaces, the fall of the user and the possi-
bility that the device may roll away from the user.

Due to the high stability of the device, SmartW can also be introduced on an acute phase
of rehabilitation, in which the patient needs to perform the first steps. In such situations it is
not possible with conventional walkers.

A new topic has emerged recently concerning the analysis of the user state (gait and pos-
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Figure 2.3: Smart Walkers. a) PAMM [46]; b) GUIDO [8]; c)MONIMAD [41]; d)SIMBIOSIS
[10]; e)ASBGO [36]; f) JAROW [52]; g)i-Walker[22]; h) Ye et al. [37]; i) CAROW [30]; j)
i-go [39]; k) ODW[11]; l) MARC [20].
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Table 2.2: General Advantages, Demands and Functionalities of Smart Walkers.

Advantages Disadvantages Functionalities
• Motorization;

• Dynamic support;
• Gait and posture stability;
• Require little or no effort

from the user;
• User-friendly;

• Different functionalities;
• Adaptable to the user;

• Decreases work effort of
medical staff;

• Higher user independence;
• Reduces clinic visits.

• Weight;
• Size;

• Transport;
• Social and medical

acceptance;
• User clinical

validation;
• High cost sensors.

• Autonomous control;
• Shared-control;

• Manual guidance;
• Sit-to-stand help;

• User state monitoring;
• Safety;

• Sensorial feedback.

ture) in order to verify the patterns acquired during the assisted gait. This analysis may be
fundamental while using the SmartW in a rehabilitation program, being helpful for the phys-
iotherapists and clinicians to obtain clinical outcomes.

Thus, the development of a SmartW presents unique challenges to researchers in this area,
mainly to the issues related to specific demands of people with impaired mobility and balance.

In the next subsections some of the main concerns and challenges in SmartW will be
presented, giving some studies as examples of such concerns that try to fulfill the demands
of conventional walkers to improve the life quality of their users. Table 2.2 lists the general
advantages, demands and functionalities that will be presented throughout this section.

The following subsections are divided by SmartW’ functionalities: autonomous and shared-
control of SmartW, manual guidance, sit-and-stand, security and user’s state monitoring.

2.2.1 Autonomous and Shared-Control smart walkers

In case the SmartW has to provide navigation and guidance it should maintain a natural and
predictable motion response. Such functionality is important for patients with cognitive and
visual problems that do not have the capacity to guide the walker independently.

Thus, they need this functionality to have more independence. In addition, it is very im-
portant to give the possibility, from a rehabilitation point of view, for the patient to concentrate
on its mobility and gait pattern. Some patients do not have the capability to concentrate on
the guidance of the SmartW and at the same time to concentrate on their gait patterns. Thus,
the ability for navigating autonomously in environments with obstacles should be added to the
functionalities of SmartW to assist and guide its patients during rehabilitation, when needed.
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In addition, the burden for the physiotherapists will be reduced.

Many studies [82–98] addressed this functionality in different ways.

The SmartW might only avoid obstacles or navigate to a specified destination (or both).
This can be achieved with the implementation of algorithms such as potential fields, like
ORTW-II [86] and Graf [93], adaptive control model, such as Tan et al. [87], Clean Sweep
obstacle-avoidance algorithm, like GUIDO [84] and VFH+ model [99], like in PAMM [82,
83].

Another possibility to be included in the autonomous SmartW is the shared-control con-
cept [82, 83, 89, 91–94, 97]. This gives the patient some control in decision-making. Since
the goals of the user and SmartW may often misalign, the shared-control system must deter-
mine whether user or machine yields control. Thus, a machine’s manual control interface is
motorized to allow a human and an automatic controller to simultaneously exert control [88].

In order to decide whether the user or the embedded controller commands the SmartW
movement, haptic and force interfaces might be integrated in the SmartW. By monitoring sen-
sor haptic or force data, it is possible to infer the user intent. Griffiths et al. [88], Morris et al.
[90] and Barrué et al. [91] used probabilistic techniques with a shared-control haptic interface.
In terms of force sensors, Huang et al. [92] implemented a system based on a heuristic logic
that exploits a dynamic model of the walker to detect sliding and loss of walker stability. Graf
[93] and Song and Jiang [95] implemented a mass model to generate velocities, depending on
the applied force by the user. More than one option of navigation can be integrated. In [95],
Walbot SmartW was integrated with three options: obstacle avoidance, wall following and
goal seeking through a fuzzy kohonen clustering network fusion. In Wasson et al. [89], it is
emphasized that an on-board control system must be taken into account because the more col-
laborative and loosely coupled relationship between a walker and user, the higher the number
of fall episodes. Thus, they integrated several layers of control systems in their SmartW, from
simple warning sounds (and no corrective action) to corrective actions that consist of a com-
bination of braking and steering commands away from obstacles, to path planning that gently
keeps the user on his way even when no obstacles are present. This last level is achieved with
correction times that are long enough and corrective forces that are subtle enough to give the
user the impression of full control rather than the feeling of being steered by the device.

Other options are to include walker training programs in the SmartW, like in Tan et al.
[87]. The walker has to precisely follow the paths defined in the walking training programs to
guarantee the effectiveness of rehabilitation. Also, Barrué et al. [91] and PAMM [82] in their
SmartW offer a map of the environment and user’s localization and a cognitive support that
consists in memory reinforcements, like agenda of daily activities and auditory messages.

However, none of these systems address the safety issue, related to the risk of falls or
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other mishaps while the user is walking with the device, and, as previously mentioned, such
situations have a great probability to occur. Also, some of these navigation and obstacle avoid-
ance systems were not tested in complex environments full of obstacles nor in long courses
[84, 87, 91, 93] and others have local minima problems [82] and present oscillations in narrow
passages [86].

2.2.2 Manual guidance

If the SmartW’s movement only depends on the user, the SmartW exhibits a passive behaviour,
and does not proceed to any corrections. In this way, the patient is responsible for deciding the
SmartW movement while not getting any feedback from the controller to avoid the obstacles
in front of the SmartW. As the movement is defined by the patient, this mode is only recom-
mended for patients with visual and cognitive capabilities, as well as motor coordination and
strength to manipulate the handlebar. This functionality only provides for power assistance.
Patients that are cognitively able to make command decisions, but do not properly control their
walking velocity, gait initiation and finalization nor gait pattern, need to use this functionality.

In this manual guidance, user interaction is usually provided through force sensors. These
are normally placed at the handles. This way user’s intentions can be easily transmitted
through physical interaction. This interface is expected to “read” and interpret all kind of
intended motions, to follow the user’s movement, and to provide a good walking support.

The idea consists in detecting the intention through different grip forces. When the user
wants to go with more/less velocity he grabs with greater/little force, or he pulls/pushes the
handle bars, depending on the force sensors integration and configuration on the handles.
When the user wants to turn, he exerts more/less force on one of the handles, depending on
the side he wants to turn. Projects like [84, 89, 96, 100–102] implemented this type of control.

Walkmate [103] also implemented this concept, but, in addition, he added a negative feed-
back loop on the SmartW’s motion control. SIMBIOSIS [104] and Cifuentes et al. [105] also
innovate by integrating force sensors on the forearm supports, detecting the user intentions to
guide the walker. This was done by implementing adaptive filters and algorithms [105].

GUIDO [84] in its manual mode provides the user with complete control over the direction
of the walker, while the information gathered by the sensors is presented to the user through
auditory messages.

A low-cost and alternative way to these force sensors configuration were used by Egawa
et al. [106]. The force sensors consist of a pair of U-shaped members joined by four rubber
springs and four gap sensors on a U-shaped handle-bar that detect the relative displacements
between the arms.

Other low-cost work was based on the use of a joystick [18]. This interface consists on
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placing, at the centre of the upper base support, a joystick associated with a spring that moves
according to the user’s manipulation. When the user applies force to the handles, a slight
movement is transmitted to the upper base support, mechanically coupled to the joystick that
reads the user’s intentions. When the user begins his gait, he has to slightly move the handlebar
through the handles, moving the joystick to inform the walker which direction and velocity he
wants to take. The joystick is a robust and low cost device that does not require excessive use
of electronics, and reduces the risk of failure.

Later, Martins et al. [13, 15, 17] proposed a handlebar that incorporates two-axis sensors
(potentiometers) to detect the forward and turning forces. The control system uses the forward
and turning forces for forward and turning-speed control. With this system, the user can
intuitively manipulate the walker at his own pace. If the user pushes or forces to a side the
handgrips, the walker moves forward or turns accordingly. It is not allowed to walk backward.

To interpret these interaction signals that transmit user intention, the use of algorithms that
can read/classify/determine them are needed. In literature, the most common algorithms apply
mass/damped models [96, 107], fuzzy logic control [18, 104], or simple threshold/proportional
algorithms [103, 108, 109].

Additionally, in a recent study by Huang et al. [110] using handles force sensors (13
piezoresistive force sensors), were developed. They used Lasso model to infer the relationship
between the user’s intentions and the measured pushing/pulling forces. Then, a PCA algorithm
was applied to obtain the weighting for each intention, from each force sensor. Finally, a
fuzzy-neural network controller classified the user intention and determined the proper walker
velocity, accordingly.

There are, however, still some concerns regarding this topic. There is still a lack of inter-
pretation and explanation about the signal processing of the sensors, which carry noise and
misreads. Also, there is no focus on developing interfaces and controllers that can adjust to
the different specifications of each user. How can the different necessities, strengths and pat-
terns of each user/disorder be handle by the walkers? Most of these studies just validated their
system with healthy individuals. Frizera [111], for example, validated their processing and
control strategies with a target population (Spinal Cord injury). Further validation with the
same and other target populations is required using other strategies and SmartW types.

2.2.3 Sit-to-Stand

The sit-to-stand motion demands a lot of effort from the patient. Thus, it is of the most
importance to design the robotic assistance device so that this effort is minimised. In addition,
this will decrease the working load of the medical staff by freeing them to other technical
actions.
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Sit-to-stand support can be evaluated by the interaction between robot and human body
based on sit-to-stand analysis. In an initial stage, Hirata et al. [112] developed a braking
system to ensure that the walker did not move during sit-to-stand assistance. Then, Miró et al.
[85] introduced a control that pulled the user in the forward direction. Besides being simple,
this solution was not ideal since this motion can be dangerous or unconfortable for the user
since it does not provide a natural sit-to-stand motion.

Recently, some studies [113–115] started to implement more complex movements to help
in sit-to-stand. In order to implement such movements, sit-to-stand was first studied in the
sagittal plane. They agreed that by adding one actuator in the upper part of the SmartW
in combination with the forward motion, the SmartW could provide an infinite number of
trajectories to assist the sit-to-stand motion.

To determine the correct trajectory, two procedures were employed. Firstly, body postures
from different subjects and different trajectories had to be captured off-line using a motion
capture system. Secondly, the guiding is based on the observation of the postural state of the
user, i.e. imitate the trajectory performed by the user through a developed model.

Studies that followed the first procedure only used one or two subjects. However, Jun et
al. [115] concluded that the inclination of the arm support leads to a more stable and natural
motion, then, the second procedure requires the development of a model. The problem consists
in determining a model of posture that predicts a specific intention of motion, i.e. anticipation
of the postural adjustment. To determine an anomaly in the human behaviour, as balance loss,
the personal normal postural state has to be known [113]. Pasqui et al. [113] integrated six
axis forces/torques sensors on the walker handles to interpret the postural movements in case
of incorrect posture, correcting the postural equilibrium. The postural state can be determined
by a fuzzy controller [7] or by a sit-to-stand algorithm [113]. Thus, methodology used in this
study is user-centred, i.e. specific trajectories are generated for each particular user. However,
more validation is required for the parameterization of the model proposed by these latter
studies.

Jun et al. [115] also performed the second approach in order to create a model. The re-
quired parameters and performance index for sit-to-stand model were evaluated by the analysis
of force reflection between the operator and the system. The sit-to-stand motion is generated
by the force and moment interaction between the arms of the operator and the supporting plat-
form. A force model was created to then convert force in linear and angular velocities of the
walker, describing the interaction. The trajectory of the supporting element is a critical factor
to determine sit-to-stand support performance. Two types of trajectories were evaluated, dif-
fering in the angle of the body during transition. During the motion capture, the force plate’s
responses of the seat and foot of the operator and the force/torque sensor responses in the
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supporting element for arm rest were simultaneously measured. The chosen trajectory was
the one that presented better performance in balancing considering the inclination of the body
trunk, i.e., where the centre of pressure was the key performance index.

Sit-and-stand approach is still under great attention, since there are many users that need
help to transfer to the walker, not having enough strength to stand up alone, i.e. without the
help of the physiotherapist nor family.

2.2.4 User’s State Monitoring and security

The SmartW can assist the therapis in monitoring the user’s motor capabilities and supervising
the execution of daily exercises. In general, it is difficult for therapists to continuously attend
their patients and the self-assessments of patients are often unreliable, due to poor memory or
due to the patients will to avoid therapeutic interventions. Therefore, smart walkers can help
therapists to obtain a complete and valid assessment of the user’s condition. In order to do so,
the walker needs to have the ability to collect and recognize the user activity.

Therefore, these two research topics are based on the type of sensors used and their loca-
tion. The developed walker systems can monitor user’s state through their upper limbs and/or
lower limbs. Thus, depending on the localization, different parameter’s assessments can be
done. The security of the user while walking with the walker can also be inferred by different
approaches, focusing mainly on the acceleration of the body and the distance to the walker.

2.2.4.1 Upper limbs: Force sensors approach

The majority of these walker studies focus on developing systems based on force sensors
located in the handles [116, 117], or in the frame of the device. These sensors detect the
bending force that is applied on the walker [118] and identify the body weight load of the user
on the walker. Table 2.3 summarizes the details of these studies.

Alwan et al. [116] implemented a method that passively assesses basic walker-assisted
gait characteristics, including heel strikes and toe-off events, as well as double support and
right/left single support phases using only force-moment measurements from the walker’s
handles. The walker is a standard three-wheeled commercial walker augmented with a stepper
motor and two 6-DOF load cells, to provide the load/moment transfers between the walker and
the user. The author hypothesized that the walker’s handles will have cyclic changes reflecting
the gait cycle, and from these changes basic gait characteristics could be identified. Results
have shown that peaks in vertical direction are related to heel initial contact and in the forward
direction to the toe-off event. With the detection of these two events, stride time, double
support and single supports were estimated. This information enables control actions to be
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Table 2.3: Upper limb studies: Force sensors.

Alwan et al. [116] Henry et al. [117] Abellanas et al. [118]
Sensors’
Location Handles Forearm supports

Signals/
Algo-
rithms

Force moments / Peak
detection

Time and frequency
force signals/ K-mean

classifier

Forearm reaction
forces/ Weighted

Frequency Fourier
Linear Combiner

Calculated
Features

Heel strike and toe-off
events, double support,

single support

Correlate force signals
with gait condition

Cadence and speed

Number of
patients 22 healthy subjects

8 subjects with gait
disorders

Not specified

Results 97% sensibility and
98% sensitivity

Not quantified
Mean square error=

3.7%
Drawbacks Expensive sensors

taken in due time. These passively derived gait characteristics were validated against motion
capture gait analysis, testing 22 healthy subjects. Results showed good correlations.

In Henry et al. [117], they used signal processing methods to extract features from the
robot’s force sensors and correlated them to the subjects’ gait condition. Time- and frequency-
domain features were extracted and then clustered using a K-Mean classifier. With 8 patients,
they concluded that vertical force peak and lateral torque center frequency were the best pair
of features. The results indicate that a smart walker can be used as a diagnostic tool that will
enable clinicians to monitor from a distance the medical conditions of their elderly patients,
thus dramatically reducing clinical visits.

On the other hand, Abellanas et al. [118] calculated cadence and speed through two force
sensors placed on the forearm supports of the walker. Through a method based on Weighted
Frequency Fourier Linear Combiner, they could infer the user’s state, and moreover they could
control the SmartW’s movement. They presented a mean square error of 3.7% in calculating
cadence.

2.2.4.2 Lower limbs: gait tracking

Other potential application of integrating sensors on the walker is to infer the user’s legs and
feet trajectory to compute gait characteristics and monitor their state.

Some of the existing SmartW aim at tracking the trajectory of gait in order to acquire clin-
ical insight. The great advantage of such systems is that the user stands at a known position
with regards to the walker and lower limbs tracking is then made in an easier way. Direct
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measurement of lower limbs’ segments may be obtained with sonar sensors [119, 120], ac-
celerometers [83], laser range finder sensors (LRF) [22, 121, 122], infra-red sensors [123] or
cameras [20, 21, 124–126]. Table 2.4 summarizes these studies.

Frizera et al. [120] presented a subsystem to determine the relative position of the user
in relation to the walker, monitoring his gait and his safety. Two sonar transmitters were
positioned on the user’s feet and one sonar receiver was installed onto the walker. They scaned
the space between the user and the walker using a direct transmission technique in order to
determine the specific spherical coordinate of each leg. The information obtained by this
subsystem automatically modulated the velocity of the motors and also stopped the device in
case of excessive separation user-walker, avoiding the risks of falling.

Wu et al. [119] tried to develop a walker with dynamic support by identifying a relationship
between the person’s ankle and the walker position. Consequently, the distance between the
ankle and walker was detected and then used to control walker movement. They also used
sonar range finders to detect the distance user-walker. Results showed that this walker could
keep a constant distance.

In PAMM project [82], the SmartW was integrated with encoders and accelerometers to
record user’s speed and calculate stride-to-stride variability. Through a power spectrum analy-
sis of speed, user’s stride length and frequency can be computed, as well as the gait asymmetry.
However, these approaches require adding markers to the patient. Other approach can be based
on LRF sensor without the need of adding any markers on the patients’ limbs.

The RT-Walker [112] is equipped with a LRF and performs an estimation of the kinematics
of a 7-link human model. The model is only used to estimate the position of the users’ centre
of gravity (CoG) in 3D. A LRF acquires the position of the knee with regard to the walker.
Despite the fact that the model had already been tested in the real world environment, no real
walker users tested this system.

The JaRoW (JAIST Active Robotic Walker) [121, 123] was developed to provide potential
users with sufficient ambulatory capability in all directions and easy-to-use features. In 2010,
a preliminary walker prototype was developed which integrated a pair of rotating infrared
sensors to detect the location of the user’s lower limbs. Based in the results, two main control
algorithms were proposed to estimate the location of the user’s lower limbs in real time, and
allow the users to walk naturally. In addition, it enables the JaroW velocity to be controled
automatically. However, results showed that the walker was moving intermittently and the
proposed algorithms that were not able to deal with the nonlinearity of the human gait and
with the fact that gait parameters vary across users.

An upgrade was made and instead of infrared sensors, LRFs were integrated into the
SmartW [121]. In this new study, Kalman and particle filters were applied to estimate and
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predict the locations of the user’s lower limbs and body, in real time. Both filters showed
very good estimating results. Despite the good results, the algorithm was only tested with one
subject, and this does not prove that it is efficient for different subjects. In addition, they did
not perform a gait analysis study. Also, in Lee et al. [121], the authors state that since elderly
people with poor posture are the ones who tend to lean their upper body on the upper frame, a
more sophisticated controller should be developed to cope with unpredictable changes in the
JARoW dynamics.

In Martins et al. [22], a leg detection method to estimate legs position during assisted
walk, detects gait events and calculates the corresponding spatiotemporal parameters. The
method is based on the detection of the legs’ patterns to calculated the position of each leg and
then calculate the spatiotemporal parameters for user’s state monitoring. Preliminary results
obtained on ten walker users show that relevant data using a LRF can be extracted for gait
analysis with small error.

In Cifuentes et al. [105], an interface that extracts navigation intentions from a novel
combination of two sensors were developed. A LRF sensor estimates the users legs’ kine-
matics and a wearable Inertial Measurement Unit (IMU) sensor captures the human and robot
orientations.

However, the use of LRF system may fail in the case of having large pants or skirts, which
will lead to false detections and make the algorithm impracticable. A possible solution is to
adjust the LRF sensor base to capture the feet movement. However, Pallejà et al. [122] showed
that foot detection with laser leads to incorrect gait measurement.

Thus, new studies appeared suggesting a camera approach for feet detection.

Paolini et al. [126] showed that virtual reality for the provision of motor-cognitive gait
training may effective for a variety of patient populations. The interaction between the user
and the virtual environment is achieved by tracking the motion of the body parts and replicat-
ing it in the virtual environment in real time. They presented the validation of a novel method
for tracking foot position and orientation in real time, based on the Microsoft Kinect technol-
ogy, to be used for gait training combined with virtual reality. The validation of the motion
tracking method was performed by comparing the tracking performance of the new system
against a stereo-photogrammetric system used as gold standard.

In Hu et al. [124] a camera is mounted on the frame and observes markers on the toes. This
marker based toe tracking algorithm allows calculating step width and length and provides an
accurate assessment of foot placement during walker use. However, the user needs to wear
markers, which makes this approach uncomfortable to the users. In addition, it is a solution
unviable to be used in a daily routine.

Joly et al. [125][125] uses a Kinect sensor for biomechanical analysis to measure and
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estimate legs and feet position during an assisted walk. Despite being a good approach, the
actual set up was unable to capture the data during all the phases of a cycle gait. This is due
to the range of the sensor which is not able to deal with very close data and its orientation on
the system. Monitoring legs and feet will allow an estimation of the gait characteristics and
information that other systems cannot provide.

As these two methods use legs, they require two separated sets of points for legs, thus large
clothes and skirts will lead to false detection. Moreover, because of complex segmentation,
the image processing is long, not allowing a real time processing of data. In addition, no tests
were performed with actual walker users as elderlies.

In [20, 21] it is presented a better visualization of both feet in all phases of gait cycles
and presents a much more simple and effective approach for feet tracking. To improve the
reliability against environmental conditions (especially clothes), we propose to extract main
data about the walk (feet position and bearing angle) only by segmenting feet. By this way,
the processing time is reduced and the algorithm can be used in real time application. When
[124] has a processing time around 15s, the proposed algorithm [20, 21] takes around 0.1s to
process with similar computers.

2.2.4.3 Upper limbs and Lower limbs

In other studies [127, 128], in addition to the force sensors, they have integrated other sensors
on the SmartW to try to infer more information about the whole body, in an attempt to monitor
the user’s state. Table 2.5 summarizes these studies.

Sinn and Poupart [127] developed a four-wheel rolling walker equipped with four load
sensors (one in each leg) to measure the ground reaction forces, a wheel encoder to measure
the walking distance, a 3D accelerometer to measure the instantaneous acceleration, and two
video cameras (facing forwards and backwards, respectively) to record the environment and
the position of the lower limbs relative to the walker. In order to recognize user’s activities
from the sensor measurements, they presented and evaluated different methods based on Con-
ditional Random Fields. Experiments with real user data showed that these methods achieve
good accuracy (85-90%) to detect different activities like sitting on a chair, not touching the
walker, walking forward/backwards and execute left/right turns. In addition, the authors raised
fundamental questions for their future research, such as, how the accuracy achieved by the al-
gorithms compares to the agreement among different human labelers. In cooperation with
clinicians, they proposed to evaluate how much accuracy is actually needed for providing ro-
bust measures, e.g., of the user’s stability, and the development of strategies to deal with the
basic uncertainty about the “true” user activity.

Postolache et al. [128] proposed a SmartW (without motors) based on technologies ex-
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Table 2.5: Lower limb and upper limb studies: whole body analysis.

Sinn and Poupart
[127]

Postolache et al.
[128]

Sensors’ type
and location

Load sensors on
each walker leg,

wheel encoders, 3D
accelerometer

Microwave Dopler
radar,

accelerometers and
flexible force

sensors

Signals/
Algorithms

Ground reaction
forces, acceleration /

Conditional
Random Fields

Frequency signals

Calculated
Features

Different user’s
activities (turn, sit,

lift, walk. . . )

Walker usage, upper
kinetics and
kinematics

Number of
patients

12 healthy young
subjects

Not specified

Results 85-90% of accuracy Not quantified

Drawbacks It does not provide
stability to the user

Not specified

pressed by microwave Doppler radar, accelerometers and flexible force sensors and Bluetooth
communication that can remotely collect data on walker usage, upper kinetics and kinemat-
ics during walker-assisted gait. It allows automatic or semi-automatic gait analysis that can
be used by physiotherapists to extract information related to patient’s functional disability in
walking as a result of motor or sensory dysfunction, but also to evaluate the gait recovery
progress.

2.2.4.4 Monitoring user’s safety

A very important aspect of SmartWs is to provide security so that the user feels safe while
controlling the SmartW. Otherwise, the user will not use this device and resort to others devices
such as wheelchairs.

Different forms of feedback were already presented in the previous sections to inform the
user about his/her state [83, 108] and safety [15, 108, 112]. This can be achieved through
haptic sensors, auditory and visual information. Table 2.6 summarizes the forms of feedback.

Some actuation from the SmartW can be performed [15, 108, 112] in order to avoid dan-
gerous situations.

In PAMM project [83], the SmartW can record the user’s activity level which over time
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Table 2.6: Feedback Types.

Feedback types Functionalities Studies

Auditory
Agenda information,
Medication, Warning

messages, alarms
[82, 84, 89, 91, 129]

Haptic sensor Collision risk [88, 89, 91, 129]

Visual Gait information,
maps, localization

[82, 91, 93, 129]

can help the physician to better monitor the user’s health. ECG-based pulse monitor was used
to monitor the user’s state. It also records user’s speed and calculate stride-to-stride variability,
as well as gait asymmetry. Both variability and asymmetry are indicators of physical injury
and predictors of fall. However, this recorded data is only to inform physicians, no actuation
is performed by the SmartW.

In Kai et al. [108] typical gait disturbances of parkinsonian patients and a walk supporting
monitoring system suited for such gait disturbances are evaluated. They also presented a
model of walk supporting and monitoring system tested with five healthy subjects and one
Parkinson patient.

Major characteristics of gait disturbances in parkinsonian patients are anteriorly tilted pos-
ture with little arm swinging, short strides, quick short steps, and reduced lifting of the toes
from the ground. All of these characteristics make them prone to stumbling. Typical symp-
toms include frozen gait, hesitation to start walking, and festination and pulsion symptoms.
Thus, the walking aid must prevent such symptoms. The SmartW design includes forearm
supports in order to be possible to measure the anterior tilting of the posture. Furthermore,
force sensors are applied to detect the intention of the user to move. By forcing a fixed speed,
the walker can prevent festination, pulsion symptom and prevention of falling. Such fixed
speed is set when the patient exceeds the threshold force on the handles and his distance to the
walker is safe. Detection of anterior tilting of the posture and brachybasia are done through
position sensors. These sensors detect the relative distance between the patients’ feet and the
walker, and stop the device if needed (to prevent the patient from falling when his feet were left
behind the device). Detection of frozen gait and hesitation to start walking is done according
to pressure information on the plant of the foot, measured through pressure sensors.

These functionalities collect the required data such that the medical staff can evaluate the
state of recovery of patients and use it for guidance in rehabilitation.

In RT-Walker [112] three different states are inferred: a walking state, a stopped state and
an emergency state. A LRF acquires the position of the knee with regards to the walker. User
velocity is estimated from the walker velocity obtained by encoders. The stopped state occurs
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when both the walker and the user velocities are zero. To distinguish the walking state from
the emergency state, user-walker distance is used. A normal distance is determined to infer
the walking state that differ from the emergency state.

In ASBGo project [15, 18], additional safety was envisaged by several sensorial subsys-
tems that complement each other and can free medical staff. Such safety is ensured by a acting
brake. To detect possible forward falls of the user it monitores the approximation of the user
with infrared sensing at the height of the chest. If the user is falling forwards, the distance
between the user’s chest and the walker decreases. An algorithm was developed to detect
abrupt changes on the signal, to then detect if the user is falling forward and stop the walker in
time accordingly. To detect if the user is falling backwards three procedures were introduced.
First, the walker cannot move backwards. So, if the user pushes the upper structure in his di-
rection, the walker stops. Another subsystem ensures the user is guiding the walker grasping
the two handlebars. The proposed safety system is compounded by two force sensor resistors,
one on each handlebar. If the two handlebars are not being held by the user, the walker will
immediately stop. The third procedure is based on two force sensor resistors, one on each
forearm support that will verify if the user is with his forearms properly supported on the base
supports.

Thus, the security of the SmartW is based on the inference of different states that differ-
entiates a normal non-dangerous situation from a risk situation. These states help the braking
system of the SmartW to be quick, efficient and independent of the user’s reaction time. In
addition, there should exist a concern about backward movement. Such “direction” should be
avoided, or done with supervision of a third person.

2.2.5 Discussion and Challenges

A SmartW should provide support whenever required, and it should be an easy-to-use device,
presenting the following features: (i) provide dynamic support whenever the user is walking,
standing or sitting, and provide a relatively stable support for the user to recover from losing
balance, (ii) require little or no effort to use, i.e. to move and change direction, (iii) to be
user-friendly, the movement speed and direction is controlled by the user subconsciously, not
requiring special training.

Research on autonomous and shared-control systems has been extensively described. This
is a very useful functionality for the SmartW, since, for example, the elderly have cognitive
impairments, often forgetting their goals and localization. It is also possible to include the
participation of both parts (user and device) in achieving a goal task. Other problem is when
patients have visual problems, requiring an autonomous help, that can, with safety, drive them
to their goal. Navigation algorithms and techniques are being improved, however more real
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experiments with real users are necessary in the current state of art. Moreover, most SmartW
only provide obstacle avoidance when moving forwards. Such point needs to be addressed in
terms of the safety of the patient. In addition, for the safety of smart walker users, the backward
movement should be avoided, or done with supervision, since generally walker users do not
have the capability to walk backward without falling.

A problem that can be risen in smart walkers is the sensor coverage. Relative to wheelchairs,
walkers present the advantage that sensors can be placed in front without concern for block-
age by the user’s legs; but coverage in the rear can be problematic. Through mechanical and
design solutions, such problem may be handled.

Another concern, that is still a major challenge, is the user adaptation. The key prob-
lem is choosing, implementing and validating algorithms for the recognition of user activities
from the stream of sensor measurements that can effectively detect and interpret user’s intent,
comfort and sense of control.

Other factor that remains a challenge in current research is, for example, system’s vali-
dation. This is, in general, done by simulation or with people with no gait dysfunction nor
cognitive impairments or blindness. Results are not sufficient to prove the effectiveness of the
system, since research is interested in addressing the market to compete with the conventional
walkers.

Another problem is the employed protocols for system validation. These protocols are
created for validation of user-friendliness and user’s comfort but have to be standardized, such
that researchers can compare their works with each other. There is also a lack of published
work on clinical outcome measures.

As a clinical and diagnostic assistant, the SmartW should provide clinicians with longi-
tudinal data of the physical conditions of walker users. In contrast to tests performed in a
clinical setting, this data should be collected in the users’ everyday-life environment and over
continuous periods of time. Thus, a smart walker can be used as a diagnostic tool that will
enable clinicians to monitor at a distance the medical conditions of their patients, dramatically
reducing clinic visits.

Also, SmartW should present different options, either mechanical/structural or electronic,
to give different possibilities for the physiotherapists to work with their patients, with more
quality and optimal recovery results. Another possibility is to control the SmartW remotely,
where the physiotherapist can test different velocities and directions during the therapy ses-
sions, analyzing the behavior of their patients. Moreover, the patient can concentrate on cor-
recting his gait through physiotherapy. This latter was not addressed by any study and should
be addressed on future studies to verify its potential and importance during the rehabilitation
process.
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Moreover, to meet usability and compete with the conventional walkers’ market, SmartW’
investigation has to use low cost but effective sensors, improve algorithms, actuators, walker
design and user interface showing they are safe to use. Most people do not like walkers be-
cause of their size. SmartW may present a bigger size than conventional walkers, complicating
social acceptance. In a first stage, authors think that SmartW should be used in a clinical en-
vironment. Comfort, stability and safety provided by SmartW may be a deal breaker for some
users. This can turn SmartW more accepted than conventional walkers. It is important to state
that many devices are only prototypes and aesthetics, an important factor in any commercial
product that is not addressed.

Other problem may be the weight and transport of the SmartW. Such problem must be
handled by designers and mechanical engineers by creating a SmartW model that can be easily
transported. In terms of weight, even wheelchairs are heavy and are transported by patients.
Thus, a SmartW can be equally heavy, if its transport is possible to be carried out.

The high cost of a SmartW compared with a conventional walker is impossible to escape.
However, such comparison is the same as motorized and non-motorized wheelchairs. The
comfort and quality of treatment may be better guaranteed by a SmartW. Its functionalities
increase its cost, but improves the quality of life of its user. Some patients are not capable of
using a conventional walker, thus they have no other option than to use a wheelchair. With the
extra functionalities given by a SmartW, such patients may have the opportunity to walk and
do exercise. It targets a population with severe problems that needs rehabilitation or functional
compensation. It even targets specific diseases with particular motor problems. In the long
run, these other design considerations should be tackled. Also, other less expensive alternative
methodologies and technologies should attempt to replace the more expensive components
such as the LRF.

Researchers have to demonstrate to clinicians that this can be a powerful tool to help them
in diagnostic, better rehabilitation process, and so on.

Therefore, if the developed technologies are to gain user acceptance and widespread adop-
tion, control interfaces must be intuitive, seamless, and non-obtrusive. Component advance-
ments will achieve seamless and non-obtrusive interfaces. Control algorithm advancements
will achieve intuitive control. However, only persons with disabilities can provide specifica-
tions for intuitive, comfortable and easy design. If we do not make consulting persons with
disabilities a priority, we will not meet the demands of the end user and the technology will
be abandoned.

There is still a long way to go with this assistive device before its commercialization.
However, the authors think that the first product must be simple with few functionalities and
sensors to first gain medical and user acceptance. Then, the necessary upgrades will be made.
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2.2.6 Conclusions

Even though major market segments of assistive mobility technology products are based on
communication and vision aids, the mobility aids are becoming more important, since the
society is ageing and technology needs to help them to improve their quality of life, autonomy
and the efficacy of rehabilitation efforts.

Walkers are devices with great potential for rehabilitation, helping in terms of stability
and mobility. Advances in these devices can achieve transformative changes in mobility and
decrease cognitive efforts.

However, there’s still a lack of acceptance and adoption by the patients of the developed
devices. This survey addressed the requirements that SmartW have to address in order to
strengthen their position as rehabilitation or functional compensation tools. The survey al-
lowed to conclude that the design has to be attractive, ergonomic and comfortable. Control
interfaces must be intuitive and non-obtrusive. In addition, there are still missing studies con-
sidering persons with disabilities, which are the only that can provide this feedback and speci-
fications. To improve and achieve total acceptance, a continuous user involvement is essential,
ensuring that the developed devices match user needs and desires, as well as capabilities.



Chapter 3

ASBGo walker – Project and
Functionalities

This thesis is part of the development project of a 4-wheeled motorized walker (smart walker).
This project, included in the working group - ASBG (Adaptive System Behaviour Group) -
culminates in the development of a smart walker (SmartW) with the ability to ensure safety
and natural handling of the device to the user. This device is equipped with multiple sensors,
and the selection was based on simplicity of implementation and diversity of functionali-
ties. The use of multiple sensors allows the walker to provide information about the user gait
pattern, identify the movement intentions by evaluating the direction and speed, and ensure
security conditions by detecting possible falls. Thus, the final stage of the project is to de-
velop a product with realibility that may help improve subject’s health conditions during their
rehabilitation period, providing daily exercise and better quality of life [4, 9].

A SmartW is intended to be a device that can act as a versatile rehabilitation and func-
tional compensation tool. It should be adaptive considering the necessities of its user and its
use should be safe. Patients present different necessities according to their intrinsic character-
istics, their disorder and therapies. In order to help them, a SmartW should provide different
functionalities.

This chapter aims to present the project in general, focusing on design considerations,
walker’s system, the implementation of four different operating modes, and, finally, an overview
of the gait assessment tool development.
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3.1 Design considerations

For the creation and development of a medical device such as a SmartW, it should be taken
into account for whom it is intended. This brings crucial characteristics and limitations to the
development of the final prototype. Therefore, it is important that first of all a list of goals is
specified before any other point of prototype creation is set.

The first goal is to guarantee the safety of the device to its user. The walker should be robust
and reliable in order to reduce to the maximum any risk of injury to its user. Second goal is the
attractiveness of the device, which means that it has to be economic and comfortable. Other
goal is to provide multifunctionality to the walker, being adjustable to the user and able to
incorporate and solve various problems such as being motorized and help its user in various
tasks (e.g. sit and stand from a chair). Also, the SmartW’s design must be suitable to the aim
of use, i.e. as a functional compensation and rehabilitation tool. Thus, the device must have
an ergonomic design that can provide the necessary support for the patient’s treatment. Since
it will be a product for mass manufacturing it should be noted that its design, assembly and
manufacture has to be as simple as possible, thus saving not only costs to the manufacturer,
but also to be less confusing and expensive for the user. Finally, its use must be practical, easy
to transport, store and adjust.

With these goals well-defined, it is necessary to find and define the main functions and
requirements that the SmartW should present.

In figure 3.1, it is presented the main functions that are proposed to integrate in the SmartW.
These main functions are structure, motor conection, sensor location, adjustments, extra-help
components. Each main function has several sub-functions that were considered throughout
the project. In this way, several options were considered to be designed and developed, so the
designer could get a better sense of the most reliable option for the final prototype. Options
not considered during the project were rejected due to the price, availability of manufacturing
processes and limitations imposed by existing machinery in the factory.

So, in order to understand which is the best way to create the defined functions, it is
necessary to define the main requirements. These requirements will help in the development of
several hypotheses for a possible final prototype, with the creation of different prototypes. To
set such requirements, a team of medical staff, patients and ASBG members were consulted,
and the final list was defined as: to allow a comfortable position to the patient; to allow a gait
without obstructions; to ensure the successful implementation of the associated electronics; to
have easy access to the various electronic components; to have easy and intuitive use; to have
suitable dimensions for hospital use; to be stable enough to support partial body weight.

It is also important to note that this process of selecting the necessary functions and re-
quirements for the development of the SmartW took into account the disadvantages presented
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Figure 3.1: Main functions proposed to the SmartW prototype. The dark boxes represent the
final decisions.

by conventional walkers. One of the main problems observed in the conventional four-wheeled
walkers is their instability, fragile structure and low weigth. These disadvantages may cause
problems such as falls rather than help in the treatment of patients. Throught the identification
of these problems and all aforementioned topics, the team was able to initiate the development
of the SmartW.

The evolution of the project is shown in figures 3.2, 3.3 and 3.4 in terms of the different
prototypes that were created until the final version. First the name ASBGo (Assistance and
monitoring System Aid) walker was given. Then, the initial version of the ASBGo (Figure
3.2) was projected as a proof of concept in order to verify some requirements and functions.
The structure was too rudimental, made of rectangular tubes and parallel structure, needing
improvements, and composed by iron materials, which are very heavy. The motorization sys-
tem of this SmartW was done by two independent motors and a system of pulleys and belts for
each rear wheel (indirect conection to wheel). Its front casters freely rotate. Sensor locations
were tested, mainly the handlebar mechanics and electronics, however the components were
fixed, and a more adjustable position was required. A handlebar integrated with a joystick
was developed [18, 130], however it presented many problems and disadvantages, since this
approach uses rubber springs. Because of that, the system presents a delay and hysteresis be-
havior, which decreases the precision of the system. The offset should be zero or around zero,
which sometimes did not happen, making the walker to move arbitrarily without manipulation
of the user. Since the handlebar constitutes the direct contact/interaction between the SmartW
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and the patient, it should present a reliable functioning. Thus, a new approach was studied and
it will presented in this section.

Then, height adjustment was integrated but it was too rudimental. Forearm supports were
considered very important for a stable support of the patient, however better and more con-
fortable supports were needed.

Thus, the first main considerations and modifications for the creation of the second proto-
type were the height adjustment, extra-help components such as a harness support, confortable
forearm-supports, attractive design, easy to store and transport.

The second version (Figure 3.3) was designed with a circular tube base with a parallel
structure that can pass through any environment (elevators, doors, etc) and to have a small
area to have an easy storage. However this latter characteristic turned out to be a bad option
for its users since most of them present a gait with a wide base of support, making them to trip
over the walker structure.

The motorization system of this SmartW was the same as the first prototype. Also, this
device has only a type of adjustment (height), that it was soon realized that was not enough, as
there are several factors that differ from person to person besides height. One factor that soon
was identified was the need for level adjustment of the forearm supports and distance to the
handlebar. This lack of adjustment led to the limitation of some important wrist movements
to guide the walker as well as the disconfort to be supported on the walker. A box compart-
ment was placed on the front of the walker in order to store the electronics and integrate the
necessary sensors.

Another concern was the SmartW materials. The inferior part was composed by steel,
since is a low price material, rigid and ease of production; and the top and the front were
constructed of aluminum because of its lower electromagnetic driving, not damaging the elec-
tronic components.

This second prototype was tested with different patients and important modifications were
set for the third prototype (Figure 3.4).

First, a more robust and stable structure was necessary to give a greater sense of confidence
and safety to the user. In terms of the base structure, oval tubes were designed and instead of
parallel tubes, they were angled in 10º for each side. After extensive field research (Chapter
2) and several discussions with medical staff and physiotherapists of the Hospital of Braga it
was possible to conclude that the users of walkers, especially users with ataxia and cerebellum
lesions, tend to have a wider gait base of support. After measuring different patients, one con-
cluded that in the mid stance phase of gait a width exceeding 52cm was necessary. However,
on the other gait phases, such width could be more narrow. Thus, a triangle shape base was
designed.
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With regard to the motor position, in this version it was directly coupled to the wheels
(direct conection), to save space and give more torque to the wheels.

One of the major goals of this project is to make a multifunctional and adaptable SmartW
to users with different degrees of disability and different body structures. This, it became
necessary to allow multiple adjustments that do not concern only with an adjustable walker
height, as the vast majority of existing conventional walkers. There are several points that
can vary from user to user, as the distance between the arms, forearms and the length of the
distance from the shoulders to the elbows. In view of these points, the design of the SmartW
considered some characteristics that could enable all these adjustments.. A lateral adjustment
was added to the handles as well as an adjustment of the distance to the walker structure. These
settings are important since it was observed in the second prototype an incorrect distance
among support arms and handles depending on patients. This often prevented an adequate
rotation and flexion of the wrists as required to control the walker.

Two types of grasping and support were set: forearm support with vertical handgrips, for
users with extension problems on their arms; horizontal handgrips for users with shoulder
problems (Figure 3.5). The configuration of the handles can provide adequate stability levels
and may also be used in man-machine interactions, such as detection of users movement in-
tentions (details in section 3.2). Also for better support, more ergonomic and rigid forearm
supports with the possibility of being adjusted in both width and length by a Velcro system
were created (Figure 3.5). These supports have also the possibility to be integrated with sen-
sors, as it will be detailed in the next section.

The required box compartment to accommodate all the electronic part of this walker was
also modified and it was designed to be easy to integrate into the structure and be aesthetic
and functional, allowing easy access to electronic components. Also, a structure to hide wires
was added as well as a protection to encoders and handlebar (Figure 3.6).

Another aspect that was observed in some patients was the assymetry of support in the
walker. They have a tendency to choose one of the arms and therefore have decentralized gait
forcing on one of the upper limbs, creating an incorrect and harmful posture. Therefore, an
abdominal surface area with a curvature in the contact area with the user was added to center
the user and correct his posture, independently of his anatomy. Such surface is presented in
figure 3.5 and was built of wood because it is a cheap material, attractive and easy machining.

Some extra-help components were also added. In order to give more autonomy and safety
to patients it was added two bars with handles on the back of the walker to assist the transi-
tion of sit-to-stand. A harness struture was also reinforced to help some patients with higher
balance disorders and weak lower limbs. This will force these patients to maintain the correct
position while walking, increasing their level of confidence, and giving them a greater support
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Figure 3.2: First ASBGo prototype.

to avoid undesirable imbalance and falls. Finally, it should be mentioned that the seat was
removed since it caused obstructions and restrictions to gait.

3.2 Electronic System Overview

The final version of ASBGo walker (Figure 3.4) was integrated with multiple sensors and other
electronic components given it different functionalities and characteristics that are presented
in table 3.1.

Two motors drive its right and left rear wheels independently. Each rear wheel is installed

Figure 3.3: Second ASBGo prototype.



3.2 Electronic System Overview 67

Figure 3.4: Third ASBGo prototype.
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Figure 3.5: ASBGo handlebar

Figure 3.6: Protection of A. encoders and B. handlebar.
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Table 3.1: ASBGo charateristics and functionalities.

Walker ASBGo
Type of Device Motorized Walker

Target Population High balance disorders and coordination problems
Key Functionalities Intention recognition, adaptation to the user, obstacle

avoidance, gait pattern evaluation
Modes Autonomous, manual, secure and remote control

Physical Interaction Potentiometers
Steering Motorized rear wheels

Indirect Interaction Force resistive sensors, Infra-red sensor, Laser range
finder, Active depth sensor and Sonar sensors

Safety Functionalities Braking and falls detection
Communication and

Programming Arduino Platform and Portable computer

with an encoder. The electronics and heavy components were installed in a lower level of the
walker to improve the general stability of the ASBGo.

The handlebar (Figure 3.5) acts as a direct interface with the SmartW and is based on
low cost electronics composed by potentiometers. To acquire user’s commands, the proposed
handlebar has two potentiometers to detect the forward and turning directions. The control
system will use these forces for forward and turning-speed control. Thus, two commercial
potentiometers were embedded into the handlebar: a linear potentiometer (0-10kΩ linear)
to detect directional changes in speed and a rotary potentiometer (0-470kΩ linear) to detect
forward changes in speed. With this system, the user can intuitively manipulate the SmartW
at his own pace. If the user pushes or forces to a side the handgrips, the SmartW moves
forward or turns accordingly. The SmartW interprets these two basic motions and controls the
motors speed and direction, accordingly. It is not allowed to walk backwards. The explained
movements of the handlebar are illustrated in figure 3.7. The handlebar has translational
motion to the left and right, as the green arrow represented in figure 3.7 indicates, and has
rotational movement represented by the blue arrow. These sensors will be actuated by the user
to command the walkers movement [14, 15, 17].

For safety measures, uni-axial force sensors were installed in the forearm supports as
shown in figure 3.8. Such sensors detect possible instabilities and falls from the user (de-
tails in section 3.3.3).

The walker also has 9 sonar sensors distributed in a three layer configuration to maximize
the detection area (see configuration in figure 3.9). A low ring of 6 sonars mounted forward-
oriented detects the majority of ordinary obstacles, like people, walls or other low obstacles.
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(a)

(b)

Figure 3.7: Schematic conguration of the two movements of the handlebar: a) linear and b)
rotary potentiometer.
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Figure 3.8: A. Uni-axial force sensor strutucture installed on B. the forearm supports.
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Figure 3.9: Frontal view of ASBGo. Conguration of the sonar sensors (Low ring, High ring
and Stairs sonar)

High obstacles such as tables or shelves are more difficult to detect than ordinary obstacles
since their support to ground can be undetected by the forward oriented sonars. They can lie
in front of the walker and provoke a collision. Thus, a high ring of 2 sonars pointing upwards is
mounted to detect high obstacles. These 8 sonars are meant specifically for obstacle avoidance.
An extra sonar pointing downwards is mounted on the walker to detect stairs. This sonar does
not contribute to the obstacle avoidance task, but stops the walker when changes in the ground,
such as stairs or holes are detected.

Other important requirement of a SmartW is the possibility of doing clinical evaluation
during walker-assisted gait. This is the first step to assess the evolution of a patient during
rehabilitation and to identify his needs and difficulties. Advances in robotics made it possible
to integrate a gait analysis tool on a walker to enrich the existing rehabilitation tests with new
sets of objective gait parameters. The team of this study developed a legs detection method to
estimate legs position during assisted walking using a Laser Range Finder (LRF) and a feet
detection method was developed with an active depth sensor. More details will be presented
in section 3.4.
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Besides acting as a gait assessment tool, ASBGo also has four operating modes: au-
tonomous mode, manual mode, safety mode and remote control mode. The autonomous mode
allows the user or the physiotherapist to set the desired position to which the SmartW should
autonomously move while avoiding any obstacles in the environment. The manual mode is
characterized by the SmartW’s movement under the guidance of commands defined on the
handlebar. As the movement is defined by the patient, this mode is only recommended for
patients with minimum visual capacities and/or cognitive, that have sufficient motor skills on
the upper limbs. The safety mode is characterized by a warning system that alerts the presence
of obstacles in front of the walker as well as the monitoring of users fall risk. However, the
SmartW’s movement is controlled by commands set by the patient, as in manual mode. Fi-
nally, remote control mode has been developed in order to allow the physiotherapist to control
the orientation and velocity of the SmartW. Physiotherapist have here the opportunity to ex-
amine the behavior of the patients and possible gait reactions and corrections from the patient
to different directions and velocities given by him. These operation modes are presented with
more detail in section 3.3.

With such functionalities, ASBGo is versatile, adaptive and safe as a rehabilitation and
functional compensation device for patients with mobility problems prescribed for its use.
Versatile since it can be used for a variety of patients that present difficulties in mobility
associated with other personal limitations such as visual problems and/or cognitive). Adaptive
since it allows adapting the parameters of control systems (such as minimum and maximum
speeds) depending on the physical limitations of the patient. Safe because the structure of the
presented SmartW was developed with a design that provides for a more stable movement and
safety for the patient.

3.3 Operation Modes

The main goal of the developed SmartW (ASBGo) is the rehabilitation and functional com-
pensation of patients with mobility and balance problems. Since patients can present different
types of difficulties and disorders associated with locomotion, the SmartW has to be adapt-
able to these different limitations. Thus, through four operating modes is possible to adapt
the operation of ASBGo depending on the difficulties of the patient and provide a safer, com-
fortable and efficient rehabilitation. This section presents the operating modes of ASBGo:
autonomous, manual, safety and remote control modes. Figure 3.10 schematizes the four
operation modes.



72 ASBGo walker – Project and Functionalities

Operation Modes
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G
o
al

s/
T

ar
g
et

 p
at

ie
n
ts

F
u
n
ct

io
n
in

g

• Decrease physiotherapist 

work effort;

• To monitor the patient's 

behavior;

• Ideal for patients with 

visual and motor 

coordination problems.

• Double-task training;

• Recommended for patients 

with visual and cognitive 

capabilities and enough 

motor coordination to 

manipulate the handlebar. 

• Provide safety such that 

the user feels safe while 

controlling the smart 

walker;

• Low visual and cognitive 

capabilities.

• The physiotherapist 

analyzes behavior, 

compensations and reactions 

against sudden changes in 

speed and orientations;

• It allows the patient to focus 

on his gait pattern;

• Patients in initial stages of 

walker use.

The physiotherapist indicates a 

target location for the walker. 

It will avoid obstacles that 

appear along the way. Neither 

the patient nor the 

physiotherapist have control 

over this mode. Decisions are 

made by the walker itself.

The walker is conducted 

independently by the user. 

Commands are defined on the 

handlebar. 

The patient guides the walker 

and a warning system is 

activated if a dangerous 

situation is detected.

The physiotherapist defines 

the commands to control the 

smart walker's movement 

(speed and orientation)

Figure 3.10: Four operation modes: Autonomous, Manual, Safety and Remote Control.

3.3.1 Autonomous Mode

Autonomous mode allows the user or physiotherapist to define the desired position coordinates
while guiding the SmartW in the environment.

This operation mode is suitable for patients with visual and/or cognitive limitations, or/and
cannot control the SmartW manually due to weakness or lack of upper and lower limbs coordi-
nation. In the case of locomotion recovery in the hospital, the physiotherapist initially defines
the type of training (with different targets to be achieved) and the walker starts the process
without any intervention of the patient. The locomotion recovery continues without the need
for outside help, such as physiotherapists or family. Simultaneously, the autonomous mode
allows monitoring the patient’s behavior, so that the physiotherapist can assess his progress in
recovery. To turn the ASBGo autonomous is necessary to integrate a module to ensure obsta-
cle avoidance and movement to the target. A local navigation module based on a Nonlinear
Dynamical Systems Approach (DSA) [131] was implemented.

In [16], our team presented an obstacle avoidance technique for ASBGo based on DSA
and in [132] the stability of this approach for obstacle avoidance was addressed. Different
simulation environments were tested. The simulated hospital environment contained typical
obstacles usually found in real hospitals, such as beds, wheelchairs, litters, food trays, etc.
The SmartW was not provided with the location ofknow the distribution of the obstacles over
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the hospital environment. Good performance of the SmartW was achieved when navigating in
pure obstacle avoidance mode and when combining obstacle avoidance and target attraction.
Results demonstrated that the sonar configuration mounted on the SmartW had successfully
detected several types of hospital obstacles, including dynamic obstacles. In addition, the
ability for detecting high obstacles, ramps and stairs was also simulated and performed with
success. This is innovative since had not been considered in previous works [131, 133]. Thus,
with DSA the SmartW successfully avoided obstacles with safety and smooth movements.

After implementing DSA in simulation, real experiments were performed in a lab environ-
ment (http://youtu.be/wfmFeA60B0o). Before testing with patients it is fundamental to verify
how the system behaves in a real environment. Thus, in order to be faithful to a Hospital envi-
ronment, three different experiments were performed, with both static and dynamic obstacles.
Results showed that the ASBGo behaved very well in all experiments, being efficient in all
situations.

Finally, the ASBGo was brought to the hospital for the final tests with patients. In (http:
//youtu.be/LQdsFFZCiJw) it is possible to watch some seconds of the autonomous mode with
a patient. After moving for 30 minutes with different patients and velocities, the autonomous
mode showed to be successful in detecting all obstacles. It is noteworthy that sometimes
individuals appeared in front of the walker, provoking an emergency stop of ASBGo. This
stop was efficient and did not put the patient in danger. Also, stairs were also put on the
trajectory of ASBGo. When the stairs were closed, the ASBGo stopped in time, since the
stairs’ ring detected with enough margin distance the stairs, not putting the patient in danger.
Patient’s and physiotherapists opinions were very positive about this operation mode. Patients
said: "I felt very safe being conducted by the walker" and physiotherapists said: "This mode is
very useful and it seems to work well on the environment where we execute the gait training.
With this mode we can observe the patient and it gives more independence for the patient".

This mode will not be further discuss since it is not in the scope of this these. Details can
be found in [134].

3.3.2 Manual Mode

The Manual mode is characterized by the movement of the ASBGo under the guidance of
commands defined on the handlebar. In this way, the patient is responsible for supervising the
ASBGo movement while not getting any feedback controller to avoid the obstacles in front of
the smart walker. As the movement is defined by the patient, this mode is only recommended
for patients with visual and cognitive capabilities, as well as enough motor coordination to
manipulate the handlebar.

After placing the hands on the two handgrips, the user will act on them accordingly to

http://youtu.be/wfmFeA60B0o
http://http: //youtu.be/LQdsFFZCiJw
http://http: //youtu.be/LQdsFFZCiJw
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the command he wants to perform: start to walk, accelerate, slow down and turn left or right.
Thus, if the user intends to: (1) increase the walking speed, he has to turn the handlebar in
a counterclockwise direction (Figure 3.7b); (2) decrease the walking speed, he has to turn
the handlebar in a clockwise direction (Figure 3.7b); (3) turn to the right, he must move the
handlebar to the right side (Figure 3.7a); (4) turn to the left, he must move the handlebar to
the left side (Figure 3.7a).

The pre-processing of both potentiometers is presented in detail in [13, 15]. In order
to achieve adaptation to different patients due to different arm strengths, the sensors are cali-
brated for each patient. The authors predict that patients with greater strength and coordination
prefer a higher range of velocities, while patients with lower coordination or tremor, prefer a
lower range of velocities on the handlebar to gain more stability and to feel more secure. Thus,
the physiotherapist can change the range of velocities, as well as the maximum velocity that
the SmartW can move. This is done by means of a graphic interface (Figure 3.14a)

The control strategy for this operation mode is based on fuzzy logic to classify the signals
sent by the potentiometers and transform them into motor inputs, in such way that the SmartW
drives the motors according to the user’s commands [15].

Comparing the situations illustrated in figure 3.11 with the data from graphs of figure 3.12,
it can be seen that the experiment starts with increasing angular position of the potentiometer
(see the situation of figure 3.12a) which results in increasing the linear velocity of the ASBGo,
since both motors equally increase their speed (see graphic shown in figure 3.12b). From t =
13s, the position of the potentiometers is constant, i.e. the ASBGo keeps its movement straight
forward. The situation B (Figure 3.12) represents the time interval in which the angular po-
tentiometer maintains its position, however, the linear one shifts to negative (see figure 3.12a),
which changes the movement of both wheels. Since the right motor speed is higher than the
left motor (see figure 3.12b), the ASBGo with turn left. Between the t = 22s and t = 26s, AS-
BGo movement is the same as described in situation A, where the ASBGo motion has constant
speed. The situation C represents a change of direction to the right side, because the linear
potentiometer has a positive value and the left motor increases its speed at time as the right
motor reduces. In the final part of this experience, t = 37s of figure 3.12a, the potentiometers
are in position zero and the motors speed drops to zero, stopping the SmartW. Therefore, this
operation mode allows the SmartW’s movement to be controlled by the patient. However, this
mode is prescribed by the physiotherapist only for patients without visual and/or cognitive
difficulties, with motor co-ordination and sufficient strength to the manipulation of ASBGo
handlebar. During rehabilitation, this mode can be used in a later stage, for instance. In (http:
//youtu.be/LQdsFFZCiJw) it is possible to watch some seconds of the manual mode with a
patient.

http://http: //youtu.be/LQdsFFZCiJw
http://http: //youtu.be/LQdsFFZCiJw
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A B C

Figure 3.11: Patient controlling the movement of the ASBGo through the handlebar. A: Walk-
ing forward; B: turning left; C: turning right.
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Figure 3.12: a) Percentage of rotary potentiometer movement (red dashed line) and percentage
of linear potentiometer movement (blue line). b) Percentage of left motor (red dashed line)
and right motor (blue line) velocity.
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This mode will not be further discussed since it is not in the scope of this thesis.

3.3.3 Safety Mode

A very important aspect of SmartWs is to provide safety such that the user feels safe while
controlling the SmartW. Otherwise, the user will not use this device and resort to others devices
such as the wheelchairs.

On the ASBGo safety mode, the patient guides the SmartW and a warning system is acti-
vated if a dangerous situation is detected. Both the environment and the patient are monitored.

The monitoring of the environment is characterized by a warning system that alerts the
presence of obstacles in front of the SmartW. The warning system of this operation mode con-
sists of three led lights: green, yellow and red. Figure 3.13 represents three situations detected
by the safety mode. The green light is lightened in the absence of obstacles in front of the
SmartW, i.e. when all the sonar sensors measure a distance greater than a predefined mini-
mum distance (mindist). When SmartW is at a distance of less than a pre-defined maximum
distance (maxdist), the red light is activated to warn the patient that there is an obstacle near
the SmartW. The yellow light signal is triggered when SmartW approaches obstacles in the
environment. This light maintains its state if at least one of the ultrasonic sensors detects a dis-
tance between maxdist and mindist. Depending on the patient type, there may be the need to
adjust maxdist and mindist. The physiotherapist has the possibility to adapt these parameters,
because patients with longer reaction time need more time to avoid the obstacles. Addition-
ally, an audible alarm system, with different sound frequencies associated to these different
distances, may also be triggered if the patient is visually impaired. Another option, is to stop
the device if a pre-defined mindist is exceeded.

On other hand, the monitoring of the patient is characterized by a group of sensors that
monitor the risk of fall. This latter type of monitoring of the safety mode will be presented in
detail in chapter 4.

The user behavior will be analyzed in terms of distance to the walker, support loading and
motion intention. For this, three sensors installed on the upper base of the SmartW will be
used: infrared sensor (IR), force sensors and potentiometer (Figure 3.5). The ideia is to infer
different user states and accordingly with the detected state, one actuation of the SmartW is
performed in order to avoid a fall.

3.3.4 Remote Control Mode

The remote control mode was developed to allow the physiotherapist to monitor the user be-
havior and control the velocity and orientation of the SmartW accordingly (Figure 3.14a). In
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Figure 3.14: a) Remote Control interface and b) Physiotherapist controling the ASBGo at
distance.

this mode, the physiotherapist analyzes the behavior, compensations and reactions of the pa-
tient against sudden changes in speed and orientations and defines the commands to control
the SmartW’s movement. In addition, it allows the patient to focus on his gait pattern and
balance and not on the guidance of the SmartW. A graphic interface (Figure 3.14a) was de-
veloped to allow the SmartW remote control. It can be used on a portable computer or on a
smart-phone (Figure 3.14b).

Due to the insecurity of patients in the movement to the rear, in this operation mode the
movement of the walker to the rear is possible. However, this feature requires the supervision
of a physiotherapist to ensure the safety of the patient.

In addition to this remote control, a feedback feature was added. This feedback consists
on showing the feet movement and/or trunk of the patient while using the walker (Figure
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Figure 3.15: Feet Feedback

3.15). With such visual information the patient demonstrated will have the opportunity to
auto-correct his movements, having the sense of his problem and solving it automatically.

In (http: //youtu.be/LQdsFFZCiJw) it is possible to watch some seconds of the remote
control mode with a patient.

3.4 Gait Evaluation system

A SmartW is not only a device to give support and guide its user. It should also have the
functionality of evaluating the recovery of its user. By this, a gait assessment and analysis tool
was integrated on ASBGo.

Precise motor function evaluation in rehabilitation programs is a major challenge in clin-
ical practice and has gained widespread interest with recent technologies. Further, assistive
device rehabilitation is becoming popular, since these devices present characteristics that make
use of the residual capabilities of its users, maintaining and enhancing motor strength capabil-
ities.

Nowadays, in physiotherapy, physiotherapists evaluate motor function and patients’ per-
formance based on visual information and personal expertise about the movement patterns.
Such information is qualitative in nature and the final clinical decisions are strongly empirical
and subjective. This evaluation can be more objective and quantitative, if it applies gait evalu-
ation techniques that allow a systematic study and characterization of the human locomotion.

Thus, gait analysis has been an important research field for rehabilitation purposes. A
common technique in gait analysis is gait tracking and there are many precise systems with
such purpose, e.g. optical motion capture systems. However, these systems may present

http://http: //youtu.be/LQdsFFZCiJw
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occlusions when acquiring data, need a considerable workspace, require expensive processing
devices, and demand dedicated personnel to conduct the measurements. Therefore, often these
systems are limited to special laboratories for analysis, which results in both economical and
practical disadvantages.

Nowadays, many studies focus on research of gait tracking with portable sensors placed on
the subject. Inertial [135] and pressure/force sensors [136, 137] are very well known examples
to measure joint rotations, dynamics and spatiotemporal parameters.

Regarding gait tracking systems integrated on external devices like walkers, there are a
large variety of examples [4, 9]. This research is very important since clinical evaluation of
walker users is the first step to decide the degree of assistance they require. This evaluation
is only performed once and by observation, using standard scales and questionnaires [138].
Advances in robotics made it possible to integrate sensors on conventional walkers to act as
portable gait analysis systems. Further, these systems allow evaluating the evolution of some
disorders and enhance diagnostics in ambulatory conditions.

A sensory system that captures the relatives evolutions between the lower limbs of the
user and the walker, providing information related to gait pattern and stability for further
clinical evaluation was developed in this thesis. Such system is composed by two sensors
and will be the focus of chapter 4. One sensor is a Laser Range Finder (LRF) that captures
the legs’ movement regarding the walker. Then, an active depth sensor caputes the feet of
the user. These two systems can work separately depending on the disorder and/or clothes
of the walker user, or together through a sensory data fusion system. With these systems
it is possible to identify gait events in order to calculate the corresponding spatiotemporal
parameters. With these parameters, it is possible to calculate stride-to-stride variability, which
is a strong indicator of risk of fall. Other important indicator is the symmetry of parameters.
This can tell us if the coordination between legs is improving or not.

Besides the lower limbs, it is possible to monitor the trunk in terms of stability and postural
control. This system is composed by one acceleromenter that will also be presented in chapter
4.

With this main functionality as a gait evaluation tool, the ASBGo walker can give impor-
tant information about the user’s state to the physiotherapist. With such information the phys-
iotherapist can verify quantitatively the evolution of his patient, can decide which treatment is
more appropriated and which are the actual movement problems that have to be enhanced and
exercised.





Chapter 4

Gait and Posture Assessment and
Analysis System

Clinical gait analysis is the process by which quantitative information is collected to aid in
understanding the etiology of gait abnormalities and in treatment decision-making[139]. Such
analysis is often divided in (1) patient qualitative observation, (2) a description phase and
(3) a biomechanical analysis. Description phase and biomechanical analysis are facilitated
through the use of technology such as specialized, computer-interfaced video cameras to mea-
sure patient motion, electrodes placed on the surface of the skin to appreciate muscle activity,
and force platforms imbedded in a walkway to monitor the forces and torques produced be-
tween the ambulatory patient and the ground [140]. Since most clinics and hospitals do not
have access to this equipment, simple and portable gait analysis systems should be available
[39, 141]. Such availability of equipment is important to allow an objective assessment of a
person’s functional physical state [39].

This problem affects the clinical gait analysis in training with walkers. Thus, research has
been focused on this problem by addressing the characterization of human gait parameters and
other aspects with the use of walkers [8].

In order to well diagnose and follow rehabilitation with the use of a walker, a gait assess-
ment system has to be accurate but also affordable to reduce unequal access to health care
and to improve clinical follow-up (i.e. to allow to be used in physiotherapists’/physicians’
office). Similarly, the gait assessment system should be portable and adaptive to the majority
of walkers. The system should be contactless to be used in daily routine, improve comfort
and decrease the time of analysis. If the system enables realtime analysis, data could be used
directly during the consultation by the physician and eventually at home for motivational pur-
poses or monitoring the quality of walk (to predict any forthcoming deterioration of a user’s
gait). Commercial motion capture systems do not fit with the previous requirements. They are
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expensive, not portable and use markers [142]. In addition, in assisted gait, occlusions often
occur. Thus, inclusion of embedded and portable systems on the walker seems to be more
appropriate for building a gait assessement system to characterize and analyze walker-assisted
gait.

Advances in robotics made it possible to integrate sensors on conventional walkers to act
as portable gait assessment systems. Further, these systems allow evaluating the evolution of
some disorders and enhance diagnostics in ambulatory conditions.

However, the majority of these walker studies focus on developing systems based on force
sensors located in the handles [103], or in the frame of the device to detect the bending force
that is applied on the walker [62] to identify the body weight load of the user on the walker.

Thus, this chapter intends to present different assessments at different points as follows: a)
the pattern followed by feet and legs and b) the variables to evaluate body balance of a walker
user. These assessments will give the necessary information to spatiotemporal evaluation,
posture and fall risk estimation.

Different systems were created and will be presented on the following subsections.

One active depth sensor (ADS) will track the feet (section 4.1), to provide position and
orientation of the feet center and one Laser range finder (LRF) will track the legs (section
4.2). After validating these systems, a method for spatiotemporal parameters calculation is
proposed (section 4.3). However, since ADS and LRF systems are prone to errors, a multi-
sensor data fusion based on these systems will be presented (Section 4.4). Other system that
will be presented is the use of one accelerometer placed at the trunk to indicate the stability of
the user regarding his centre of mass (COM) position, giving posture and balance information
(section 4.5). Finally, besides analysing the gait pattern, it is important to monitor the user
safety while walking with the walker device. For this force and infra-red sensors will infer
different security states of the user in order to alarm him and advise for dangerous situations
(section 4.6).

4.1 Feet Position Tracking with an Active Depth Sensor

4.1.1 Active Depth Sensor System

Recently, technologies using depth images have considerably evolved. Kinect and Xtion PRO
Live sensors, the main cameras referenced on literature, reached an acceptable price compared
with stereo vision systems [143], with similar results. These sensors use a weak infrared laser
to project a predefined pattern of dots of varying intensity [143]. This pattern provides a
source of easily extracted features. The variation of these features compared with the known
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Figure 4.1: Xtion Pro Live sensor

pattern for a fixed distance provides a method for depth reconstruction, giving a depth map.
In addition, this depth map is not sensitive to light changes.

Thus, in this study a Xtion PRO Live sensor (www.asus.com), shown in figure 4.1, an
active depth sensor (ADS), is used to capture the position of feet placed on a walker-type
device. In figure 4.2 it is shown the sensor integrated in different walkers.

It has a resolution of (640x480) pixels, field of view of 58° H, 45° V, 70° D (Horizontal,
Vertical, Diagonal) and 16 bits depth precision. It processes 30 frames per second (33 ms per
frame), time that meets the requirements for the measurement of parameters associated with
the pathological human gait [140, 144].

The specific location/orientation requirements are such that it has be at the center of the
walker capturing the feet in the coronal plane and to have a good visualization of both feet
over all gait cycle, i.e. minimum distance of 0.4m (sensor specifications) between feet and
camera field of view. The sensor should also presents an inclination, whose angle depends on
the walker (structure and design) where it is integrated.

The Institute for Intelligent Systems and Robotics (Marie et Pierre Curie University, Paris,
France), AGATHE group, and the ALGORITMI research center (Minho University, Guimarães,
Portugal), ASBG group, collaborated in a research project based on the integration of this ADS
on a smart walker. AGATHE purpose was to develop an ADS based control and ASBG in-
tended to use this sensor for gait monitoring purposes. To achieve these two goals, it is first
necessary to evaluate the efficiency of the feet position estimation with an ADS placed on the
smart walker. As a result of this collaboration, two scientific contributions were published
[20, 21].

4.1.2 Brief Review of Feet’ Tracking Methods with Active Depth Sensor

Paolini et al. [126] proposed real time feet position and orientation traking for treadmill use.
The camera was placed 1m above the ground and 1m in front of the treadmill (which is within
the range of operation of the depth sensor of the Kinect) so that it had an unobstructed view of

http://xtion prolive
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(a) (b)

(c) (d)

Figure 4.2: Different walkers with ADS system. a) ISIR’s smart walker. b) ASBGo. c) and d)
two four-wheeled walkers.
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the treadmill belt surface. In addition, a marker was placed on each foot. Their position errors
are lower than 27mm (Root Mean Square Deviation - RMSD). Their orientation error (bearing
angle) is below 10% RMSD and it is calculated between two fixed points of the marker. They
obtained 3D orientations of the feet, but angles around vertical axis should be sufficient for
gait analysis and control purposes. Although these results are good, the proposed method is
not suitable for our application since it is based on the use of markers attached to the feet.

Two teams proposed the use of a camera depth sensor without markers.

Hu et al. [124], placed a Kinect under a four-wheeled walker, at the center capturing the
legs in the coronal plane. They proposed to estimate 3D poses from depth images of the lower
limbs in the coronal plane in a dynamic, uncontrolled environment. They employed a proba-
bilistic approach based on particle filtering, with a measurement model that works directly in
the 3D space and another measurement model that works in the projected image space. Only
position errors are reported by the authors (less than 60mm) and they are considerably bigger
than the ones obtained with markers (27mm) [126].

Joly et al. [125] proposed a 3D skeleton on the partial Kinect data. The sensor is also
placed on a four-wheeled walker in the axial plane. Despite presenting the same principle as
in [124], in [125] the model is simpler, representing the two legs as two rigid bodies linked with
a ball joint and the correspondence with the model is made with the depth map. Simmilarly
orientation error is reported by the authors to be less than 15º. Such orientation is calculated
through the lines that represent the feet. However, due to occlusion problems, data are not
available in all the gait cycle phases.

As these two methods [124],[125] use legs, they require two separated sets of points for
legs, thus large clothes and skirts will lead to false detection. Moreover, because of com-
plex segmentation in both studies, the image processing is long (more than 15s) and cannot
currently be implemented in real-time, making it unsuitable for control and gait analysis ap-
plications.

Based on these studies, the ADS system, in this section, was placed in a specific position
of the walker, as shown in figure 4.2, to have a better visualization of both feet in all gait cycle
phases. A new algorithm was implemented to present a simpler and effective approach for
feet tracking. To improve the reliability against environmental conditions (especially clothes),
it is proposed to extract feet data by segmenting the feet. Since no model will be used, it
is believed that the time processing will be reduced. This redution will allow to apply this
method in real-time applications, such as gait analysis. Also, it will be possible to integrate
this system in different walkers, which means that the system will be independent regardless
of which device is placed. Such consideration was not detailed, nor tested, by the previous
studies.
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Figure 4.3: Schematic of the proposed feet detection algorithm.

4.1.3 Algorithm for Feet’s Tracking

In order to detect and track the feet with the active depth sensor (ADS), three main steps
have been implemented: (i) Calibration, (ii) Feet segmentation and (iii) Computation of feet
distances and orientations. The workflow is presented in figure 4.3. The algorithm and image
processing was done using OpenCv library.

4.1.3.1 Calibration

The calibration aims at converting (u,v) and depth coordinates on the ADS frame (X ,Y,Z) into
(Xw,Yw;Zw) coordinates of points in meters in the walker frame (see figure 4.4). The calibra-
tion of ADS for feet tracking is done in 2 steps: Calculation of (1) ADS intrinsic parameters
and (2) extrinsic parameters. Step (1) is related to the characteristics of the ADS, thus it is
only necessary to do it once. Step (2) depends the orientation/position of the ADS, thus it is
necessary to perform this step every time the camera changes its orientation/position.

(i) Camera Intrinsic parameters

To express the point coordinates in meters in the ADS frame, it is necessary to know the
intrinsic parameters of the ADS, gathered in the following matrix:

F =

 fx 0 cx

0 fy cy

0 0 1

 (4.1)

where fx and fy are the focal lengths and cx, cy the coordinates of the center of the image.
To get this matrix, the OpenCV method of calibration was used with the RGB image of the
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Figure 4.4: Schematic of the ADS (X ,Y,Z), walker (Xw,Yw;Zw) and world (X0,Y0;Z0) frames.
(X f i,Y f i;Z f i), where i = [1,2], are the 3D positions of the center of each foot in the walker’s
frame.

ADS. It assumes that the intrinsic parameters of the RGB camera are close enough to those
of the camera depth sensor. With the intrinsic parameters matrix, points in the ADS frame
(X ,Y,Z) are obtained by multiplying the vector (u,v,1) by inverted F and by the depth (s),
given by the depth map of ADS, associated with the (u,v) coordinates: X

Y
Z

= F−1.

 u
v
1

 .s(u,v) (4.2)

(ii) Conversion of ADS’s frame to walker’s frame

The geometric relation between the ADS frame and the walker frame is assumed to be a simple
rotation along X. To find the angle of this rotation two methods can be used: to measure the
angle manually (poor precision) or use the Point Cloud Library (PCL) to segment the ground
plane. With this, a rotation matrix R is obtained to calculate the ADS coordinate points in
meters in the walker frame.  Xw

Yw

Zw

= R−1.

 X
Y
Z

 (4.3)
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4.1.3.2 Feet Segmentation

The image issued from the ADS contains feet but also legs (with perturbation of the clothes)
of the user, background, floor and wheels of the walker. The aim is to extract the feet so the
following process is applied to the image.

(i) Select feet region

The ADS depth image is selected to display only the “feet region”. The “feet region” is defined
in Z (height) direction. It is the set of data between a few millimeters above the ground to a
threshold height (thresh) that is obtained experimentally (trial and error).

(ii) Feet segmentation

A binary image, based on the depth map, is computed to select points in the feet region ac-
cording to the distance of the measured points from the ground. The binary “blob” technique
(based on the identification of different regions [145]) labels the different objects in this region.

(iii) Feet selection

The centroid of each foot candidate is processed and the two closest centroids from the center
of the image are labeled as right and left foot. This selection methods eliminates candidates
close to the walker wheels and other objects in the background (due mainly to the imperfect
estimation of the ground plane).

Elderly’s gait usually presents decreased stride and step length and an increase in the walk-
ing base [140]. However, walking base is reduced when ambulating with the walker [69]. This
pattern causes the feet to touch during the walk and so to appear together on the images cap-
tured by ADS. When such situation is detected through area information, the “blob” is eroded
until two “blobs” appear. If this method does not allow to identify the two feet (the image does
not contain two blobs), the image is not taken into account.

4.1.3.3 Computation of feet distances and orientations

The feet data will be used for gait analysis during walker use. Positions in Yw direction (Figure
4.4) contain most of the necessary information to calculate spatiotemporal parameters (step
lenght, step time, and others). In Xw direction it is possible to calculate step width which can
be used to know if users have a tendency to increase their support polygon and thus give clues
to predict falls [146]. Feet orientation is an important parameter for gait pattern correction.
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(i) Monitoring feet positions

Two points are candidates to monitor the positions of the feet: the centroids of the feet and
the toe tips. However, none of these two solutions are perfect since their position varies a lot
due to changes (noise) on the blobs limits. Thus, it was selected the feet positions (X f ,Y f )
as coordinates in the walker frame (see figure 4.4) as the mean of the abscissa of the foot and
the ordinate of the closest point of the foot to the ADS. Despite the presented disadvantages,
it also takes the centroid of each foot into account for further purposes.

(ii) Calculate feet orientations

Accordingly with [124, 125], the orientation (bearing angle) can be calculated through a line
connecting to points of interest in the foot, e.g. centroind and tip toe points. However, in this
approach such points presented an instable behaviour, as it was mentioned before. Thus, to
calculate the orientation of the feet it was chosen to use Principal Component Analysis (PCA)
[147]. This approach is used to find the highest variance of the points that correspond to each
foot, thus obtaining the information on the orientation of each foot, in each frame. PCA is used
for many different applications where correlation between variables is required and creates a
new space where this correlation is defined.

Consider p variables and n samples. The first step of this method is to calculate the co-
variance matrix (size pxp) that takes the n samples into account. Then, the eigenvectors of
this matrix are calculated and give the principal directions of the correlation (p is the maximal
number of directions that can be found) and the eigenvalues will give the importance of the
resulting correlations. In this specific application, PCA will be used to find the axis of inertia
of each foot. It is applied with two parameters (p = 2) that correspond to the feet coordinate
points (xi, yi), the n samples correspond to the number of detected points (i) of each foot and
x̄ and ȳ correspond to their means. The covariance matrix (S) for each foot ( j) is defined as
follows:

Sj =

[
σ2

x σxy

σxy σ2
y

]
=

[
1
n ∑

n
i=1(xi − x̄)2 1

n ∑
n
i=1(xi − x̄)(yi − ȳ)

1
n ∑

n
i=1(xi − x̄)(yi − ȳ) 1

n ∑
n
i=1(yi − ȳ)2

]
(4.4)

The covariance matrix S, may be reduced to a diagonal matrix L by premultiplying and
postmultiplying it by a particular orthonormal matrix U such that

UT SU = L. (4.5)

The diagonal elements of L, λ1, λ2, ..., λp are eigenvalues of S. The columns of U, u1,u2,...,
upare the eigenvectors of S. The characteristic roots may be obtained from the solution of the
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following equation, called the characteristic equation:

|S−λ I|= 0 (4.6)

where I is the identity matrix. This equation produces a pth degree polynomial in λ from
which the values λ1, λ2, ..., λp are obtained. For this work, there are p = 2 variables and
hence,

|S−λ I|=

[
σ2

x −λ σxy

σxy σ2
y −λ

]
(4.7)

0 = σ
2
x σ

2
y −σ

2
xy −λ (σ2

x +σ
2
y )+λ

2.

Then, after solving the above equation, the eigenvalues (λ1, λ2) associated with the axis
that characterizes the line the connects the center of the foot with the tip toe, are used to give
the orientation (γPCA) of each foot:

γPCA = tan−1
(

λ2

λ1

)
. (4.8)

(iii) Double support instants (DSI) detection

In human walking, the feet orientations vary according to the gait phase (Swing and Stance) in
the gait cycle. In this study, it will defined that on the swing phase the orientation of the feet is
not significant and on the stance phase is significant. By this, it was defined a specific “event”
to calculate this orientation. In addition, different subjects have different feet orientations,
and even the same subject can present different orientations for the same trajectory. So, the
determination of the orientation of the front foot when it is on the ground (stance phase) it
is not sufficient. Therefore, the orientation will only be calculated when both feet are on
the ground - double support instant (DSI). This event is adequate since both feet are stable
and with fixed orientations. To detect DSI, the distance, in Yw direction, between the feet is
calculated (Figure 4.5). The modulus of the distance is maximum before the derivative of the
depth signal (Yw direction) turned negative or positive. If this condition is verified, a DSI is
detected. (squares in figure 4.5) and the orientation is calculated.

The height signal (Zw direction) would be good to estimate if a feet was on the ground or
not. However, in this study such signal was not used for double support instant detection since
even if heigth is well estimated, the DSI are not as clear on the Z-direction signal as on the
Y-direction signal, in terms of signal processing. Y-direction signal is more predictable and
simpler to process than Z-direction signal.
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Figure 4.5: Detection of double support instants.

Figure 4.6: Codamotion markers on the foot.

4.1.4 Results

4.1.4.1 Experimental setup

One trajectory, consisting in a U-turn, was performed by three healthy subjects and eleven
elderlies with various diagnoses leading to gait dysfunction (Table 4.1). These patients were
colleted from Braga Hospital in Braga, Portugal and from Charles Foix Hospital in Paris,
France. Each subject performed the trajectory two times. Different walkers were used (Table
4.1), in order to demonstrate that the system is flexible regarding the walker that is integrated.
For validation of the obtained data with the proposed ADS system, ground truth trajectories
are provided by the motion capture system Codamotion System (www.codamotion.com). The
technology uses miniature infra-red active markers positioned on each foot (Figure 4.6) to
track the key positions on any subject. The spatial error of this sensor is less than 0.33 mm.
The sampling period was set to 100Hz and data processing was made on MATLAB (version
2012b). Positions and orientations of the feet are then compared between data obtained from
ADS and from a ground truth (Codamotion).

Regarding the ADS system, the sensor was placed 0.35 m from the ground and around 40o

of inclination in the walkers of figures 4.2a, 4.2cand 4.2d. In the smart walker of figure 4.2b,
the sensor was placed 0.8 m from the ground with 20o of inclination.

http://CODA
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Table 4.1: Subjects’ Demographic Data (ADS) and walker type used.

Age Weight (kg) Diagnosis Walker device
1 26 63 Healthy. Figure 4.2a
2 28 79 Healthy. Figure 4.2a
3 31 76 Healthy. Figure 4.2a
4 86 69 Recurrent falls and compression of vertebrae T12. Figure 4.2d
5 86 62 Recurrent falls and oedema. Figure 4.2d
6 88 65 Fall with head trauma. Figure 4.2d
7 90 75.3 Confounding syndrome that led to a loss of autonomy. Figure 4.2d
8 84 75 No autonomy and has cognitive limitations. Figure 4.2d
9 71 82 Post-surgical Knee Osteoarthritis. Figure 4.2b

10 89 39 Psychomotor agitation. Figure 4.2c
11 91 51.5 Brain breed. Figure 4.2c
12 91 68 Lower limbs ulcer and acute decompensated heart failure. Figure 4.2c
13 85 40 Heart failure and femoral head fracture. Figure 4.2c
14 79 93 Pulmonary abscess. Figure 4.2d

4.1.4.2 Feet detection and segmentation results

Figure 4.7 shows two frames of different phases of the performed trajectories with one healthy
subject (Figure 4.7a) and one elderly subject (Figure 4.7b). The first frame shows the moment
that the right foot is beginning to cross with the left foot in a straight line. The second frame
shows the feet performing a curve for the right. The first image of each frame corresponds
to the original input image captured by the ADS. After applying the feet tracking algorithm,
the second image of each frame is obtained. Some unknown objects can appear in the image,
while the subject is walking, leading to a feet false detection. However, the algorithm was
capable of discarding such objects. Each foot is labeled as right foot (red) or left foot (blue).
With the detection of the feet, the point of interest of each foot can be calculated. Then, PCA
is applied to calculate the orientation of each foot. The image shows a representation of the
axis of inertia (line of each foot) that allows the calculation of the angle of orientation of the
feet. It can be seen that different foot orientations are well identified by the PCA algorithm.

Regarding thresh (expressed in mm), it was defined 10 < thresh < 80 and in terms of
processing time, it takes only 0.17 s to qacquire and process each frame and obtain these
results.

4.1.4.3 Position errors results

Since the goal is to extract gait parameters from the collected images, it is represented the
signals obtained with the position coordinates in (Xw,Yw) frame when the subject is walking
forward. To validate these positions, coordinates of the feet from Codamotion system in the
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(a)

(b)

Figure 4.7: Two Frames representing the feet tracking algorithm result. First frame represents
the subject walking forward. Then, second frame represents the same patients turn right. Right
foot is red and left foot is blue. The line represents the result of PCA, giving the orientation of
each foot. a) healthy subject; b) elderly subject.
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world frame (X0,Y0) were transformed into coordinates in (Xw,Yw) frame to be compared with
the ADS signals

As it can be seen in figure 4.8 the positions (Xw,Yw) estimated with the ADS are very
similar with the ones captured by Codamotion system. As it was previously said the walker
may bring motion occultation, which means the Codamotion system will miss data that will
increase the difficulty to study the gait. Such situation is observed in figure 4.8 where Co-
damotion system signals present missing data and errors due to occlusions.

Another situation where occlusion of data appears is during U-turn (Figure 4.9). The
Codamotion system loses the markers, and it is not possible to acquire data in such event.
However, our proposed system it is capable of tracking the feet even in such situation. It is
possible to verify that the ADS system detects both feet through the all trajectory and CODA
loses the feet at t ≈ 10s, when the turn begins.

The results allow concluding that the proposed system is better suited for gait motion
analysis in assisted gait with a walker device than Codamotion system.

As in [126], Root Mean Square Deviation (RMSD) is used to quantitatively compare the
Codamotion and ADS position data. The results are shown in table 4.2. On position precision,
the Z-signal is the more precise and precision on X and Y-signals are about the same. In figure
4.8, in Zw, main differences between ADS data and ground truth (CODA) occur when the feet
are far away from the ground. Indeed in this case, a smaller part of the foot is in the feet region
leading to less precise measurement. In Yw, the pattern is detected with ADS data as well as
with the Codamotion data. In Xw, even if the difference seems bigger due to the scale, position
error is about the same as for Yw.

By comparing the results with [126] (method with markers) for all positions, in table 4.2,
it can be seen the proposed algorithm presents worse results. Even if the precision of the
proposed method is not as good as in [126], it seems acceptable for gait analysis.

In table 4.2, it can also be seen results with elderlies. Despite the error increase, it is still
acceptable that the proposed algorithm is suitable to be used for feet tracking, acquiring the
necessary data to be used as a gait assessment system. It is now necessary to perform gait
analysis (spatiotemporal evaluation) to assess whether these errors are admissible for such
application. Such verification is done in section 4.3.

In figure 4.10, it can be seen that double support instants are difficult to extract from z-
signal as no threshold in altitude between “on the ground” and “out of the ground” can be
easily defined. Double support instants are well detected by the proposed method (green picks
in figure 4.10) with a precision around 0.1s. This signal will be used for controlling a smart
walker in future work.
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Figure 4.8: 3D feet positions acquired by CODA motion capture system and ADS sensor with
two patients when walking in straigth line.

Table 4.2: Comparison between [126] and the proposed method on positions errors

RMSD (mm)
X Y Z

Healthy subjects 28.9±2.03 30.8±2.82 13.4±3.37
Elderly 35.2±2.87 40.1±7.03 13.9± 4.56
[126] 4.9±1.40 19.4±6.10 8.4±1.70
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Figure 4.9: Feet position acquired by ADS sensor and CODA of one patient during a U-turn.
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Table 4.3: Comparison between [125] and the proposed method on orientation errors.

RMSD (%)
Healthy subjects 21.1±4.33

Elderly 25.2±5.30
[125] 7.9±2.6

4.1.4.4 Orientation errors results

Figure 4.11a and 4.11b represent angle measurements during a left and a right turn, respec-
tively. Forward and turn phases (long pink dashed lines) are identified as well as DSI instants
(little black dashed lines). Joly et al. [125] presented discontinuous angle measurements, but
as it is shown in figure 4.11, the proposed method gives continuous measurements. ADS data
and data from the Codamotion system display the same behavior. The error in orientation of
this purpose is about 20% (see table 4.3) that should be sufficient to assess big changes. In-
deed, it represents ±7o and it is possible to see that during straight phases, angle could change
±10o. During turn phases, angle variations increase. Looking at Paolini et al. [126] results,
7.9% o error is very low. But once again, they use markers on their approach, which is not
suitable for this application.

From figure 4.11, it is observed that, in turn phase, both signals present opposite slopes,
which are correlated to the turn direction. This is a feature that can be used to discriminate
between a left turn motion and a right turn motion.

Looking into detail at the DSI instants, it can be verified that at these instants the angle
obtained through ADS is very similar with the one obtained with CODA. The error orientation
decreases to 10%, which means that this instant is ideal to turn the feet orientation acquisition
more accurate.

Looking at a complete U-turn, in figure 4.12, for example, it can be observed that the
algorithm detects the orientation of the feet.

These results show that the proposed algorithm can be used to monitor the feet orientation,
and perhaps be used to a walker movement control purpose with the feet detection.

4.1.5 Conclusions

This section presents a system able to track the feet position and orientation during an assisted
walk without equipping the user. An active depth sensor was used with a new detection algo-
rithm that suits for all subjects and walkers like rollator. The main advantages of our method
compared to others realized with this kind of sensor is that it is markerless, faster than using
3D models, reliable against clothes conditions and detects continuously orientations of the
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Figure 4.11: Orientation signal given by ADS and Codamotion systems in forward path fol-
lowed by a (a) left and (b) right turn. Dashed lines represent the time interval when the turn
occurs.
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Figure 4.12: 2D Feet position and orientation acquired by ADS sensor of one patient describ-
ing a U-turn.

feet. The precision of the presented method is better than other markerless methods [125] and
seems sufficient for gait analysis. However, validation of such precision is still necessary to
be done.

Preliminary results show that this system has high potential to be used on clinical trials
with patients to give clinical insight to the clinicians. Other application of this system may be
the control of the smart walker movement. Since this system gives the orientation and position
information of the feet, it can be used to translate patients’ intention of velocity and direction.
Further studies are necessary on this matter.

4.2 Legs Position Tracking with Laser Range Finder Sensor

4.2.1 LRF System

The LRF (URG-04LX URG01), in figure 4.13, performs a scan of 240° with an angular res-
olution of 0.36°. The time spent in each scan is 100 ms, time that meets the requirements for
the measurement of parameters associated with the pathological human gait [140, 144]. In a
full scan, the sensor acquires 682 points (approximately one point per 0.36°) from left to right.

This system aims to acquire the distance between the legs and the walker. It can be de-
duced, mistakenly, that the most appropriate position for fixing the sensor would be a few
centimeters from the ground so that the feet of the user can be intercepted by the scanning
plane of the laser. However, during the gait process, the user’s feet rise above this plane, so
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that, in these moments, no information regarding the lifted foot is detected.
Pallejà et al. [122] showed in their work that it was not possible to detect accurate infor-

mation of feet movement with LRF sensor. Thus, to prevent undesired detection of the feet,
the sensor is positioned to scan a plane, which is distant 30 cm from the ground and parallel
to it (Figure 4.13). This plan was chosen according to [121, 123].

Figure 4.13: A. Laser Range Finder sensor (URG-04LX URG01); B. Location of the LRF
sensor.

The proposed system in this section was designed in collaboration with the colleagues
of the Electric Engineering Department, from Federal University of Espirito Santo, Vitória,
Brazil. As a result of this collaboration, two scientific contributions were published [19, 22].

4.2.2 Brief Review of Legs’ Tracking Methods with LRF

For the development of an algorithm to track the legs, a state-of-art research was made. Many
studies already presented methods of legs tracking with a LRF sensor.

Kheyrur et al. [148] used the geometric approach with the Bounding box method. This is
a method for checking geometric features of a set of candidate data that is to be classified as
"human legs". The classification is based on the length of the diagonal of an imaginary rect-
angle, among other features, which has two opposite vertices that correspond to legs points.
However, according to [148], it is not able to capture critical information for efficient detection
of legs.

Chalvatzak et al. [149] proposed the detection and tracking of user’s limbs using the
range data for the feature extraction. Towards this end, the authors apply a combination of
K-means clustering along with Kalman Filtering (KF). However, postures that may lead to
false detections, such as closed legs, are not addressed in this study.

Another method is known in the literature as Circle fitting [150]. This method assumes
that the data from laser scanning concerning to human legs appears with a curved shape.
Although other objects during scanning may also have curved forms, it is considered that
the radius of curvature of human legs is normally between two specified limits. This builds
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up the classification method for verifying the radius of curvature of the detected shape. The
disadvantage of this approach lies in the fact that the type of clothing can change the geometry.

Belloto and Hu [151] used a LRF to identify patterns of legs which can be separated legs,
legs together or not parallel legs, in order to allow interaction between a person and a mobile
robot. Despite dealing with different legs postures, these patterns are pre-defined with the help
of features whose values are found off-line. Since each person has its own characteristics, the
pre-definition may lead to errors in the detection of patterns. The approach presented in [129]
does not classify the legs posture into pre-defined patterns. They divide the space into two
sub-regions (right and left) and classify the legs as right or left by observing the sub-region
in which they operate. This division of regions is made by an imaginary line passing through
the centre of the LRF scanning. This approach could work well if implemented on a walker.
However, it would only be successful in straight-line paths when the legs are enough apart. If
the user walks with the legs very close to each other or if one leg invades the sub-region of the
other, the algorithm may fail.

In this section it will be presented the development of a technique for detection of legs
similarly to [151] since it deals with the problem of different legs postures. The difference
relies on the self-calibration of the system to be able to detect legs of different subjects and the
features that characterize the legs. Besides, the system is able to deal with noise and situations
of non-pattern. In addition, it does not depend on pre-defined sub-regions for each leg.

4.2.3 Proposed Algorithm for Legs’ Tracking

The legs’ detection method presented in this section is based on [151] and develops improve-
ments since [151] does not deal with noise, non-patterns and different user’s legs dimensions
and clothes. The developed detection algorithm is divided into five parts represented in figure
4.14.

(A) Pre-processing of data

(B) Detection of Transitions

(C) Calibration Mode

(D) Pattern analysis and 
estimation of the coordinates 

of the legs

(E) Non-Patterns Detection

Figure 4.14: Proposed leg’s detection algorithm.
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4.2.3.1 Pre-processing of Data

Each point distance is represented by mi, where i is the index of the point of acquisition. Thus,
i varies from 1 to the maximum number of points of the scanning (682 points for a full scan).
Each measurement point i, in each scan, is represented as follows:

mi = (αi,ri) , i = [1, ...,682] (4.9)

where αi is the angle calculated from the i index and ricorresponds to the measured dis-
tance (mm). Thus, the point set that is acquired in a full scan can be represented by:

U = {m1,m2, ...,m682} (4.10)

In order to limit the background, a boundary of the region of interest (ROI) is performed.
This ROI seeks to address the whole area where the legs will be positioned during walking. All
measurements that are outside the ROI will not be considered (256 < i < 426 (30o < i < 30o)
, rmax = 1000 mm). This procedure aims to make the LRF to only identify the person who is
using the walker, thus preventing people and objects that are near the walker to interfere with
the detection of the user’s legs. Figure 4.15a shows the top view of the walker in a situation
where a person P1 is with the legs inside the defined region and a person P2 is outside that
region.

P1 P1

Laser

R’=  [|(r2-r1)|, |(r3-r2)|, |(r4-r3)|,|(r5-r4)|, …]  
=  [r’1, r’2, r’3, r’4, …]

P2

Region of interest

(a) Delimitation of the region of interest.

P1 P1

Laser

r1

r2
r3r4

r5r6
r7

r8r9r10

r11

R’=  [|(r2-r1)|, |(r3-r2)|, |(r4-r3)|,|(r5-r4)|, …]  
=  [r’1, r’2, r’3, r’4, …]

x

y

(b) Representation of the transitions’ detection pro-
cedure.

Figure 4.15: Top view of the walker.
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4.2.3.2 Detection of Transitions

In this section the calculation of transitions in each scan of the LRF signal will be presented.

These transitions are defined as the difference between two consecutive i points of scan j.
After the delimitation of the ROI, vector R j = [r256 j,r257 j, ...,r426 j] is created and contains the
distances measured in scan j. For the transitions’ detection R’ j = [r’256 j,r’257 j, ...,r’425 j] is
created, which contains the transitions. Each element is calculated as follows:

r′i j =
∣∣r(i+1) j − ri j

∣∣ ,256 < i < 425 (4.11)

Vector R’ j is then used to infer which transitions correspond to the bounds of a leg. For
this, each value of the vector R’ j is compared to a threshold λ (this constant is calculated
online as it will be explained in the next section). If a transition value r’i j is higher than λ , it
corresponds to a bound of a leg. Figure 4.15b shows an example of this detection, where r’1

and r’4 of vector R’ correspond to leg bounds.

4.2.3.3 Calibration Mode

For the correct detection of the legs, some features must be assessed to determine if there is
one leg, two legs or not in vector R’ of the ROI. This is herein called the problem of different
legs postures. This evaluation aims to distinguish legs from other objects that could be in the
ROI between the user and the walker. In [151], the leg’s width (a), the maximum step length
(b) and the width of two legs together (c) are the features selected to detect legs’ boundaries.
However, the authors proposed to use the following features: opening angle of the leg (lp) to
check if it is one or two legs; and maximum step length (λ ) to detect transitions that correspond
to legs’ boundaries (LB). These features are illustrated in figure 4.16.

In [151] the features are pre-defined off-line. This work proposes an online calibration
(OC), during which the individual only needs to take two steps with the walker, at his own
pace and without time limit, to estimate lp and λ . λ is the difference between r′i j. lp is
calculated as the difference between i of two consecutive transitions that correspond to the
extremies of a leg.

Please note that OC should be performed with clothing that allows distinguishing the two
legs and both legs must be spaced from one another during OC. It is also noteworthy that as
more acquisitions are obtained during OC, the better will be the outcome of the OC, since the
values of the evaluated features are based on average values of all scans. These values are
used for the same person. If the person and/or conditions change, a new OC has to be done.
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Figure 4.16: Features for calibration.

    SL     OL     LT

Figure 4.17: Legs’ Patterns represented by the LRF: Separated legs (SL), legs together (LT)
and overlapping legs (OL).

4.2.3.4 Pattern Analysis and Estimation of the Coordinates of the Legs

During assisted gait, the user can present different legs’ patterns. This makes the laser to
capture different data patterns, and thus the calculated center of each leg will be different.

The detection of patterns is based on the classification of the position of the legs according
to the number of detected transitions. Three different patterns can be identified: separated legs
(SL), legs together (LT) and overlapping legs (OL). Figure 4.17 illustrates these three patterns
and the corresponding acquired raw LRF data.

To classify the patterns a flow chart is presented in figure 4.18. First the number of candi-
date of leg boundaries (LB’) that might correspond to a leg is calculated through the λ value
(calculated on OC). Then, if the number (b = 1,2 . . .B) of LB’ corresponds to one of the val-
ues of table 4.4, the pattern is classified and the center of each leg is transformed onto polar
coordinates (r,α). Later, for spatiotemporal parameters calculation, these coordinates are con-
verted to cartesian coordinates, since those parameters are calculated accordingly to x and y
directions.
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Calculate number LB’ 
through λ

B=4

Pattern=SL 

B=3

Pattern=OL 

B=2

Pattern=LT 

Non-Pattern

Y Y Y

N N N

(r, α) of each leg center 

Figure 4.18: Flow chart of the classification of leg patterns.

Pattern
SL OL LT

Number of LB’ (B) 4 3 2

Table 4.4: Number of transitions for each leg pattern.

4.2.3.5 Non-Patterns Detection

In case more than 4 transitions are acquired a non-pattern is detected. The occurrence of this
situation appears when the laser detects an object or noise in the ROI. In case 5 transitions
are detected, it means that the laser detected noise or OC was not properly carried out. In
case 6 or more transitions are detected, it means that an unknown object was detected on the
ROI (Figure 4.19a) or a noise occurrence divided one leg in two parts (Figure 4.19b). If these
situations are detected the following procedures are executed:

(i) Transition Pairs Verification

First, the pairs of transitions are verified to check which pairs correspond to a leg. Two condi-
tions are verified and both have to be valid as presented in figure 4.20:

(1) Is the difference between i of two consecutive transitions higher then lp? If yes, it
means that probably a leg was found and if not it is not a leg, like the situation illustrated in
figure 4.19a; then (2) Is ri+1 (i corresponds to the position of a transition) lower than 1000mm
(rmax)? This condition eliminates false legs, since the space between the legs can present a
distance greater than lp.

If both conditions are verified, only the pairs of transitions that correspond to legs are
saved.
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Figure 4.19: Situations where the algorithm detects 6 transitions.

(ii) State Sequence Verification

If verification (i) is confirmed (Figure 4.20), the number of detected transitions (B j) is com-
pared with the number of transitions of the previous scan (B j−1). This comparison is based on
a state sequence verification. A state is characterized by a number of transitions. This state
sequence is composed by four states: 4T (4 transitions), 3T (3 transitions), 2T (two transi-
tions) and 0T (no transitions detected, which means no legs). All states are bidirectional and
from scan to scan the same state can be verified. Observing figure 4.21, possible transitions
between states are identified by arrows.

In case incorrect state sequences are detected, a flag is set with value 1 and the current
legs’ coordinates acquire the value of the coordinates of the past state.

An example of the importance of the state sequence verification is illustrated in figure
4.19b. In this case, 6 transitions were identified and through verification (i) one leg (right
leg) would have been eliminated since this verification (i) would have considered that this
acquisition only has the presence of one leg. This elimination would pass 4T to 2T, which is
an incorrect state sequence. Thus, state sequence verification becames important to verify if a
correct sequence of patterns is followed.

(iii) System Error

To verify if the two last verifications worked (Figure 4.20), the algorithm verifies if each r
between two consecutive samples is greater than 200 mm (the distance walked between two
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i i No

No

Yes

Yes

No

Yes

Figure 4.20: Flow chart to verify pairs of transitions and state sequence.

samples is never higher than this value). If that happens, the distance of scan j is equal to scan
j − 1 and a flag is set equal to zero (the flag is only recorded to count how many times the
system detected a verification error, as itl will be shown in results.

4.2.3.6 Conversion of LRF frame to walker’s frame

Looking at figure 4.22, it is necessary to know the cartesian coordinates (XL and YL) of the
subject’s leg relative to the walker through the polar coordinates (r,α) given by LRF.

Thus,

XL = rcos(α) (4.12)

YL = rsin(α) (4.13)

However, this result would not be accurate since there is an error between the distance
measured by the laser and the distance that the subject actually walks [105]. As it can be
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Figure 4.21: The correct state sequence. 4T (4 transitions), 3T (3 transitions), 2T (two transi-
tions) and 0T (no transitions detected).

Y
L

X
L

X

Y
α

r

Y0

X0

XLRF

YLRF Xw

Yw

Figure 4.22: Axis scheme for the calculation of legs’ coordinates on the world reference
(X0,Y0).
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A B

C D

Figure 4.23: Ratio between the reading of the laser and the person walks.

seen in figure 4.23, rC−D corresponds to the real step length and rA−B corresponds to the step
length measured by the laser that is 30 cm above the ground. Through the followed relation,
it is possible to find the correction coefficient k between these distances:

rC−D = k.rA−B (4.14)

and thus calculate rC−D.

4.2.4 Results

4.2.4.1 Experimental Setup

A total of 14 patients (12 elder patients subjected to total knee replacement surgery and 2
ataxic patients, indicated for the use of walker) were asked to perform the tests that will be
presented on the following subsections. Their gait is irregular and unbalanced. These subjects,
listed in table 4.5, were patients from Braga Hospital and signed the informed consent. The
tests with the walker were video-recorded for temporal validation and the steps were marked
on the floor for spatial validation.
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Table 4.5: Subject’s Demographic Data (LRF)

Subject Age Height (m) Calf length (m)
1 66 1.70 0.55
2 65 1.71 0.52
3 67 1.69 0.54
4 74 1.67 0.51
5 65 1.66 0.50
6 41 1.71 0.51
7 54 1.68 0.49
8 58 1.60 0.35
9 52 1.65 0.48

10 62 1.62 0.38
11 62 1.85 0.63
12 28 1.61 0.47
13 42 1.67 0.53
14 40 1.60 0.47

Table 4.6: Mean and Standard Deviation values of Legs’ Features.

OC Features Values (Mean ± Standard Deviation)
lp 15.5o± 11o

λ and b [151] 31 cm ± 20 cm
a [151] 10 cm ± 6 cm
c [151] 20 cm ± 9 cm

4.2.4.2 Online Calibration Mode and Patterns’ Detection Results

In order to evaluate the effectiveness of the proposed method to detect legs’ patterns and the
achieved error reduction, the proposed method in [151] has been implemented for comparison
with the proposed system (with and without OC). To acquire the selected features (Table 4.6)
a set of tests where the patients had to walk in straight line for data collection involving the
14 subjects (Table 4.5) were conducted. After measurements with data from LRF, it was
concluded that features’ values are different from subject to subject. In table 4.6 it can be seen
that the standard deviation is slightly high. The three approaches were tested: [151] approach
was tested with a,b,c values of table 4.6; the proposed system without OC was tested with lp
and λ values of table 4.6; and the proposed system with OC found lp and λ values for each
patient.

The total number of laser scans recorded for each patient was 1800 (180 s, an average of
180 steps). In table 4.7 it is presented the results of how accurate the detection algorithms
clearly classifies the transition state into SL, OL and LT. True Positive means that true SL,
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Table 4.7: Comparison of leg detection errors using [151], proposed system without OC and
with OC. Errors are expressed as ratios of false positives, false negatives and true positives ver-
sus total detectable patterns. True Positive are related to patterns correcty classified and false
negative and positive are related to wrongly classified patterns as false and true, respectively.
Mean±Standard deviation values.

[151] Proposed system
without OC

Proposed system
with OC

False Positive (%) 2±2 8±1 0.01±0.5
False Negative (%) 45±2 83±1 0.49±0.5
True Positive (%) 53±2 9±1 99.50±0.5

OL, LT data are classified correctly, and false negative and positive means the patterns are
wrongly classified as false and true, respectively. Our algorithm with OC presented a per-
centage of 99.5% of correct detections compared with 53% and 9% of the other approaches
(Table 4.7). The error of false negatives (missed patterns) is very high both for [151] and
for the proposed system without calibration. This shows that OC is needed to decrease the
error of pattern detection. It is noteworthy that if more steps are done by the subject during
OC, more effective are both features to detect legs and it is necessary that during OC both
legs are visible. In general it has been required an average of 1-2 steps, which corresponds to
an average of 20 samples (i.e. 2s for OC since LRF has 0.1s of acquisition period). Figure
4.24 illustrates a compilation of the three patterns and two situations of non-patterns that were
detected throughout the experiments with the 14 subjects using OC.

4.2.4.3 Estimation of the Coordinates of the Legs Results

In order to test if the coordinates of the detected legs are being well calculated two types of
experiences were performed with the 14 patients: (i) Subjects stand in front of the walker;
and (ii) Subjects push the walker while executing a straight forward trajectory. The achieved
results are described next.

(i) Subjects Stand in Front of the Walker

The distance in X-axis and Y-axis between LRF and the legs was measured through a metric
tape (ground truth) and compared to the distance calculated by the proposed system. Root
Mean Square Deviation (RMSD) is used to compare quantitatively the distance measured by
ground truth with the one measured by the proposed system. Results can be seen in table 4.8.
RMSD values show that the algorithm is correctly detecting the center positions of the legs
with small error in standing position.
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Figure 4.24: Patterns results: a) SL; b) LT; c) OL and Non patterns on d) and e).

Table 4.8: RMSD error between the proposed LRF system and the ground truth.
Mean±Standard deviation is presented.

RMSD (mm)
X-axis Y-axis

(i) Stand in Front of the Walker 20.1 ± 0.15 27.2 ± 0.09
(ii) Walking with the Walker 21.2 ± 2.35 28.5 ± 2.18
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Figure 4.25: LFR distance signal in Y- and X-axis.

(ii) Subjects Walking with the Walker

In order to verify the error of the proposed system when the subjects are moving, a Vicon
(www.vicon.com) motion capture system (ground truth) was used in order to calculate RMSD.
As it can be seen in table 4.8, the error increases a little in comparison with the standing
situation but is still small regarding the application of this method. Since it is intended to
calculate gait parameters that usually are expressed in mm, the error is acceptable. In figure
4.25, it is shown an example of the LRF distance signal in a straight-forward trajectory.

4.2.4.4 Conversion of LRF coordinates to real world coordinates

(i) Estimation of error between the displacement estimation of the proposed LRF sen-
sor’s method and the real displacement.

In order to estimate the correction coefficient between the displacement estimation of the
proposed LRF sensor’s method and the real displacement, the distance measured on a straigth
forward walkway was compared with the distance measured by the LFR. It is noteworthy
that 14 different subjects (Table 4.5) with different calf lengths were chosen to verify if this
length has some influence on the measured correction coefficient. With this information, the
correction coefficient can be calculated as follows:

k̄ =
1
N ∑

RealDistanceLength
LRFDistanceLength

(4.15)

http://vicon
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Table 4.9: Calf length and the corresponding mean error for each subject

Subject Calf length (m) k̄
1 0.55 1.86
2 0.52 1.65
3 0.54 1.55
4 0.51 1.60
5 0.50 1.68
6 0.51 1.59
7 0.49 1.60
8 0.35 1.77
9 0.48 1.64

10 0.38 1.67
11 0.63 1.66
12 0.47 1.63
13 0.53 1.65
14 0.47 1.62

Total Mean 1.66±0.08

where N corresponds to the total of trials. After data analysis of the 14 subjects, k̄ , for each
subject, was found and it is presented in table 4.9.

This mean correction coefficient k̄ will correspond to k from eq. 4.14 and its average value
is equal to 1.66. Analyzing all distances’ length measured by the LRF with the correction
coefficient k the general error is ±20%.

Since each person has his own style of walking and the relation between calf length and
mean correction coefficient does not seem to follow a pattern, it is difficult to find a model
that can define this relation. In addition, although the error variability (0.08) is small, it was
still obtained an error of 20% and since this estimation is very important for the calculation
of spatial parameters, a solution is required. Thus, it is recommended to execute, before the
rehabilitation program, a calibration test (it can be integrated during OC) where the subject
walks through a known distance. Then this distance is introduced on the program that will
calculate the corresponding k to each walker user. With this calibration, the error was reduced
to ±10% with these subjects.

4.2.5 Conclusions

This paper presented a system able to track the legs position during an assisted walk without
equipping the user. A LRF sensor was used by a new detection algorithm that suits for all
subjects through a calibration mode. Preliminary results show that this system has high poten-
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tial to be used on clinical treatment with patients on the hospital to give clinical insight to the
clinicians. Further work is necessary to run more tests and reduce the errors associated with
the calculation of spatiotemporal parameters.

4.3 Spatiotemporal Evaluation in Walker Rehabilitation

This section aims to present the calculation of some specific spatiotemporal parameters while
the user is walking with the walker. These parameters are important to evaluate the state of
the user and infer his evolution in the rehabilitation program, for instance. Many disorders
are characterized by spatiotemporal parameters, and their modification can bring insight into
the diagnostic of the user. Many examples can be presented [152]: after a fall, people tend to
enlarge their support base and present higher stance duration; Parkinsonian festination corre-
sponds to an inconstant speed and short steps; multiple infarcts syndromes are related to small
steps; Ataxic patients increase their support base, small steps, low velocity and very insecure
gait; arthroses’ patients present asymmetric gait and small steps.

Thus, the following spatiotemporal parameters should be calculated (Figure 4.26): step
and stride length, stride width, gait cycle, cadence, velocity, stance and swing phase duration,
double support duration and step time [144, 153]. In order to calculate these parameters it is
needed to detect three main events: Heel strike, toe off and legs crossing (Figure 4.26). This
is possible through the use of the aforementioned sensor systems: ADS and/or LFR.

The gait cycle (Figure 4.26) has its beginning and end in successive events of the same foot,
thus identifying repetitive events that can be characterized by one cycle time. During the gait
cycle, the relative distance between the lower limbs and walker varies as follows: increases
when the lower limb moves more slowly than the walker or when it is stopped (stance phase);
decreases when the lower limb moves forward with a faster speed than the walker (swing
phase). These variations are illustrated in figure 4.26 for one lower limb. It is also possible
to observe that the distance between the lower limb and the walker is maximum at the end of
the stance phase and before the beginning of the swing phase (time when the lower limb goes
from the state of being stopped to the state of approaching the walker).

Figure 4.27 illustrates the relevant events detection. The maximum values (squares) cor-
respond to toe-off (TO) events; the minimum values (white circles) correspond to heel-strike
(HS) events; and when the signals are crossing (d_cross) it means that the lower limbs are
also crossing (blue circles) [19, 154]. tdR , dR (time and distance right lower limb), tdL and
dL (time and distance left lower limb) are generic points chosen to exemplify how to calculate
the parameters. These events enable to calculate the following parameters (i = R,L, where
R corresponds to the right leg and L corresponds to the left leg). Also, the same events in
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Figure 4.26: Relative distance between one leg (black) and the walker, during one gait cycle.

consecutive gait cycles are represented by d’ notation and time instant is represented by t.

• Stride Length (STR) and Gait Cycle (GC): are the distance and time, respectively, be-
tween toe-off events from the same foot. It is calculated through the difference/instant
between the maximum distance and consecutive minimum.

ST Ri = diTO–diHS (4.16)

GCi = |tdiTO–td′
iTO| (4.17)

• Step Length (STP) and Step Time (STPT): is the distance and time, respectively, be-
tween heel strike of one foot and consecutive heel strike of the other foot.

ST PR = dLHS–d′
RHS (4.18)

ST PL = dRHS–dLHS (4.19)
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Left lower limb
Rigth lower limb 

Figure 4.27: Distance LRF signal of both lower limbs walking in forward direction. The
squares correspond to toe-off events (TO), the white circles to heel-strike events (HS) and the
blue circles to lower limbs’ crossing events (d_cross). The same events in consecutive gait
cycles are represented by d’ notation.

ST PTR = |td′
RHS–tdLHS| (4.20)

ST PTL = |tdLHS–tdRHS| (4.21)

• Cadence (frequency of the signal -CAD) and average velocity (Avspd):

Avspdi = (diTO −diHS)/(tdiHS − tdiTO) (4.22)

• Stride width (WIDTH): is the distance between both lower limbs in width.

• Swing duration (SWD): is the time correspondent to the oscillation phase, when the foot
is not on the ground. It is calculated as the time between toe off and and heel strike of
each foot.

SWDi = tdiHS − tdiTO (4.23)

• Stance duration (STAD): is the time correspondent to the support phase, when the foot is
on the ground. It is calculated by the time between heel strike and toe off of each foot.

STADi = td′
iTO − tdiHS (4.24)
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• Double support time (DS): is the time when both feet are on the ground. It is calculated
when both signals present a positive derivate. This happens between the heel strike of
one foot and the toe off of the other foot:

DS = tdTO − tdHS (4.25)

However, these values correspond to the distance between the user and the walker. In order
to convert these parameters into distances walked on the world a new method is proposed.

4.3.1 Conversion of Lower limbs coordinates to world displacement

If one calculates the distance-based parameters directly from the forward direction signal,
their values will correspond to the distance between the user and the walker. To obtain the
spatiotemporal parameters relative to the world it is necessary to estimate the displacement of
the subject in the world reference (X0,Y0). Thus, the displacement of the subject’s lower limbs
(LWL) is needed regarding the displacement of the walker in the world. Such displacement
of the walker can be calculated through two approaches: encoders’ information (odometry) or
stance LWL distance [155]. Since odometry presents cumulative errors, stance LWL distance
method is adopted.

For obtaining the real displacement of the subject, it is necessary to estimate the displace-
ment of the subject (dXp0 and dYp0) in the world reference (X0,Y0). Looking at figure 4.22, it
is necessary to know the displacement (dXw and dYw) of the walker in world axis (X0,Y0) and
the displacement (dXpw and dYpw) of the subject’s LWL (the one in swing phase) relative to
the walker axis.

By this:

dXp0 = dXw +dXpw (4.26)

dYp0 = dYw +dYpw (4.27)

The displacement of the subject’s LWL in swing phase (dXpw and dYpw) as well as the
displacement of the walker (dXw and dYw) are obtained through the LRF and/or ADS signal,
accordingly to the proposed approach, described in the following subsection.

Lower limbs’s coordinates are expressed as (Xpw,Ypw). It is noteworthy that: XL = XPw =

X f and YL = YPw = Y f (aforementioned nomenclature in ADS system).
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(ii) Calculation of walker’s and subjects’ Displacement

By measuring the relative distance between the walker and the LWL that is on the stance
phase, it is possible to infer how much the walker displaced. Since the LWL in the stance
phase is fixed on the floor, the variation in distance measured by the sensor (gray region of the
graph in figure 4.26) is due only to the displacement performed by the walker. Since there is
always a foot on the ground during gait, it is possible to measure such displacement. By this,
walker displacement is obtained with the consecutive coordinates in time (t) of the LWL that
is on stance phase:

dXw = XPw(t)−XPw(t−1) (4.28)

dYw = YPw(t)−YPw(t−1) (4.29)

The subjects displacement (dXpw and dYpw) is obtained by the same equations 4.28 and
4.29, but with the coordinates of the LWL on swing phase.

4.3.2 Results

4.3.2.1 Gait Events Detection

Figure 4.28 (first graph) illustrates the gait events detection (HS and TO) that enable to calcu-
late the spatiotemporal parameters (section 4.3). In the second graph, consecutive strides are
represented for one patient in % of gait cycle (left and rigth lower limbs are represented by a
dashed line and continuous line, respectively). On this figure, intra-individual variability can
be observed in space and time. It can be seen that the subject presents an asymmetrical gait as
his LWL’s do not cross each other. Despite these variabilities, the proposed method algorithm
has still the capacity to track both LWLs and the developed gait assessment tool detects all
gait events.

Now that the gait events are correctly detected, calculation of the real displacement of the
user with the walker is possible for spatiotemporal parameters’ calculation.

4.3.2.2 Calculation of the Walker Displacement

Figure 4.29 shows two trajectories in the walker axis, each acquired with one type of sensor.
The trajectories consist in walking forward, turn and then walk forward again. The detection of
the LWL in stance phase, where a flag is 0 when it detects the left LWL and 1 when it detects
the right one. In figure 4.29a the trajectory was acquired with LRF. The turn is performed
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Figure 4.28: Distance signal with the detected gait events results. Squares identify HS events
and Diamonds identify TO events. Left and rigth lower limbs are represented by a dashed line
and continuous line, respectively, on the above graph.

between sample 140 and 190, however no change in the signals are visualized. In figure 4.29b
the trajectory was acquired with ADS. The turn is performed between sample 220 and 300, as
it can be slightly seen on the X -direction.

With the detection of such events, it is possible to estimate the displacement of the walker.
The LWL which is not considered to be on stance phase, is used for the estimation of walker
user displacement.

In figure 4.30, it can be seen two trajectories, in the world axis, each acquired with one
type of sensor. The two legs are represented by dots: red dots represent the movement of
the leg in swing phase and green dots represent the stance leg (which is stopped). The black
line represents the trajectory of the walker in the real world, calculated through the model
presented in section 4.3.1. In figure 4.30a it is represented a trajectory acquired with LRF
sensor. It consisted on walking 3 m forward and perfom a curve of ±45º. By using the k-
correction and online calibration methods an error of ±35 cm was obtained. However, as it
can be seen in figure 4.30a, the curve is not detected. It was concluded that with the legs’
movement it is difficult to detect a curve.

In figure 4.30b it is represented the same trajectory with ADS. It is possible to verify that
the turn is detected with this system. Thus, with feet movement the intention to perform a
curve is better expressed. This was expected since the feet present an orientation that contains
the “intention” of the direction the user wants to follow. This demonstrates that the feet’s
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Figure 4.29: Two trajectories in the walker axis: a) Stance phase detection with LRF; b) Stance
phase detection with ADS. A right turn is represented by a black box. Flag is 0 when the left
leg is on stance phase and 1 when it is the right one.
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postion may be used in control purposes.

4.3.2.3 Validation of the Spatiotemporal Parameters acquired with LRF

In order to validate the calculated spatiotemporal parameters with the LRF system and the
proposed algorithm and calibration, the tests with the walker were video-recorded for temporal
validation and the steps were marked on the floor for spatial validation. 14 subjects (4.5) were
asked to walk straight-forward under a plastic walkway and wore special shoes that marked
the walkway with their steps. Then, the spatioparameters were measured to be used as ground-
truth for this validation.

For each patient, gait analysis was performed calculating the spatiotemporal parameters
presented in section 4.3 with LRF signal and compare them with the ground-truth parameters.

A one-way ANOVA (analysis of variance) was performed to the calculated gait parameters
and their errors regarding the ground truth in order to verify differences among/within patients.
The level of significance was set to p<0.05.

Results found that gait parameters were significantly different among patients (p<0.05).
Thus, the authors concluded that the addressed sample group was significant to test the pro-
posed system, due to the strong variability in terms of gait parameters between the 14 patients.
They also present different heights, age, calf lengths and were dressed differently (since this
can influence the algorithm detection).

It was also verified that errors between the measures with LRF system and ground truth are
small. In the overall of the 14 patients, the greatest error for a parameter was 17%. Between
different patients the temporal errors are not significantly different (p>0.05), which means
that they are systematic among patients. However, the spatial errors are significanly different
among patients (p<0.05). By making an analysis within each patient, it is verified that the
errors obtained for spatial parameters are not significantly different (p<0.05). This means that
the spatial errors are systematic for the same user, since it depends on the k parameter’s choice.

Results show that for gait analysis purposes, the presented algorithm with LRF sensor has
great potential to be further used to provide clinical insight during walker rehabilitation with
very small error.

4.3.2.4 Validation of the Spatiotemporal Parameters acquired with ADS

In order to validate the spatiotemporal parameters obtained with ADS system, such parameters
were compared on a step-by-step basis against the data derived from the Codamotion as a
reference, using Intraclass Correlation Coefficient (ICC(2, k) as reported previously [156].
The mean true error between these two systems was also examined on a step-by-step basis.
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(a)

(b)

Figure 4.30: Two trajectories in the world axis: a) Trajectory obtained with LRF signal; b)
Trajectory obtained with ADS signal.
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Such error was calculated for all spatiotemporal gait parameters as the difference between the
ADS and Codamotion values. Then, ANOVA (analysis of variance) will be performed for
each parameter error to verify if there are differences among patients in terms of errors and
parameters. The result of this analysis will inform if the errors can be considered systematic.
The level of significance was set to p<0.05

After calculating the errors between ADS and Codamotion for each gait parameter of the
fourteen subjects (4.1), it is verified that the average errors of spatial parameters varied be-
tween 2% and 4% and the temporal parameters varied between 1% and 3%. The greater errors
correspond to patients with greater stride lengths. This happens because their feet in toe-off
and heel strike are too far and too close from the camera, respectively. This will change feet’s
shape, which lead the centroid to change its position more often, increasing the error. By per-
forming ANOVA, all parameters presented significant differences between patients (p<0.05)
showing that patients present significant different gait patterns between each other. Then,
we verified that errors of most spatiotemporal parameters have no significant differences be-
tween patients (p>0.05). Only step width (WIDTH), stride length (STR) and step length (STP)
present significant differences (p<0.05), not being considered as systematic errors. Despite
this remark and the errors being significantly different among patients, they are small (less
than 4cm and 0.8s) regarding the purpose of this study, which is the calculation of spatiotem-
poral parameters. In addition, the ICC for temporal parameters GC, STPT, DS, STAD, SWD
was found to be greater than 0.86, indicating good agreement. Similarly, for spatial gait param-
eters—STR, STP, WIDTH, Avspd—the ICC was found to be greater than 0.90. These results
show good to excellent concurrent validity in spatiotemporal gait parameters demonstrating
the great potential of using ADS as a gait analysis tool.

4.3.3 Conclusions

The main goal of this study was to develop two techniques based on LRF and ADS for accurate
gait parameter determination.

First a technique for detection of legs, based on LRF, for different legs postures during
assistive device rehabilitation. Comparing to the existing system in literature, the main novelty
of the proposed one is the ability to calibrate parameters for each subject online, rather than
fixing a single set of values for all subjects. Results show small errors and the capability of
being used in real-time approaches.

Then, a feet position and orientation detection algorithm is proposed. It is based on a ADS
and does not required the use of any marker. The obtained results are compared with a ground
truth provided by a motion tracking system to experimentally assess the performances of the
proposed algorithm. Comparing to the existing systems in literature, the proposed algorithm is
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faster and simpler, based in image segmentation. Also, it can be used in real-time approaches,
which does not happen with the compared systems. Finally, the errors are small compared
with the non-markers systems.

With the estimation of lower limbs position during assisted walk, it was possible to calcu-
late the corresponding spatiotemporal parameters. Experimental results are provided to show
relevant data can be extracted for assisted gait analysis with small error.

Between those systems, LRF is more precise (21 mm in X-direction and 28 mm in Y-
direction in terms of RMSD) when acquiring the trajectories than ADS (35 mm in X-direction
and 40 mm in Y-direction in terms of RMSD). However, when calculating the spatiotemporal
parameters, ADS presents the lower error (under 5%). This happens because the transforma-
tion of the coordinates from the walker axis to the world axis with LRF depends on a correction
coefficient k. This coefficient brings more error to the LRF trajectory estimation. Since ADS
does not need any factor, this system is more accurate.

However, both systems present algorithms that may fail in some specific situations. Thus,
it is not possible to exclude one of them for gait analysis. In section 4.4 it is presented a
preliminary approach of how can these two systems be used together in gait analysis.

By this, physiotherapists can make routine analysis of their patients and infer the evolution
and recovery of the patients. Thus, they can quantitatively assess their performance. Nowa-
days, elderlies and other patients in their recovery process are sometimes evaluated with ob-
servational and timed scales like Time Up and Go (TUG) or 6-minute walk distance (6MWD)
[8, 41, 42, 135, 141, 157]. These scales are very poor in terms of evaluation parameters, since
they provide only speed information. With ADS and LRF systems it is possible to extend this
evaluation for more parameters, since they are capable of acquiring feet/leg position through
any trajectory.

The same did not happen with Codamotion analysis that was only capable of acquiring
data when the patients were walking forward. Thus, occlusion problems are eliminated with
ADS and LRF systems. Other advantage is to collect relevant data about the gait evolution and
the adequacy of the device use. These data will be stored and processed to assess any misuse
of the aid and to foretell any decline of walking capabilities.

The main contribution of this study is that the proposed method was tested with walker
end-users showing to be feasible and that can help in rehabilitation.
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4.4 Multi-sensor Data Fusion based on Laser Range Finder
and Active Depth sensors’ data

This chapter has been focused on addressing embedded gait analysis systems installed on
walker types. The great advantage of such systems is that the user stands at a known position
with regards to the walker and lower limbs (LWL) tracking is then made in an easier way.
Direct measurement of LWL’s segments may be obtained by placing laser range finder sensors
(LRF) (section 4.2), or active depth sensors (ADS) on a walker device (section 4.1).

LRF approach does not need to add any markers on the patients’ limbs. In section 4.2, this
sensor was used as a gait assessment system, showing that the proposed algorithm based on
pattern detection was suitable for different subjects. Despite the good results, one problem that
can appear is the situation of having large pants or skirts, which will lead to false detections
and make the algorithm to be impracticable. Also, this algorithm needs an online calibration
that if is not done properly, the algorithm detection errors increase.

Other possibility for LWL’s tracking was proposed in section 4.1 using ADS. The feet
tracking algorithm was tested with healthy subjects and patients and satisfied the required
qualities to be suitable as a gait assessment system (portable, marker-less and low computing
cost). However, problems arise when feet are too close or too far from ADS, increasing the
measurement errors.

In order to be able to adapt to different situations (environment, trajectories, clothes, step
lengths, step widths, etc.), a fusion between the LRF legs detection algorithm output and
ADS feet detection algorithm output is proposed. This will enable to fuse advantages of both
approaches and minimize disadvantages. Results from this approach will be used to decrease
the errors of calculating spatiotemporal parameters.

In addition, both systems are portable which allows the clinician to perform gait analysis
whenever he wants and in the type of walker he wants. In figure 4.31, both systems are
installed on the ASBGo walker.

To perform such data fusion a fusion filter - Decentralized Information Filter - tuned by a
fuzzy logic supervisor is designed to get a more reliable estimation of the LWL positions in
different situations.

4.4.1 Data Fusion

Through LRF and ADS, it is possible to estimate the 2D positions of LWL in relation to
the walker, as it was mentioned above. Since each sensor is prone to errors, and in order
to improve such data information, sensorial data fusion is adopted. Thus, 2D coordinates
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Figure 4.31: ADS and LRF systems placed on the ASBGo.

(x,y) for each right (R) and left (L) legs will be estimated through the implementation of
Information Filter (IF) and the Decentralized Information Filter (DIF) [158]. The outputs of
the LRF system will be represented as (xLLRF ,yLLRF ;xRLRF ;yRLRF ) and for the ADS system as
(xLADS;yLADS;xRADS;yRADS).

4.4.1.1 Information Filter

The Information Filter (IF) is essentially a Kalman Filter (KF) expressed in terms of infor-
mation measures on the states of interest, rather than estimates of states and their associated
covariances [158]. It has been shown that IF have advantages over the KF in multisensor
data fusion applications. These include reduced computation, algorithmic simplicity and easy
initialization. In particular, these attributes make the IF easier to decouple, decentralize and
distribute. These are important filter characteristics in multisensor data fusion systems.

The Information filter equations will be presented in the following.
The information matrix, Yk, is the inverse of the covariance matrix,

Yk = P−1
(k|k−1) (4.30)

it relates P−1
(k|k−1)at the previous time step k−1 to Yk at the current time step k.

The information state vector, ŷk, is a product of the inverse of the covariance matrix (in-
formation matrix) and the state estimate,

ŷk = P−1
(k|k−1)x̂(k|k−1) = Ykx̂(k|k−1), (4.31)

The information state contribution i(k) from a measurement z(k), and its associated infor-
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mation matrix I(k) are defined, respectively, as follows:

ik = HT
(k)R

−1
(k)z(k) (4.32)

Ik = HT
(k)R

−1
(k)H(k) (4.33)

H(k) is the matrix that relates the measurements with states (measurement model) and R(k)

is the measurement error covariance matrix.
The information propagation coefficient L(k|k−1), which is independent of the observations

made, is given by the expression

L(k|k−1) = Y(k|k)AkY−1
(k|k−1) (4.34)

where A(k) is a state transition matrix.
With these information quantities well defined, the Kalman filter can now be written in

terms of the information state vector and the information matrix.
The equations correspondent to the IF prediction are:

ŷ(k|k−1) = L(k|k−1)ŷ(k−1|k−1) (4.35)

Y(k|k−1) = [A(k)Y
−1
(k−1|k−1)A

T
(k)+Q(k)]

−1 (4.36)

where Q(k) is the process error covariance matrix.
IF estimation equations correspond to:

ŷ(k|k) = ŷ(k|k−1)+ ik (4.37)

Y(k|k) = Y(k|k−1)+ Ik (4.38)

Thus, the output estimation state is equal to:

x(k|k) = Y−1
(k|k).ŷ(k|k) (4.39)

4.4.1.2 Decentralized Information Filter

A decentralized system consists of a network of filters, each one with its own processing unit.
In such a system, the fusion occurs locally on each node, based on local information and
information transmitted from neighbor filters. For a decentralized system of data fusion, the
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Figure 4.32: Decentralized Information Filter.

local filter is a sensor node, which distributes measurements and local information to other
fusion nodes. Later, it assimilates this information and computes a local estimation, i.e., in
the decentralized system, the local filter/node uses the information to generate a fused local
output. In figure 4.32 it is presented an example of a scheme of a general DIF with n-th local
filters.

In this work, the information (in(k) and In(k)) comes from N sensors (LRF and ADS, i.e. N
= 2). Thus, the formulation of the DIF run in the filters or nodes in the instant k, for the n-th
local filter one has

ŷn(k) = ŷ(k|k−1)+ in(k) (4.40)

Yn(k) = Y(k|k−1)+ In(k) (4.41)

whereas for the global filter one has

ŷ(k) =
N

∑
n

ŷn(k)− (N −1)ŷ(k|k−1) (4.42)

Y(k) =
N

∑
n

Yn(k)− (N −1)Y(k|k−1). (4.43)

4.4.1.3 State Estimation

The global filter (DIF) has the following configuration:

x(k|k−1) = Ax(k−1|k−1)+w(k−1|k−1) (4.44)

z(k|k−1) = Hx(k−1|k−1)+ v(k−1|k−1) (4.45)

where w(k−1|k−1) and v(k−1|k−1) are the noise vectors. The x(k|k−1) and x(k−1|k−1) are state
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vectors. It relates the state at the previous time step k−1 to the state at the current time step
k. In this work, the output variables for each sensor i:

xi = [x′Ln,y
′
Ln,x

′
Rn,y

′
Rn], (4.46)

where x and y represents the 2D position of the LWL, and the indices l and r represent
left and right, respectively. As aforementioned, the information obtained to estimate the LWL
position comes from the LRF (n = 1) and ADS (n = 2) sensors. Thus, DIF has two local IF.
For each local IF, n, the general configuration of measurement vector, observation model, state
transition matrix, measurement and process error covariance matrices are, respectively:

zn = [xLn,yLn,xRn,yRn] (4.47)

Hn =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 (4.48)

A =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 (4.49)

Rn =


σ2

lx 0 0 0
0 σ2

ly 0 0
0 0 σ2

rx 0
0 0 0 σ2

ry

 (4.50)

Q =


σ ′2

lx 0 0 0
0 σ ′2

ly 0 0
0 0 σ ′2

rx 0
0 0 0 σ ′2

ry

 (4.51)

where σ2 is the variance of the measurement noise and σ ′2 is the variance of the process
noise.

Output from these filters will result in data whose variance is smaller than the smallest
variance associated to the data measured by each sensor. In order achieve this, special attention
to matrices Rn and Q have to be taken. These matrices are used to specify the quality of
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information that flows in the filter.
Matrix Q is built based on the process error of the global system and matrix R is builtd

based on the sensors’ measurement error. They have a fundamental role in the IF performance
since they define the weight by which the process and each sensor measurement contribute to
the estimated state. If a sensor provides information with a low level of noise, the matrix R
should be constructed to take into account these considerations.

The determination of the process error covariance matrix Q is generally more difficult as
it is difficult to have the ability to directly observe the process that is being estimated. Some-
times a relatively simple process model can produce acceptable results if enough uncertainty
is “injected” into the process via the selection of Q. Therefore, let us assume that the process
matrix Q is constant, i.e., the error presented in the system does not change as the user is
walking. We assumed the matrix Q (through trial and error) as follows,

Q =


150 0 0 0
0 150 0 0
0 0 150 0
0 0 0 150

 (4.52)

These values were intuitively assumed to be the amount of noise variance that the process
could add. This was based on trial and error.

Regarding Rn matrix, it stores the weight relative to the LRF (n = 1) and ADS (n = 2)
data. If R1 values are higher than R2 values, then LRF data weights more in the estimation
than ADS data. On the other hand, if R2 values are higher than R1 values, then ADS data
contributes more to the user’s walking trajectory estimation. Since the contribution of each
sensor may change due to different situations, a supervisor was designed to change R1 and R2

matrices. The default (initial) values of R matrices are:

R1 =


100 0 0 0
0 120 0 0
0 0 100 0
0 0 0 120

 (4.53)

R2 =


9 0 0 0
0 64 0 0
0 0 9 0
0 0 0 64

 (4.54)

Therse matrices were defined based on the calculation of the sensors’ measurement error,
and then adjusted through trial and error.
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4.4.1.4 Fuzzy Logic Supervisor

Changing the value of the R matrix allows to define which sensor has more weight to contribute
to the estimation of LWL’s positions. Therefore, in order to obtain an estimation with low and
bounded error and with smooth transitions, it was decided to merge data from LRF and ADF
through the DIF with adaptive Rn matrices. To decide if R matrix has to be changed, a fuzzy
logic supervisor [159] has been implemented.

The supervisor will act when:

• The ADS does not track the user’s feet when they are too close of the ADS;

• The light is poor and the ADS camera detection is not so trustful;

• Detection of strange objects from the ground by the ADS, acquiring false feet;

• Some person or object appears near the person less than 1 m from the walker, and thus
are detected by the LRF making the LRF to detect them;

• If the user has large pants, short pants or pants that change the leg’s format, its format
on the leg while the user is walking, the LRF detection becomes less trustful, prone to
errors and more noisy;

A fuzzy logic supervisor (FLS) was used to decide the reliability of the sensor and such reli-
ability is changed by changing matrices Rn. In figure 4.33 it is represented the sensor fusion
scheme using both FLS and DIF.

Figure 4.33: Sensor fusion with FLS (Fuzzy logic supervisor) and DIF (Decentralized Infor-
mation Filter).

The aforementioned errors are detected, for each LWL side. The appearence of those errors
makes the signals of each sensor to diverge from each other. Thus, to detect such divergences
it will be calculated: absolute difference between y-direction signals from both sensors (diffy);



4.4 Multi-sensor Data Fusion based on Laser Range Finder and Active Depth sensors’ data133

Table 4.10: Fuzzy logic rules set for each leg: underlined to σ j1 ; not underlined to σ j2, j = x,y
directions.

Inputs diffLRFj diffADSj
AC NAC AC NAC

diffj
AC No AN No AN

NAC No AN No AN

Table 4.11: Membership functions.

Input Membership Functions Function type Range [a,c]
diffy

Acceptable (AC), NotAcceptable (NAC) Sigmoid ( f (x,a,c) = 1
1+e−a(x−c) )

AC: [32.62 64.76], NAC: [34.92 151]
diffx AC: [40.8 89.81], NAC: [57.8 141.7]

diffLRFy AC: [23.1 80.56], NAC: [22.4 189.8]
diffLRFx AC: [19.9 54.5], NAC: [27 71.16]
diffADSy AC: [18.1 73.15], NAC: [22.4 132.4]
diffADSx AC: [16.5 44.97], NAC: [21.1 77.78]
Output Membership Functions Function type Range [a,c]

σ2
x

Normal (N), Abnormal (AN) Sigmoid ( f (x,a,c) = 1
1+e−a(x−c) )

N: [116 147.9], AN: [120 352]
σ2

y N: [67.9 133], AN: [93.3 162.1]
σ ′2

x N: [8.7 20], AN: [15, 150]
σ ′2

y N: [60 100], AN: [90, 150]

absolute difference between x-direction signals from both sensors (diffx); absolute difference
between samples in each sensor and direction (diffLRFy, diffLRFx, diffADSy, diffADSx). Thus,
these inputs will detect abnormal situations, changing the matrices R1 and R2. They are clas-
sified as Acceptable (AC) and NotAcceptable (NAC). Then, through a rule set presented in
table 4.10, Rn matrices will be classified as Normal (No) or Abnormal (AN). Each rule re-
ceives a corresponding normalized membership value from the input membership functions
(Table 4.11). From the rules’ result for a given instant, the output membership functions (Table
4.11) are chosen. The membership value was used to find the crisp value of the outputs. These
membership values were defined based on several tests made with the available signals sam-
ples (trial and error). The output represents the decision made as to whether ADS or LRF is
given higher priority or if both should have a change on its priority. Defuzzification was done
using the center of gravity method. The crisp value of the decision is taken as the measure-
ment noise covariance values for each matrix Rn. It is noterworthy that the aforementionated
procedure is done for each lower limb.

4.4.1.5 Results and Discussion

In order to evaluate the performance of DIF with fuzzy logic supervisor, 14 different walker
users (10 elders with knee osteoarthrosis and 4 young ataxic patients) were asked to walk in
a straight-forward trajectory and perform a curve. Different situations were identified, and for



134 Gait and Posture Assessment and Analysis System

20 40 60 80 100 120 140 160 180

50

100

150

200

D
is

ta
n
ce

 (
m

m
)

Lateral Displacement (X)

 

 

ADS

LRF

DIF + Fuzzy

R-LRF

R-ADS

20 40 60 80 100 120 140 160 180
0

200

400

600

800

Number of samples

Forward Displacement (Y)

Figure 4.34: ADS, LRF and DIF signals with the adapted R.

simplification reasons, only one LWL signal will be shown. Signals were acquired at 10Hz of
sample rate.

In figure 4.34 it is shown one example of the result obtained with DIF and fuzzy logic
supervisior. It can be seen the values of matrices R1(R-LRF) and R2(R-ADS) change along
the samples accordingly with the behaviour of the signals. For example, between sample
number 30 to sample number 50, ADS fails twice, increasing R1(R-LRF), in order to give
more weight to LRF signal. In the both times this happens because the feet are too close from
each other, causing a disturbance in ADS on the y-direction signal of the foot. In this same
interval. LRF fails once, presenting the same value during some samples and not following
the same behavior as ADS. This triggers the increase of R2(R-ADS). When the errors disapear,
R1(R-LRF) and R2(R-ADS) are reset to its “normal” values.

In figure 4.35a, a full trajectory of an elder subject is presented.

It can be observed that the suitable sensor is chosen for each signal by the supervisor,
divergence does not occur, and large variations are dampened. In this case, the calibration of
LRF was not perfectly done, causing the LRF algorithm often to fail (e.g. around sample nº
100 and nº 320). Comparing DIF with and without supervisor fuzzy, it is possible to verify
that some information is lost without the supervisor.

Other situation that occurred is shown in figure 4.35b with some steps of an ataxic patient.
Since this patient presented high step lengths, he often closed his base and his feet approx-
imated too much from ADS, causing the system to fail. However, DIF with supervisor was
able to damp such errors.

In section 4.3, spatiotemporal parameters were calculated through LWL positions. In or-
der to verify if the presented data fusion algorithm is suitable for such purpose, pre-defined
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Table 4.12: Errors for each system expressed in mm.

ADS LRF DIF DIF + Fuzzy [124]
Step Length 28.50±16.51 20.2±6.18 22.41±4.96 21.30±4.51 33.6±22.00
Step Width 22.46±6.82 20.7±5.85 20.10±3.01 15.57±3.63 25.5±20.60

step lengths’ and step widths’ (marked on the floor) were performed and calculated with the
three systems: LRF, ADS and DIF with supervisor. Table 4.12 shows the error values, demon-
strating that DIF+ fuzzy presents the smallest error as well as the smallest variation of the
variables’ values. It is also shown the result of an approach presented by Hu et al.[124],
that used a parametric model of legs and feet adapted to camera images using point clouds.
By observing the obtained values for each parameter, it can be concluded that the approach
DIF+Fuzzy has better results, with decreased error.

Thus, such method is promising in terms of improving the gait measurement error.

4.4.1.6 Conclusion

This subsection described a motion capture device integrated on a rollator walker type. 2D mo-
tion of lower limbs is obtained by fusing data of LRF and ADS sensors through an information
filter supervised by a fuzzy logic supervisor that adapts the measurement error covariance ma-
trix. The performance of the system in gait analysis is quantified through the calculation of
step length and width and compared with other work. It is possible to see the error decrease
associated to the fusion algorithm, demonstrating that such method has a great potential to be
used. However, more experiments with different patients and situations are required to better
infer the system performance.

4.5 Assessment of Posture Stability and Fall Risk using one
Accelerometer

An important assessment to perform in walker assisted gait is the posture stability and risk of
fall. Since the common problem of walker users is usually lack of balance, such assessment is
fundamental through their recovery.

To assess posture stability and risk of fall, an accelerometer, for example, may be located
near the center of mass (COM) of the subject since it is the best place to evaluate with accuracy
such outcomes [153].

In order to evaluate the important recovery outcomes with the use of a walker device, the
aforementioned assessment, was taken into account. Thus, a research about the different types
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Figure 4.35: (a) Elder performing a U-shape trajectory with walker. ADS, LRF, DIF+Fuzzy
and DIF are compared. (b) Four strides of an ataxic patient. ADS, LRF and DIF+Fuzzy are
compared.
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Figure 4.36: Inertial Sensor (SMI, InvenSense MP6000) encapsulated in a white box (for
protection).

of algorithms that evaluate the COM displacement in order to assess the posture stability and
risk of fall was performed and it is presented on the following subsections.

As a result of this work, two scientific contributions were published [23, 24].

4.5.1 Accelerometer system

In this study, it was used one inertial sensor (SMI, InvenSense MP6000) that includes one
gyroscope and one accelerometer, both triaxial. However, on this application only the ac-
celerometer will be used, since it is engough for this study. These sensors require a computer
and a base station (Texas Instrument CC2530) for acquiring signals. Each inertial sensor in-
cludes a SD memory card (Secure Digital) which stores data. In figure 4.36 the inertial sensor
used in this project is presented. For more information on the specifications and calibration
method consult [160].

4.5.2 Brief Review of the Assessment of Posture Stability and Risk of
Fall Methods with Accelerometers

The use of accelerometers for the evaluation of posture stability and risk of fall has been shown
to be accurate, being considered the one of the best devices for evaluation of human posture,
surpassing the force platforms [161]. In this subsection some of the studies about the use of
accelerometers for the evaluation of posture stability and risk of fall will be presented.

In 2004, Bonnet et al. [162] sought to evaluate in a quantitative manner the static and
dynamic balance, in order to develop strategies for regulating the posture. To this end, they
used only one inertial sensor, which includes accelerometer and magnetometer (Maxicube in-
tegrated with 6 sensors). After performing the sensor calibration, developed a rotation matrix,
which defines the orientation of the anatomical axes. The sensor is located in the trunk at the
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level of the sternum in order to estimate the 3D orientation of the trunk by applying an efficient
algorithm. However, such algorithm was considered to be a very complex approach.

Gietzelt et al. [163] developed an automatic and objective method to determine the risk
of falling of patients. For this purpose, they used a triaxial accelerometer placed at hip level
close to the center of mass. They developed a machine learning algorithm to classify models.
At the end, they concluded that the presented method allows to distinguish between those with
high or low risk of falling. This study showed to be inconvenient since it requires the use of
thresholds as a discriminative factor for the different levels of risk of falling, which are specific
to the studied participants.

In 2011, Ishigaki et al. [164], via a position monitoring system, intended to measure the
pelvic movement in the elderly and to identify characteristics associated with an unsteady gait.
The monitoring system located at the hip, incorporates an accelerometer and gyroscope, both
triaxial, enabling the measurement of angles, angular velocity and acceleration of the pelvic
movement. They concluded that the pelvic movement characteristics during the gait associated
with unstable elderly can be identified, which is the main risk factor associated with falls.

Also in 2011, Rigoberto [161] developed a method with the goal of measuring postural
balance through acceleration signals, describing the processing of these signals and calculation
of sixteen parameters for comparison between young and elderly. Additionally, he intended
to determine the presence of possible undesirable sources of variability in these signals and
evaluated the sensitivity of the various parameters calculated in order to detect changes in the
postural stability with advancing age. For this study, he used an inertial sensor (accelerometer
and gyroscope triaxial). Regarding the parameters, the set included RMS, jerk, circular area
of trust, among others. He concluded that the acceleration signals are actually effective for
the detection of differences between healthy elderly and young, even better than with force
platforms [161].

Doheny et al. [165] sought to identify what parameters and what better tests distinguishes
participants (elderlies), considering its fall risk condition. More specifically investigated the
usefulness of range of acceleration amplitudes and COM displacement in the identification of
risk of falling. For this purpose, they used one triaxial accelerometer at the level of vertebra
L4. The calculated parameters were the ranges of acceleration towards anterior-posterior (AP)
and medial-lateral (ML) directions, sway length at AP, ML and horizontal directions, RMS at
AP, ML and Horizontal directions and finally COM displacement.They concluded that the
calculated parameters can identify people with high risk of falling [165].

Greene et al. [166] aimed to develop a model able to accurately classify people with greater
or lesser tendency to fall using multiple sensors and then compare their results with the Berg
Balance Scale. The sensors were intended to quantitatively determine the equilibrium. For
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the tests, they used a platform with pressure sensors, an inertial sensor (placed at the level
of vertebra L3) and a video camera. Through the obtained signals with the inertial sensor
it was obtained the RMS amplitude of acceleration signals in the direction AP and ML, to
quantify the postural balance in each direction, the frequency domain of the variability of the
acceleration and angular velocity signals using Spectral Edge Frequency (SEF) and also the
calculation of spectral entropy. Through the force platform it was determined the center of
pressure range of motion, including the average distance, RMS, sway length, among others.
They came to the conclusion that both through the use of force platform, as the inertial sensor
it is possible to distinguish people with higher and lower tendency to fall.

In 2013, Riva et al. [167] studied the relationship between certain parameters and the
risk of falling in a large sample of people aged over 50 years. Participants had to use an in-
ertial sensor located below the shoulder blade. With this test, they calculated the harmony
rate, harmonicity index, multiscale entropy (MSE), recurrence quantification analysis (RQA)
of trunk accelerations. For the determination of these parameters the authors applied the dis-
crete Fourier transform, power spectral density and coarse-grained time series. The authors
concluded that the MSE and RQA parameters are positively related to fall history, and can be
used as tools for the prevention of falls.

Finally, in general all mentioned authors refer to the inertial sensor as a suitable tool for
achieving an objective and quantitative assessment. This sensor enables the discrimination of
people with major and minor risk of falling, determination of pelvic motion characteristics
associated with posture stability and consequently the risk of fall, static and dynamic balance,
relation between variability with the risk of fall, among others.

4.5.3 Algorithm for Assessment of Posture Stability and Risk of Fall

To assess posture stability and risk of fall, it was found as obstacles in the literature the high
cost of equipment, complexity on some algorithms and the use of specific thresholds to study
subjects. It was noted that the pelvic movement during unstable gait is the main risk factor for
falls [164], hence the relevance of the assessment of this movement.

Since the objective of this work is to evaluate the stability during walker assisted gait, the
previous studies were analyzed. It is intended to implement a simple and low cost system, with
minimum included sensors. Among all, it was found that Doheny et al. [165] study was the
most suitable. The large sample of subjects (101 elderly), the various test types, the parameters
and objectives presented, led to conclude that the assessment of posture stability and risk of
fall of this work will be based on the study conducted by Doheny et al. [165]. In this study,
the inertial sensor is placed on the trunk, located at hip level, vertebra L4. Thus, based on
the processing of data and parameters calculated in this article is intended to extrapolate the
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findings obtained for this project test conditions. In order to compare the results obtained in
[165], the team conducted two studies presented in [23, 24]. With these studies it was allowed
to conclude that the implemented system is effective for our purpose. Thus, such a system will
be implemented in chapter 5 with patientes recovering from Total Knee Arthroplasty.

In the following, a brief presentation of the algorithm is presented. In chapter 5, the acqui-
sition protocol will be then presented in detail.

As it was mentioned above, the development of an algorithm for the evaluation of posture
stability and risk of fall based in [165]. The first phase of processing is the acceleration
signals filtering with a Butterworth band-pass filter, 5thorder, between 0.1-10 Hz and a sample
frequency of 113Hz, indicated by [160]. The cut frequency selected by [165] was chosen
since the trunk movement is associated with low frequencies [168]. Then, it is advised to
remove the first and last samples of data, since they correspond to the adaptation phase to the
movement/position and to the slowdown/fatigue phase, respectively.

The first parameter to be calculated is the cumulative horizontal acceleration, AccCOM,
using the medial-lateral (ML) and anterior-posterior (AP) acceleration vectors (Figure 4.37)
using:

AccCOM =
√

AccML2 +AccAP2 (4.55)

Then, being one of the main goals the calculation of the COM displacement (D), it is nec-
essary to twice integrate the acceleration signal, using a trapezoidal method. The associated
error with these integrations (low frequency drifts) is reduced by using a second-order poly-
nomial fit and subtracting the mean amplitude of the signal before and after each integration
procedure [169]. In addition, to reduce the error derivated by the integration, the signals were
then high pass filtered with Butterworth, 5thorder, at 0.1 Hz. Then, cumulative horizontal
displacement, DCOM, was calculated:

DCOM =
√

DML2 +DAP2 (4.56)

Displacement range in vertical (V), ML and AP direction , ROMV, ROMAP and ROMML,
respectively, were also calculated.

Hereupon, the Root Mean Square (RMS) of the accelerations in V, AP, ML and horizontal
(HOR) directions, RMSV, RMSAP, RMSML and RMSHOR, were also calculated. These latter
parameters are a dispersion measure of the acceleration relatively to zero [170], allowing the
quantification of the postural sway in each direction [156].
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Figure 4.37: Representation of the accelerometer axis: x: Medial-Lateral, y: Vertical, z:
Anterior-Posterior).

Additionally, V, ML, AP and cumulative horizontal sway length (SL) were calculated:

SLx = ∑ |∆Dx|, . . .x =V,ML,AP,HOR (4.57)

These parameters enable to assess the patient’s risk of fall. The behavior of these values
will state if the risk of fall is high or not and the higher the values, the higher is the risk of fall
[165, 171].

4.6 User Security State Estimation based on multi-sensor
configuration

The ASBGo project has as one of its main goals to ensure user safety while walking with the
walker. This section will present the sensory system designed to evaluate the safety and detec-
tion of different states of a person during assisted gait with ASBGo. It is intended to extract
patterns and behaviors of the user along his/her gait, characterizing them in 4 different states
regarding the intended movement, the weight applied on the walker, forward and backward
falls and distance between the user and the walker. For this, a sensory system able to evaluate
the various states was developed and comprises in force sensors, infrared sensors and poten-
tiometers. Finally, a state machine that acquires and processes in real time the signals from
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the mentioned sensors to an evaluation of the user behavior was designed. Depending on the
detected state, the walker will perform a different action. Therefore, each state will provide
enough information so that the waker can make a decision.

The detection of the intention to move on or turn determines the course of the walker.
Information regarding the weight applied to the walker reports the need to adjust better the de-
vice to the user or problems regarding the support of the device or subject’s posture. Then, if
the situation of falling forward is detected, the walker can support the fall, by stopping. How-
ever, if a backward fall is detected, this will only suit as an alarm information to the therapist
because there is no back security to prevent the person from falling backward. Nevertheless,
when detecting this state, the walker automatically stops. If the distance from the user to the
walker is reduced, the walker must accelerate and when the distance increases, it should slow
down in order to establish the normal distance of the person to the device.

In general, the states’ detection allows to adjust and adapt the behavior of the walker to
different needs of the subject during therapy.

4.6.1 Multi-sensor system

Different equipments were included on this approach:

• Arduino platform (Arduino Mega 2560, Interface Processing and Software);

• 2 force sensors on the forearm supports (Chapter 3);

• 1 infrared sensor on the walker center (Chapter 3);

• 2 potenciometers (linear e rotary) (Chapter 3).

For a correct identification of the states considered in the study, the signals from the sensors
must be properly acquired, processed and analyzed. To this end, some considerations should
be weighed for a careful and strict examination, such as the implementation of protection
circuitry for sensors, signal filtering, signal fluctuations, among others. Thus, the comple-
mentarity between the implementation of both hardware and software is essential in order to
achieve the expected results in a more efficient and satisfactory manner.

4.6.2 Definition and Implementation of States

The definition of states began with an evaluation of different conditions with the walker by
acquiring signals from the different sensors: rotary potentiomenter (PotRot), 2 force sensors
(Force) and infrared sensor (IR). A fuzzy logic supervisor [159] will be thus implemented. For
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Table 4.13: Membership functions of fuzzy logic.

Input Membership functions Function Type Range

PotRot
Stop

Sigmoid ( f (x,a,c) = 1
1+e−a(x−c) )

[3.841 145.6]
Move [111 235.8]

Force (2)
Zero [2.67 67.86]

Heavy [563.4 656.4]

Normal Gaussian ( f (x,σ ,c) = e
−(x−c)2

2σ2 ) [94.1 326.1]

IR

TooClose Sigmoid ( f (x,a,c) = 1
1+e−a(x−c) )

[267 316.9]
TooFar [38.2 90.48]
Close

Gaussian ( f (x,σ ,c) = e
−(x−c)2

2σ2 )

[15.9 231.5]
Far [8.435 107]

Normal [10.1 160.6]
Output Membership functions Function Type Range

States

SlowDown

Peaks

2
Alarm 3
Normal 4

Accelerate 5
Stop 6

each sensor input different membership functions were defined accordingly with the different
conditions that it is intended to evaluate. Such membership functions are defined in table 4.13.
These are related to:

− Greater or lesser proximity of the user to the walker, which can be too close or too far
meaning that the subject is in a dangerous situation;

− Intention to stop or move;

− Load on the walker and if it is to heavy or null may mean that the subject is in a dangerous
situation.

To define the range of values for each membership function, 10 different young subjects
were asked to simulate these different conditions. After analyzing the different signals and
the corresponding values for each condition, an average of values was performed and the final
values are presented in table 4.13.

After defining the different conditions for each sensor, the output states were set as shown
in table 4.13. The ’If/and/then” rules to define which is the current state are shown in table
4.14.

Accordingly with the output state an actuation can be associated as shown in table 4.15.
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Table 4.14: Rules definition.

If

PotRot

and

Force

and

IR

then

State
Stop - - Stop

Move
Normal

Normal Normal
TooClose Stop
TooFar Stop
Close Accelerate
Far Slowdown

Zero - Stop
Heavy - Alarm

Table 4.15: Actuations associated with the defined states.

State Actuation
Normal Rotary and Linear Potentiomenters set the velocity of the walker.

SlowDown Velocity is deacreased 10%.
Accelerate Velocity is increased 10%.

Stop Walker is stopped.
Alarm Light/sound alarm is on.
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Figure 4.38: Identification of states.

4.6.3 Results

An experiment was performed to verify if the states were being correctly identified: a) Start
to move normally; b) Leave one forearm support; c) Move normally; d) Leave both forearm
supports; e) Close to the walker; f) Too close to the walker; g) Far from the walker; h) Too far
from the walker; i) Stop moving; k) heavy load in the forearm support. By looking at figure
4.38a and table 4.16, it is possible to verify that the states were correctly identified. Situations
(a) and (c) are associated with state Normal (4), situations b), d), f), h) and i) are associated
with Stop (6), situations e) is associated with Accelerate (5) since the person is close to the
walker and situation g) is Slow Down (2) because the person is far from the walker. In figure
4.38b, state Alarme (3) was correctly identified in situation k).

Accordingly to the detected states, the actuations presented in table 4.15 were performed.
In figure 4.39 it can be visualized the results of motor actuation regarding the detected states.
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Table 4.16: Correspondence between situations of the experiment and states.

Situations States
(a),(c) Normal (4)

(b), (d), (f), (h), (i) Stop (6)
(e) Accelerate (5)
(g) Slow Down (2)
(k) Alarme (3)

It is noteworthy, that the experiment was done in a forward movement, i.e. both motors receive
the same actuation.
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Figure 4.39: Results of motor actuation regarding the detected states.

4.6.4 Conclusions

The definition and implementation of user states were correctly performed, achieving with
success the expected results.

With this Fuzzy logic it is possible to give the security functionality to the walker, so that
it can act accordingly to the user needs. However, this system has to be validated with real
walker users, since it was just tested in a lab environment.



Chapter 5

Feature Reduction and
Multi-Classification of Different Assistive
Devices

Nowadays, walkers are prescribed without considering an objective criterion, resulting in dif-
ferent interpretations of the disorder and evolution of the patients’ treatment. This happens
because there is no specific knowledge and understanding about the interaction user-walker,
as well as the benefits that rollators with forearm supports (RFS) and other conventional as-
sistive devices (ADs) can bring to the patient’s gait in rehabilitation.

To achieve this knowledge, it is necessary to identify which characteristics are more af-
fected by the use of ADs. Findings will lead to the first steps of knowing if the therapy is
being or not effective to the patient, and if the prescribed AD is adequate for the patient.

For such identification, a complete processing of gait characteristics data has to be done.
However, these data present high-dimensionality which brings a lot of ambiguous and irrel-
evant information. In order to avoid such information, data reduction methods are crutial to
determine which parameters actually contain useful information within a specific clinical con-
text. Then, a classification approach is necessary to distinguish which AD is the most suitable
for a giving patients, based on the selected gait characteristics.

Thus, it is proposed in this chapter to develop a study based on data reduction with a multi-
classification approach for helping in the decision making of which characteristics are more
affected by the use of ADs and which device is more suitable for a specific patient.

To perform this study, two approaches were developed with different methods. In this
study, it will be used as ADs, a RFS, crutches and a standard walker.

First, differences and similarities in gait performance between different ADs will be iden-
tified. For this, pre-processing will be performed for extracting specific gait features. It will
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be applied multivariate statistical methods, such as Principal Component Analysis (PCA) and
Kernel-PCA (KPCA) [172], which are suited to data reduction and to the search shared re-
lationship among the calculated parameters. The help of the clinicians will be extremely
important in the interpretation of these results. The transformation of parameters can deter-
mine the features that could be used to quantify differences in gait parameters among the ADs.
Such transformation might not only be capable of extracting relevant gait features, but can also
provide additional discriminative information for improving classification performance.

This approach will enable us to conclude if different ADs influence differently the gait
characteristics of the group of studied patients.

Then, it is intended to select which are the most significant parameters, i.e which exactly
parameters are most affected by the use of the RFS and the other ADs. Thus, the work will
focus on the type of device that can be more helpful and proper for a certain kind of disor-
der. It is expected to be given the first steps to construct a model that can be used to help
the physicians on deciding which AD can be more adequate to a certain patient based on
gait biomechanics. For such selection, it will be investigated different techniques for feature
reduction and selection. Among them, F-ratio ranking [173], evolutionary multi-objective
optimization techniques [30], backward, forward and stepwise selection [174] and shrinkage
methods incorporated on the classifier [175].

In both approaches, in order to distinguish between different ADs, Support Vector Machine
(SVM) [176] will be used as classifier.

At the end of this chapter, it will be extracted gait features to be used for interpretation
of the clinical benefits of walker with forearms supports and other ADs. In addition, some of
these parameters may one day be used to control the movement of the walker and others will
be sent to the physician so that he can assess the progress of the patient.

More specifically, the study will be conducted with Knee Osteoarthristis (KOA) patients
who had Total Knee Arthroplasty (TKA) surgery.

Osteoarthritis (OA) affects the joints responsible for supporting the body weight, such as
the knee, producing restrictions on movement in patients usually over 65 years [177]. Typi-
cally, these patients present slow gait and short step length [178]. TKA is a successful surgical
procedure to relieve knee pain that results in an improvement in functional capacity of pa-
tients. Generally, after 3 days of surgery, patients leave bed, can stand up and start to use the
wheelchair. Usually, these patients’ recovery is made with the help of crutches. However, this
device might not be the correct one for these patients, since some postural and symmetrical
problems might not be well corrected and compensated by this device. TKA has been re-
ported to improve the gait patterns of patients with OA but a successful recovery is necessary.
Shakoor et al. [179] observed in post-surgical patients gait alterations including gait asymme-
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try, suggesting that an asymmetric gait pattern may be a subconscious compensation strategy
to reduce the load in the operated limb. This may increase loading in the contralateral limb,
which can lead to a non-random progression of OA on its knee joint [179]. These assump-
tions strongly suggest that the contralateral knee is at an elevated risk of OA initiation and
progression while the patient is recovering from TKA. Thus, inter-limb analysis is necessary
to provide useful clinical and recovery insight as well as identifying gait asymmetries.

For such analysis, spatiotemporal variables, symmetrical indexes and postural control pa-
rameters will be acquired and calculated.

The choice of the spatiotemporal parameters relies on the fact that such parameters pro-
vide an objective measurement tool and can help in evaluating KOA severity, effectiveness of
treatment and might help in disease management [178, 180, 181]. To analyze inter-limb co-
ordination, symmetry indexes need to be calculated through the acquisition of spatiotemporal
parameters of each leg. Also, postural control measures are fundamental to monitor the risk
of fall, patient stability and balance assessment, which has to be preserved and/or enhanced
[165].

Gait of TKA patients is characterized by slow speed, short step length, short single limb
support [178] and the consequent increase on the duration of the double support phase. Recov-
ery of these patients is made with the help of crutches. However, this type of AD provides an
unnatural gait performance. Thus, it is intended to verify if different ADs influence differently
the gait pattern of TKA patients. Findings will help to infer which AD is the best solution for
the recovery process. Ultimately, this information may also be used to identify some bene-
fits and limitations of these devices on the rehabilitation of TKA patients and to evaluate the
benefit of their use.

This chapter will be divided as follows. First, preliminary work will be presented in or-
der to present the first steps taken by the author in study and implementation of multivariate
analysis. Then, since the two approaches have the data acquisition and classification methods
in common, such information will be presented first. A brief introduction of the proposed
feature reduction techniques, design and methodology, results, discussion and conclusions for
each approach will be finally presented.

5.1 Preliminary Work in Multivariate Analysis

In the beginning of the feature extraction and selection research, we performed a preliminar
work about multivariate analysis techniques in order to verify the potential of PCA and genetic
algorithms with the use of SVM classifier in walker-assisted gait analysis. Through two works,
[25] and [30], the first steps were taken in order to gain the knowledge to develop the studies
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presented in the next sections of this chapter.

In [25], the PCA technique was expanded to provide a comparison of the kinematic and
spatiotemporal gait parameters of two groups of subjects: assisted and non-assisted gait. This
analysis was performed as a proof of concept, to assess if PCA can be used to identify the main
effects in gait performance during assisted gait, when a subject is using the RFS. PCA was
used as a data reduction tool, as well as a preliminary step for further analysis to determine
differences between assisted and non-assisted gait groups. These further analyses included
statistical hypothesis testing to detect group differences, and discriminant analysis to quantify
overall group separation. Thus, the goal was to determine the main features of these gait
parameters that are related to effects of assisted gait and therefore be used to emphasize a
comparison between assisted and non-assisted gait.

Results with healthy young subjects with no locomotion limitations demonstrated the ef-
fectiveness of the proposed technique in identifying both the main effects in gait performance
during assisted gait and the use or non-use of the RFS. If PCA shows differences in these
healthy cases, authors believe that when the technique is applied with actual RFS users (e.g.
elderlies), that is, users that can effectively benefit from the RFS usage, these differences in
gait parameters will be greater and get a better performance of PCA.

Three principal components (PCs) explained about 63% of the variation in gait measures
across different persons without any gait dysfunction, during unassisted and assisted gait with
a RFS. The first PC was found to be related to support; the second to speed and posture and the
third with balance. These results are very satisfactory since aspects regarding posture, balance
and support enhance the rehabilitation potential of the use of RFS. It was also possible to
conclude that the main characteristics that distinguish both groups can correctly classify the
overall groups with 96.2% of accuracy. The proposed work allows data reduction in gait
analysis by investigating, in an objective and statistical way, the relationships between the vast
quantities of variables and numerical information. Further, PCA provided useful insight to
clinical information necessary and relevant to find some limitations and benefits of RFS.

Other approach was performed by addressing the problem of selecting the most relevant
gait features required to differentiate between assisted and non-assisted gait. For that purpose,
it was presented in [30] an efficient approach that combines evolutionary techniques, based on
genetic algorithms (one objective and multiobjective), and support vector machine algorithms,
to discriminate differences between assisted and non-assisted gait with a RFS. For comparison
purposes, other classification algorithms were verified (Neural networks and Naives-Bayes).
The aim was to restrict the number of features to the smallest subset capable of discriminating
normal locomotion from walker-assisted locomotion.

Results with healthy young subjects showed that the main differences are characterized by
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double support duration and hip joint excursion in the sagittal plane. These results, confirmed
by clinical evidence, allowed concluding that this technique is an efficient feature selection
approach.

After exploring and performing these studies, a protocol with elderly patients was created
to explore the gait patterns’ differences that exist during the use of different ADs. Some states
of recovery require gait training with a walking aid, that sometimes is not objectively selected
and prescribed by the clinician. Thus, this process needs to be studied in detail in order to give
more clinical insight to objective decisions regarding ADs.

5.2 Methods and Data acquisition

5.2.1 Participants

A group 13 elderly patients (5 men and 8 women), aged 67.3 ±5.1 years and diagnosed with
osteoarthritis in the knee and subjected to TKA were considered. These patients do not have
experience using crutches (CRT), standard walker (SW) and rollators with forearm supports
(RFS). The inclusion criteria were patients on the third day after TKA, hemodynamically sta-
ble that have already lift from the bed, with good cognitive capabilities, presenting appropriate
flexion control of some muscles of the hip, wrist, elbow and knee, and Berg Balance Scale
(BERG) test score [182] of such patients should be less than 45. The exclusion criteria were
cardiac, vascular, respiratory, neurologic or metabolic diseases that affect the gait; neurologic
diseases that affects balance; pathologies in the ear and recent clinical history of trauma in the
limbs. The study was conducted at Hospital of Braga, approved by the Ethical Committee,
and all the patients signed the informed consent. All trials were filmed with a video camera.

5.2.2 Protocol and parameters

In order to assess the effect of the ADs on gait, tests were conducted using three conditions:
(1) CRT, (2) SW, and (3) RFS. In these tests, subjects had to walk for approximately 10m,
or perform, at least, 15 gait cycles, with the different 3 ADs, along a corridor at the Hospital
of Braga. Three walking trials for each subject and condition were realized. Then, the mean
and standard deviation were computed for each feature. All trials were filmed by a video
camera. Before the realization of the trials, the height of each AD was adjusted for each
subject, by a physiotherapist. To measure the spatiotemporal parameters, floor markers were
used as well as the video camera. For the postural control features, one tri-axial accelerometer
(SMI, MP6000, of InvenSense) was used. This sensor will provide information regarding the
movement of body center of mass (COM). It was attached to the lower back at approximately
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Figure 5.1: ADs used in this study. Left image: Crutches; center image: standard walker; and
right image: RFS ASBGo walker. In the left image it is represented the axis of the sensor,
used in all experiments.

the level L4 vertebrae. The used system configuration and the coordinates of reference are
shown in figure 5.1. The x-axis, y-axis and z-axis correspond to the medio-lateral (ML),
vertical (V) and anterior-posterior (AP) accelerations, respectively.

The spatiotemporal features considered for this study are Gait Cycle (GC), Stride Length
(STR), Step Length (STP), Stance and Swing duration (STAD and SWD), Leg Speed (SP),
Double Support Duration (DS) and Step Time (STPT). These features were calculated for
both legs, operated (OL) and non-operated legs (NOL). Thus, each leg is considered to be
independent. However, this approach will be compared in terms of redundancy and better gait
assessment evaluation with the inter-limb consideration, by calculating symmetry indexes of
the parameters [183]. Symmetry indexes (SI) were calculated for each feature using:

SI =
UOL −UNOL

UNOL
(5.1)

where UOL and UNOL are any aforementioned features for the operated and non-operated
leg, respectively. Perfect symmetry results if SI is equal to 0., larger Larger positive and
negative deviations would indicate a greater symmetry towards the operated or non-operated
leg, respectively. In addition, velocity (Avspd) and cadence (CAD) are calculated.

The postural control parameters consist on a range of measures of COM displacement
along with standard measures of accelerometer-derived postural sway, RMS acceleration [165].
Thus, the root mean square of V, AP, horizontal and ML acceleration (RMSV, RMSAP, RMSHOR
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and RMSML), horizontal sway length in V, AP, ML and horizontal directions (SLV, SLAP, SLML
and SLHOR), range of motion of V, AP and ML directions (ROMV, ROMAP and ROMML), and
cumulative displacement and acceleration of COM (DCOM and ACCCOM) were calculated.
The data processing of the accelerometer and respective calculation of the presented features
is explained in detail at [160] and chapter 4 (section 4.5).

5.3 SVM Classification

SVM was chosen since they are powerful nonlinear classifiers based on statistical learning
theory, which have been successfully used in various classification problems [175, 176]. In
addition, many classical multi-class and multivariate analysis methods have difficulties in han-
dling such data because of the curse of dimensionality.

SVM was originally designed for binary classification. However, it was successfully ap-
plied in learning large feature size with small sample size [184]. There are several methods
available to extend binary SVM to multi-class SVM (MSVM) [175]. One common method is
to decompose the multi-class problem into multiple binary problems [185], using one-versus-
rest or one-versus-one schemes, and to combine the multiple binary rules by a voting method.
These approaches are useful in practice but have some limitations [186].

First, the one-versus-rest (MSVM OvR) approach may fail if no class dominates the union
of the others. Second, this approach tends to yield unbalanced classification problems, es-
pecially if one class is much smaller than the union of the remaining classes. Third, the
one-versus-one approach trains each classifier based on only a portion of samples and may
increase the solution variability. Fourth, these procedures do not effectively capture the corre-
lation between different classes.

A better method for handling multi-class problems is to separate all the classes by es-
timating J discriminant functions ( f1(x), f2(x), . . . , fJ(x)) simultaneously (MSVM DF). The
decision rule is then defined as Φ(X) = argmaxJ

j=1 f j(X), assigning the label r to an input x if
fr(x) gives the highest value. Several generalized loss functions have been proposed for multi-
class SVMs, including [175]. Among those available, the loss function used by Crammer and
Singer [187] gives a natural extension of the hinge loss from binary to multi-class problems.

Given a training set {(xi,yi), i = 1, . . . ,N}, where xi ∈Rp (value of sample i), yi ∈{1,2, . . . ,J}
(class of sample i) and N corresponds to total number of i samples, the goal of multi-class
classification is to learn the optimal decision rule Φ : Rp →{1,2, . . . ,J} which can accurately
predict labels for future observations. For the MSVM, we need to learn multiple discriminant
functions, f (x) = ( f1(x), f2(x), . . . , fJ(x)), where f j(x) represents the strength of evidence that
a sample x belongs to class j. The decision rule Φ(X)= argmaxJ

j=1 f j(X), and the classification
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boundary between any two classes j and l is
{

x : f j(x) = fl(x)
}

for j ̸= l.

In the case of this study, J = 3 and the label y is coded as {1,2,3}, for CRT, SW and
RFS, respectively. Consider the linear classification, f j(x) = β j0+xT β j, for j = 1,2,3. In the
situation of separable case, the discriminating functions are required to satisfy the constraint
(eq.5.2) for all observations: if x belongs to class y, then fy(x) is greater than any f j(x) with
j ̸= y by at least margin 1. In the non-separable case, ξ ≥ 0 is introduced to get the relaxed
constraint (eq.5.3).

Separable case:
fyi(xi)−max( j ̸=yi, j=1,..,J) f j(xi)≥ 1 (5.2)

Non-separable case:

fyi(xi)−max( j ̸=yi j=1,..,J) f j(xi)≥ 1−ξi (5.3)

The MSVM of Crammer and Singer [187] solves:

minβ .β0.ξ

N

∑
i=1

ξi +λ

J

∑
j=1

∥ β j ∥2 (5.4)

subject to fyi(xi)−max( j ̸=yi, j=1,..,J) f j(xi)≥ 1−ξi,ξi ≥ 0,∀i.

To avoid estimation redundancy, the constraint ∑
J
j=1 f j = 0 is often invoked. In (eq.5.4),

∑
N
i=1 ξi bounds the training error, and ∑

J
j=1 ∥β j∥2 controls model complexity. This formulation

is a quadratic programming (QP) problem and can be solved by a QP solver. This formulation
has a natural interpretation of minimizing a generalizing hinge loss

[
1−min j ̸=yg j( f (x),y)

]
,

where g j = fy(x)− f j(x). The generalized function margin of f is defined as the vector g =

(g1, . . . ,gy−1,gy+1, . . . ,gJ).

Crammer and Singer [187] imposed L2 penalty on the coefficients β in (eq.5.4). The
resulting solution utilizes all parameters, which may diminish the prediction accuracy when
there are many redundant noise parameters.

The choice of the tuning parameter λ is crucial in the regularization problem, since it
controls the trade-off between the training error and generalization performance of classifiers.
To select the optimal λ a five-fold cross validation is made. A fine grid search is conducted
over a wide range of values of λ , and the best λ is defined as the one which gives the least
cross validation error.
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5.3.1 Cross-validation of the classifier

A cross-validation method was adopted to evaluate the generalization ability of the classifier.
Cross-validation (CV), a powerful technique schemed to capture the more useful information
that is adopted in the training process, is a standard method to evaluate the generalization
ability of the classification model using different combinations of the testing and training data
sets [188]. Here, the CV technique was adopted to eliminate any dependence on the selection
of gait features for test set, allowing testing each gait feature after the procedure was finished.

It is important to select subsets of the data to be used as training and test in the classifica-
tion stage. In this study, a SIXfold CV resampling approach is used to construct the learning
and test sets for the MSVM classifier. Initially, the three-group samples (3 ADs) are randomly
divided into six non-overlapping subsets of roughly equal size, respectively. A random combi-
nation of the subsets for the three groups constitutes a test set (6 sets) and the total remaining
subsets are used as the learning set (6 sets). Thus, the SIXfold CV resampling produces a
total of 36 pairs (6x6 combinations) of learning and test sets. Each individual of the group of
patients is evaluated over the 36 pairs, i.e. SVM is executed 36 times, and then is calculated
an average of these 36 results.

5.3.2 Classification Evaluation

Classifier evaluation is one of the fundamental issues in the machine learning and pattern
recognition societies, especially when a new classification method is introduced and compared
with other possible candidates [189].

Given a classification problem of N samples and J classes, define the two functions tc, pc :
N → {1, . . . ,J} indicating for each sample n its true class tc(n) and its predicted class pc(n),
respectively. The corresponding confusion matrix is the square matrix C whose iw-th entry Ci j

is the number of elements of true class i that have been assigned to class w by the classifier:
Ciw = |{nεN : tc(n) = i, pc(s) = j}|. Accuracy, (ACC), is the most common and simplest
measure to evaluate a classifier. It is just defined as the degree of right predictions of a model:

ACC =
∑

J
k=1Ckk

N
(5.5)

An ACC of 100% means that the measured values are exactly the same as the given values.
The Confusion Entropy measure, CEN, was introduced for evaluating classifiers in the

multi-class case. By exploiting the misclassification information of confusion matrices, the
measure takes into consideration both the classification accuracy and class discrimination
power of classifiers. Besides this, CEN also tries to measure if samples are classified into
true classes with high probabilities and into other classes.
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CEN for a confusion matrix C is defined in [189] as :

CEN =
J

∑
w=1

Pw

J

∑
k=1,k ̸=w

(Pw
wk log2(J−1)Pw

wk +Pw
kw log2(J−1)Pw

kw) (5.6)

Where the misclassification probabilities P are defined as the following ratios:

Pw
iw =

ciw

∑
J
k=1(cwk + ckw)

,Pi
ii = 0,Pi

iw =
ciw

∑
J
k=1(cik + cki)

,Pw =
∑

J
k=1(cwk + ckw)

2∑
J
k,l=1 ckl

(5.7)

This measure ranges between 0 (perfect classification) and 1 for the extreme misclassifi-
cation case.

Matthews Correlation Coefficient (MCC) is a metric used in machine learning as a measure
of the quality of binary classifications. This measure is generally regarded as a balanced
measure, which can be used even if the classes are of very different sizes [189]. In terms of
the confusion matrix, the above equation can be written as presented:

MCC =
∑

J
k,l,m=1 ckkcml − clkckm√

∑
J
k=1(∑

J
l=1 clk)(∑

J
f ,g=1, f ̸=k cg f )

√
∑

J
k=1(∑

J
l=1 ckl)(∑

J
f ,g=1, f ̸=k c f g)

(5.8)

This coefficient can be seen as a correlation coefficient between the observed and predicted
binary classifications. It outputs a value between −1 and +1. A coefficient of +1 represents
a perfect prediction, 0 no better than random prediction and −1 indicates total disagreement
between prediction and observation. These three metrics will be used on this study as metrics
for the multi-class SVM performance.

5.4 Feature Reduction and Extraction Approach

5.4.1 Proposed Approach

In this section, a gait analysis technique that aims to identify differences and similarities in
gait performance between three different ADs is proposed.

In [168, 190, 191], it was shown that gait analysis yields redundant information that is
often difficult to interpret and it is not always clear what measurements or which analysis are
the most appropriate for a particular purpose.

A multivariate analysis avoids the bias introduced by a particular perspective, because
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it examines the shared relationship among all the measured parameters. Therefore, the au-
thors propose to apply two pre-processing techniques: Linear Principal Component Analysis
(PCA) and Kernel-PCA (KPCA) [168, 190–193] to provide a comparison of the spatiotem-
poral, symmetrical indexes and postural control parameters between the three different ADs.
The transformation of parameters can determine the features that could be used to quantify
differences in gait parameters among the ADs. Such transformation might not only be capable
of extracting good gait features, but can also provide additional discriminative information for
improving classification performance.

Linear PCA yields a set of orthogonal bases that captures the directions of maximum
variance in the training data [194]. Consequently, PCA has been successfully applied in the
field of gait analysis with the purpose of reducing redundant information. Daffertshofer et al.
[195] highlighted the application of PCA in studying coordination and variability in human
movement. Olney et al. [190] applied PCA to gait parameters (spatiotemporal, kinematic
and kinetic parameters) to reduce redundant information. However, gait parameters usually
interact in a complex and nonlinear relationship [196] and linear PCA is based on second-
order correlations between data. This motivates the use of a nonlinear analysis technique that
can capture the nonlinear structure of gait patterns. This can be achieved by means of a kernel
function [197]. Thus, the gait data can, firstly, be mapped into a higher-dimensional feature
space through a kernel function. Then, linear PCA methods can be applied to extract gait
features in the transformed space corresponding to nonlinear feature extraction in the input
space.

These pre-processing techniques can, thus, discern important features and, often, reveal
relationships that were unsuspected, thereby, allowing interpretations that would not ordinar-
ily result. Such features may improve a classifier to differentiate between different ADs. Thus,
a Multi-class Support Vector Machine (MSVM) with different approaches [175] will be de-
signed to evaluate the potential of PCA and KPCA to extract relevant gait features that can
differentiate among the ADs. Furthermore, to examine whether the combination of KPCA or
PCA with MSVM produces a superior classification performance, we also compared classi-
fication performance of original data with MSVM (i.e. without feature extraction from input
gait parameters).

Hence, the main goal is to determine the main features of the proposed gait parameters that
are more affected in assisted gait and can be used to emphasize the differences of using the
proposed ADs. The results will reduce information about motion-assisted analysis, indicating
which features are important to be evaluated in order to know which device is best suited to a
patient.
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5.4.2 PCA analysis

PCA technique is expanded to provide a feature transformation of the original data features of
spatiotemporal gait parameters and postural parameters from the three conditions (ADs).

PCA transforms the original data space to an orthogonal set of principal components (PCs).
The main idea behind PCs is that the direction of the principle component is the direction of
maximum variance in the data [147, 192]. The algorithm first centers the data by subtracting
the mean and, then, chooses the direction with largest variance as the principle component. It
then looks in the variance that remains and places an axis in the direction that is orthogonal
to the first axis and has largest variance. This is performed iteratively and creates orthogonal
basis for the dataset. Thus, PCs are extracted to determine features of variation that could
be used to quantify differences in gait parameters between conditions. In this particulary
approach, the goal is to determine the main features of these gait parameters that are related
to effects of each device and, therefore, be used to emphasize a comparison between ADs and
enhance the performance of multi-class SVM. PCA is used as a data reduction tool, as well
as a preliminary step for further analysis to determine differences based on clinical insights
between the three conditions.

PCs (ui) with the highest eigenvalues (λi) represent the vectors with maximum variance in
the data set. The eigenvalue problem to be solved is defined as(

1
N

N

∑
j=1

xnorm, jxT
norm, j

)
ui = λiui with i = 1, . . . ,M (5.9)

with N observations of xnorm (features set). The term within the brackets in (eq. 5.9) is
the covariance matrix. Original data are mapped on up to a maximum of M PCs. Dimen-
sion reduction is achieved by using the coefficients of the first m PCs in classification, with
m<M. In this application, PCA was applied to an N x M matrix, where N=39 is the number
of participants (3x13) and M=29 (without SI features) is the number of features, with prior
normalization [192]. The number of selected PCs (m) is calculated by keeping the first PCs
that retain the most variation of data, according to two criteria as follows. In order to select
PCs, it was used Kaiser’s criterion that selects PCs with eigenvalues greater than one.

PCA is an unsupervised technique. Therefore, it is not guaranteed that the projection
that maximizes the variance in the data also maximizes the affected representations in the
transformed feature space. Furthermore, PCA is a linear technique and does not consider
underlying nonlinearities.

Standard statistical techniques can be applied to perform hypothesis tests regarding group
differences in the PC scores, and thus in the gait parameters. A Student’s t-test for paired
data was used to identify statistical differences between ADs in the selected PCs. The level of
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significance in all statistical tests was set to 5%.

5.4.3 KPCA analysis

Kernel based principle components analysis is a nonlinear PCA created using a kernel. KPCA
maps the original inputs into a high dimensional feature space using a kernel method [197].
Its advantages are nonlinearity of eigenvectors and a higher number of eigenvectors. KPCA
maps the original data vector xnorm (features set) into a feature space F by using a nonlinear
map Φ as follows:

Φ : R → F,xnorm → Xnorm. (5.10)

Then, it performs linear PCA in the high-dimensional space F, which corresponds to a
nonlinear PCA in the original data space. The covariance matrix C is given by:

C =
1
N

N

∑
j=1

Φ(x(norm, j))Φ
T (x(norm, j)) (5.11)

Applying the kernel trick, the eigenvalue problem becomes

Nλα = Kα with Ki j := Φ(x(norm,i))
T

Φ(x(norm,, j)) (5.12)

where the scalar product of Φ can be substituted by a kernel function K(x,y). In this
study, a polynomial kernel, Kp = (1+ x.y)d , with degree d, and a gaussian kernel, Kg =

exp((−∥x− y∥2)(2σ2)−1) are used in KPCA analysis.
KPCA is computationally intensive, takes more processing resources and, consequently,

increases the computational time compared to PCA. The reason being that the number of
training data points in KPCA is much higher than PCA. Therefore, the number of principle
components that need to be estimated is also much larger.

5.4.4 Design/Methodology

In order to understand the proposed methods in this approach, a workflow is presented in
figure 5.2. Through patient’s gait analysis, different parameters (spatiotemporal, postural con-
trol parameters and symmetric indexes) are calculated for the 3 proposed ADs. Then, feature
reduction is performed with PCA and KPCA (in a separate analysis) in order to obtain new
features that will be used in classification. The set of new features, obtained with PCA/KPCA,
is divided into new subsets of features (cross-validation). This is done to evaluate the gen-
eralization ability of the classifier. Finally, classification is handled by MSVM, to determine
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Figure 5.2: Proposed workflow of the porposed feature extration study.

which AD (RFS, CRT and SW) corresponds to the patient’s gait pattern, e.g. a subset of fea-
tures of one subject’s gait pattern walking with one device will enter on the classifier, and such
classifier has to identify which device corresponds to such gait pattern. This will determine if
each AD has a different effect on the gait pattern of patients before TKA.

More specifically in the feature reduction stage, after calculating the gait parameters,
KPCA and PCA were performed in order to obtain new features, PCs. All the extracted
PCs were normalized by calculating their z-scores with zero-mean and unit variance before
training and testing the MSVM [188].

Both approaches of the MSVM classifiers were implemented: MSVM OvR and MSVM
DF with L2 penalty. The latter approach was only implemented with the selected m PCs and
compared with MSVM OvR.

Training the MSVM classifier includes initialization of the training set and optimization
of parameters. Thus, PCA and KPCA (different kernel functions, i.e. linear, polynomial and
gaussian functions) and different parameters (use different degree d of the polynomial kernel
and the width σ of the gaussian kernel of the KPCA) were used to compare MSVM perfor-
mances. Also, the first m PCs, from PCA and KPCA that improve the classifier performance
were chosen.

Then, the training procedure of MSVM is described as follows. First m PCs are chosen
(based on Kaiser’s criterion), constructing an initial training set through PCA and KPCA,
and then cross validation method (see section 5.3.1) was used to evaluate the generalization
ability of the classifier. The performance of the trained MSVM model was determined by
taking an average of each of the proposed three metrics (see section 5.3.2) after testing the



5.4 Feature Reduction and Extraction Approach 161

MSVM model. For comparison purpose of the PCA and KPCA performance, the original gait
parameters were also used as MSVM input.

5.4.5 Results

Parameters results

Measurements were performed on a total of 13 patients with 3 ADs (CRT, SW and RFS) each.
The mean and standard deviation of the gait parameters for each patient were determined using
data of a total of 30 gait cycles for each patient. These values are shown in table 5.1 for each
AD.

The spatiotemporal and SI parameters were calculated and analyzed in detail. As it can be
seen in table 5.1, all symmetry indexes, except SI-STP (positive asymmetry), did not indicate
a great asymmetry between both legs with RFS (mean values are close to zero). Only SI-STR,
SI-STAD and SI-SP showed a symmetrical behavior with CRT. The others showed to be asym-
metrical positive. With respect to SW, the parameters STR, GC, STAD, STPT and SP point out
a symmetrical behavior. SI-SW, SI-DS, and SI-STP showed to be asymmetrical positive. The
positive asymmetrical parameters indicate that values of these parameters are larger for the OL
than for the NOL. These observations are clearly expressed by the spatiotemporal parameters
calculated for each leg. When SI is positive, values of the respective spatiotemporal parameter
are larger for the OL than for the NOL. When SI is negative, the opposite happens.

In terms of postural control parameters, SW presents decreased RMS accelerations, DCOM,
ACCCOM, ROMML and ROMV. RFS presents decreased sway length in all directions and
CRT presents decreased ROMAP.

Analysis of symmetrical parameters

In order to inspect the importance of symmetrical indexes on the evaluation of TKA patients
and to analyze redundancies in relation to the spatiotemporal parameters calculated for each
leg, a PCA was applied to the spatial parameters data. A set of 18 parameters, 3 ADs and 13
individuals was considered, corresponding to a matrix with dimensions 39x18. Taking into
account the Kaiser’s criterion, only 3 principal components (PC) were retained. Since with
just two PCs, 80% of the variation of the parameters can be explained, these are the ones taken
into analysis (Figure 5.3).

Looking at the loadings of PC1 (5.3a), it is possible to verify that parameters from opposite
legs are strongly correlated with each other, since they present similar contributes for each PC.
The ones that show positive correlation like SP, SWD, STAD, STR and GC are parameters that
do not differ from both legs, which means, that they are maybe symmetrical across subjects.
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Table 5.1: Mean±standard deviation of each parameter for each device.

Parameters RFS CRT SW

Sy
m

m
et

ri
ca

lI
nd

. SI - STR 0.001±0.01 -0.002±0.02 0.005±0.04
SI - STP 1.480±3.44 4.881±6.50 14.200±16.02
SI - GC 0.009±0.03 0.026±0.05 0.018±0.03

SI - STAD -0.019±0.08 0.026±0.07 -0.025±0.07
SI - SWD 0.140±0.20 0.231±0.31 0.373±0.44
SI - DS -0.086±0.36 0.889±1.04 2.346±1.32

SI - STPT 0.136±0.24 0.173±0.72 0.318±1.06
SI - SP 0.009±0.03 0.014±0.06 0.018±0.05

Po
st

ur
al

Pa
ra

m
et

er
s

ROMAP (mm) 2.510±2.15 2.470±2.48 2.755±6.90
ROMML (mm) 0.847±0.57 1.559±1.29 0.810±1.26
ROMV (mm) 4.947±0.37 4.099±1.55 2.588±0.46
SLAP (mm) 17.420±11.86 25.339±19.34 19.084±36.48
SLML (mm) 7.713±4.77 14.677±9.74 9.423±12.92

SLHOR (mm) 18.870±12.80 29.602±20.97 21.519±38.15
SLV (mm) 24.750±1.83 26.031±4.73 14.263±2.39
RMSAP 0.618±0.19 0.798±0.38 0.391±0.19
RMSML 0.335±0.12 0.392±0.22 0.229±0.13
RMSV 0.137±0.06 0.169±0.10 0.076±0.09

RMSHOR 0.704±0.20 0.875±0.40 0.457±0.20
DCOM(mm) 3.290±1.30 4.07±1.50 1.860±2.10

ACCCOM (m/s2) 0.504±0.13 0.614±0.21 0.376±0.20

Sp
at

io
te

m
po

ra
lP

ar
am

et
er

es

STROL (cm) 51.679±14.32 48.492±10.14 41.179±13.92
STRNOL (cm) 51.818±14.47 49.232±10.43 41.606±14.28
STPOL (cm) 31.836±8.39 36.796±7.71 34.140±12.69

STPNOL (cm) 20.005±9.34 13.729±9.24 8.5102±9.02
GCOL (s) 2.482±0.70 4.389±1.96 4.071±1.33

GCNOL (s) 2.479±0.68 4.455±2.06 4.101±1.35
STADOL (%) 67.937±8.61 79.921±5.40 80.330±7.62
SwDOL (%) 32.043±8.59 20.078±5.41 19.237±7.73

STADNOL (%) 70.503±5.84 81.161±7.51 84.330±5.39
SwDNOL (%) 29.496±5.84 18.838±7.56 15.663±5.39

DSOL (%) 25.777±6.86 41.473±13.95 51.522±14.50
DSNOL (%) 31.368±5.98 27.207±8.27 17.998±4.58

STPTNOL (s) 1.237±0.37 2.213±0.91 2.206±1.24
STPTOl (s) 1.2532±0.33 2.061±1.07 1.806±1.02

SPOL (cm/s) 23.034±10.81 13.492±6.18 11.779±6.69
SPNOL (cm/s) 23.064±11.05 13.629±6.19 11.823±6.95

CAD (step/min) 50.504±21.42 45.14±13.96 41.42±14.81
Avspd (m/s) 0.2504±0.13 0.159±0.06 0.143±0.078

Then, the parameters that present a negative correlation, STP, STPT and DS, should be the
ones with higher asymmetry between legs.

Now, analyzing PC2 loadings (5.3b), they characterize the effect that STP, STR and STPT
parameters (high positive loading) have in CAD (high negative loading). The shorter the steps
(STP), stride (STR) and time step (STPT), the greater is the cadence.

A Student’s t-test was performed with PC1 and PC2 in order to infer if such PCs were
able to distinguish between ADs. PC1 contributes significantly for the difference between
ADs (p<0.05) and it is related to inter-limb symmetry. However, PC2 has no significant
contribution in distinguishing all the groups. It just distinguishes RFS from the other ADs,
since patients tend to walk faster and with greater cadence with RFS. These results led to
conclude that the calculation of symmetrical indexes is crucial to distinguish the effect that
each AD has on the TKA patients, being important to analyze the inter-limb coordination.
Thus, SI parameters will be considered for further evaluation.

Experimental results with MSVM

In order to test the effect of the extracted features on classification performance, a search for
the optimal number of PCs is necessary, since some of these components do not offer all
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(a)

(b)

Figure 5.3: a) PC1 and b) PC2 loadings.
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Table 5.2: Classification performance (with MSVM OvR) with all dimensions of features (M)
extracted from different sets of m gait and posture features.

Feature Extraction with MSVM Gait Parameters and performance (ACC, MCC,CEN); All dimensions
SpTemp
(m=16)

SI
(m=8)

PCont
(m=13)

SpTemp + PCont
(m=29)

SI + PCont
(m=21)

Original (0.74,0.43,0.59) (0.75,0.47,0.53) (0.77,0.49,0.52) (0.87,0.81,0.22) (0.90,0.82,0.16)
PCA (0.76,0.47,0.53) (0.77,0.50,0.51) (0.89,0.84,0.15) (0.88,0.83,0.20) (0.91,0.85,0.14)

KPCA(linear) (0.90,0.82,0.21) (0.90,0.83,0.15) (0.91,0.84,0.14) (0.91,0.84,0.14) (0.92,0.85,0.13)
KPCA(poly,d = 2) (0.91,0.85,0.14) (0.91,0.85,0.14) (0.91,0.84,0.14) (0.91,0.85,0.14) (0.92,0.86,0.13)
KPCA(poly,d = 3) (0.86,0.71,0.27) (0.91,0.85,0.14) (0.86,0.69,0.34) (0.91,0.84,0.15) (0.91,0.85,0.14)

KPCA(gauss,σ = 1000) (0.90,0.82,0.19) (0.91,0.85,0.14) (0.93,0.87,0.13) (0.92,0.86,0.14) (0.94,0.88,0.12)
KPCA(gauss,σ = 500) (0.91,0.84,0.16) (0.91,0.85,0.14) (0.92,0.85,0.14) (0.92,0.85,0.15) (0.92,0.85,0.14)
KPCA(gauss,σ = 100) (0.91,0.84,0.16) (0.91,0.85,0.14) (0.92,0.85,0.14) (0.92,0.85,0.14) (0.92,0.85,0.13)
KPCA(gauss,σ = 50) (0.91,0.84,0.16) (0.91,0.85,0.14) (0.92,0.85,0.14) (0.92,0.85,0.14) (0.92,0.85,0.13)

the necessary information for ADs classification [195]. Thus, a selection of PCs was per-
formed. First, the principal component obtained from the maximum eigenvalue was adopted
as input for MSVM OvR to perform the classification. The number of principal components
was then increased, one by one, according to a descending order of eigenvalues at each step
[172]. Thus, the classification performance of MSVM OvR varied with the number of princi-
pal components. When the best metric (section 5.3.2) results of MSVM OvR were produced
according to the cross-validation method, the optimal number of PCs was obtained. This
framework was done for different sets of parameters: Spatiotemporal parameters (SpTemp),
Symmetrical Indexes (SI), Postural Control parameters (PCont), SpTemp with PCont and SI
with Pcont.

The classification metrics against all dimensions of features extracted from different sets
of parameters, with original data, PCA and different kernels is shown in table 5.2. It shows
that PCs extracted by using the polynomial (d = 2) and gaussian (σ = 1000) kernels PCA led
to significantly better classification performance on the test set than linear PCA and original
data.

From table 5.2, it is observed that transforming the original data set of parameters improves
the classifier performance. Also, it is observed that when PCs extracted from all 16 SpTemp
with KPCA were used as the inputs of MSVM to perform the classification, the best accuracy
was obtained with polynominal (d = 2) kernel achieving 91% of ACC, 0.85 of MCC and
0.14 of CEN. However, this was the set of parameters with worse classification comparing
with the other sets. PCont seems to be the best set of parameters for achieving the greatest
classifier performance. The maximum rate was 93% of ACC, 0.87 of MCC and 0.13 of CEN.
This result demonstrated that balance assessment data offers more useful information than the
SpTemp and SI data.

However, the sets are combined in two new sets (SpTemp + PCont and SI + PCont), the
performance of MSVM OvR is further improved compared to using individual gait parame-
ter sets, suggesting that different data types combined could provide more useful information
about the different effects that the 3 ADs have on TKA patients. Although there were marked
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Table 5.3: MSVM OvR classification results with SI + PCont with dimension reduction.

Classifiers Dimension SI + PCont (ACC, MCC,CEN)

PCA-MSVM OvR 6 (0.91,0.85,0.14)
KPCA(linear)-MSVM OvR 11 (0.93,0.87,0.12)

KPCA(poly,d = 2)-MSVM OvR 18 (0.92,0.87,0.13)
KPCA(poly,d = 3)-MSVM OvR 20 (0.92,0.85,0.14)

KPCA(gauss,σ = 1000)-MSVM OvR 12 (0.94,0.89,0.10)
KPCA(gauss,σ = 500)-MSVM OvR 12 (0.94,0.88,0.11)
KPCA(gauss,σ = 100)-MSVM OvR 14 (0.92,0.86,0.13)
KPCA(gauss,σ = 50)-MSVM OvR 15 (0.92,0.85,0.13)

differences in the classification performance when KPCA was applied to the three sets of
parameters, especially between polynominal (d = 3) and gaussian (σ = 1000), the kernels
provided almost the same classification performance when all gait parameters were combined
into the two sets (92% of ACC, 0.85 of MCC and 0.13 of CEN). However, there is one result
that stands out from the others, KPCA with gaussian (σ = 1000) kernel, obtaining 94% of
ACC, 0.88 of MCC and 0.12 of CEN. Therefore, KPCA-based MSVM has the best perfor-
mance, followed by PCA-based MSVM and then the original MSVM. In addition, the best set
of parameters was SI + PCont. This result demonstrates that the features extracted by KPCA
with SI + PCont dataset provide more additional discriminatory information for improving
classification performance.

In order to verify the number of PCs which influences the classification performance, a
dimension reduction was performed by taking from the set of all PCs, one PC at a time,
according to a descending order of eigenvalues, until performance of MSVM was improved
(Table 5.3). The first PC to be removed was the one that represented less variance of original
data, and so on for KPCA-based MSVM, the best classification ACC reached was 94%, with
0.89 of MCC and 0.1 of CEN for kernel gauss (σ = 1000), while the number of features
chosen was 12, as it can be seen in table 5.2. This result was better than the one obtained with
all PCs dimensions. PCA only obtained 91% of ACC, 0.85 of MCC and 0.14 of CEN with 6
chosen features, however greater than with all dimensions. In sum, these results demonstrate
that classification performance largely depended on the selection of the number of features
extracted by the KPCA or PCA algorithm, and that additional discriminatory information
could be obtained by using KPCA than PCA. In addition, it is clear that KPCA extracts more
PCs than PCA and it was verified that the type of kernel function of KPCA, regardless of
linear, polynominal or gaussian, did not influence the classifier performance much.

Table 5.4 demonstrates a greater improvement of performance using MSVM DF but only
with PCA and KPCA with polynominal kernels. Polynominal (d = 3) was the kernel that
provided the higher performance of MSVM DF obtaining 98% of ACC, 0.93 of MCC and
0.01 of CEN. The gaussian kernel transformation worsened the results.
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Table 5.4: MSVM DF classification results with SI + PCont with dimension reduction.

Classifiers Dimension SI + PCont (ACC, MCC,CEN)

PCA-MSVM DF 6 (0.95,0.88,0.21)
KPCA(linear)-MSVM DF 11 (0.82,0.55,0.55)

KPCA(poly,d = 2)-MSVM DF 18 (0.97,0.91,0.02)
KPCA(poly,d = 3)-MSVM DF 20 (0.98,0.93,0.01)

KPCA(gauss,σ = 1000)-MSVM DF 12 (0.55,0.06,0.88)
KPCA(gauss,σ = 500)-MSVM DF 12 (0.56,0.01,0.80)
KPCA(gauss,σ = 100)-MSVM DF 14 (0.59,0.11,0.86)
KPCA(gauss,σ = 50)-MSVM DF 15 (0.63,0.19,0.77)

5.4.6 Discussion

This study suggests that KPCA with MSVM is more capable of addressing the gait parameters
that better distinguish the effects that different ADs have on TKA patients. As previously
mentioned, KPCA is capable of extracting more nonlinear features, which could contain more
relevant information about the intrinsic nonlinear behavior of the gait parameters, than PCA.

Gait data analysis is a challenging problem since it is difficult to select which set of param-
eters can enhance or deteriorate the generalization performance of a machine classifier [196].
Therefore, it is essential to develop appropriate pre-processing techniques that are capable of
effectively extracting the relevant gait features.

In this work, two different techniques were addressed: PCA and KPCA, to extract features
useful for classification purposes. First, it is important to select which type of gait parame-
ters is more suitable to be pre-processed and then discriminate the different ADs. It has been
reported that different types of gait parameters have different impacts on classification perfor-
mance [188]. In this paper, the same conclusion was observed. As presented in table 5.1, the
best performance of classification could not be obtained by using the individual gait param-
eters set, and the classification performance could be evidently improved when different gait
parameters were combined to develop the MSVM model.

This demonstrates that the improved performance of classification largely depended on
the more useful gait information that was offered. In particular, symmetrical indexes and pos-
tural control parameters obtained the best performance, being better suited to provide useful
information about the different gait patterns that TKA patients have with different ADs. Thus,
inter-limb analysis is necessary to provide useful clinical and recovery insight. Identifying
gait asymmetries is particularly important as abnormal patterns can lead to an increased risk
for initiation and progression of the disease. Therefore, asymmetric gait measures may be
monitored after surgery to assess treatment outcome and recovery. In addition, postural con-
trol measures are fundamental to monitor the risk of fall of the patient, considering stability
and balance assessment, which has to be preserved and/or enhanced. This result indicates that
it is necessary to employ this type of gait data into the training of a machine classifier with
a learning algorithm to automatically classify which AD the person is using, or which AD is
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more suitable for a patient.

Through table 5.1, RFS demonstrated to be the AD that provides for a more symmetrical
gait. CRT demonstrated to be the worst AD. This result may be influenced by the different
type of gait that is adopted by the patient when using the ADs. Regarding CRT, the patient
learns a three points gait, i.e. he always has one foot and two crutches on the ground while
moving forward [60]. With SW, the patient first lifts and moves the device, placing it in front
of him, and then he moves his legs. Finally with RFS, the movement is continuous by pushing
the walker. We believe that the type of gait that the patient presented for each AD influences
the distinction of ADs. SI-STP is the SI feature with higher variability and with high positive
values demonstrating that OL does not have sufficient strength to endure a large step of the
NOL. Thus, the step of the NOL will be shorter. In addition, NOL presents a higher step time
(STPT) and swing duration (SWD) and a lower stance duration (STAD). RFS is the only device
that presents all symmetrical gait phases (DS, SWD, STAD and GC). This might indicate that
if a person has to recover in terms of time of support of the knee, and create confidence to
walk as natural as possible, RFS seems to provide the necessary help.

In general, there are more positive SI features that indicate greater asymmetry towards
NOL. This means that patients put more weight on the non-operated leg throughout the gait
cycle. These results are in agreement with those of Talis et al. [198] and Hurwitz et al.
[199]. The asymmetry of weight bearing might also depend on small changes in the body
configuration. Therefore, the additional stress on NOL may develop osteoarthritis in that leg.

Relatively to postural control features, the lower they are the more support the AD is pro-
viding. In general, SW is the more stable, and CRT is the worst. SW results in decreased
RMS acceleration and ROM values. On the other hand, RFS provides more stability in sway
length and CRT stabilizes the ROMAP. These results demonstrate that SW stabilizes the ac-
celeration of the trunk, and its users are more “static” than with the other ADs. RFS stabilizes
the position of the trunk, not allowing the user to sway the trunk. CRT is better to give a more
erect posture to its users, decreasing the anterior-posterior range of motion, i.e. flexion and
extension of the trunk.

It is also noteworthy that RFS present a greater velocity and cadence, and SW provides the
slowest and more stable gait, as referred in [24].

Besides this, it was primordial to select features (PCs) that could provide additional dis-
crimination information for improving the performance of classification, since some PCs are
not suitable to provide the necessary information for AD discrimination. The generalization
performance of the MSVM classifier mainly depends on successfully selecting features that
are representative of the maximal separation between classes [172]. Thus, the number of fea-
tures that are chosen can enhance or deteriorate the performance of the classifier. In this study,
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the results demonstrated that the selection of features was necessary to improve classification.
The improvement was low (2-3%), but significant, being selected 12 features by KPCA with
gaussian (σ=1000) kernel, which obtained the best result (94% of ACC, 0.89 of MCC and
0.10 of CEN) for MSVM OvR. When greater than 12, additional features, which may be re-
dundant, caused deterioration of overall classification. Similar dependence of classification
performance on the selected features has been reported [200].

In terms of KPCA, there is no study that reported which kernel is the best. However,
the choice of kernel function has an effect on the performance of the MSVM classifier. In
this experiment, when the MSVM with three different kernel functions (linear, polynomial
and gaussian kernel) were compared, these kernels performed well and did not affect the
classification performance of the SVM. However, gaussian (σ=1000) kernel obtained the best
result with and without selection of features.

The classification results of the comparison between MSVM OvR and MSVM DF sug-
gested that the combined classifier shows significantly better performance than MSVM DF
when using PCA and gaussian kernel. When using polynomial kernel, the performance is
excellent, being obtained 98% of ACC, 0.93 of MCC and 0.01 of CEN for 3rd degree. By
this, MSVM DF with 3rd polynomial kernel is the one chosen to classify different ADs gait
patterns. This finding suggests that the TKA patients are differently affected by the device.
If this happens, the physician should carefully analyze the gait pattern of the patient to infer
which AD is better for the patient.

5.4.7 Conclusions

In this study, PCA and KPCA extraction techniques were applied. Symmetrical indexes and
postural control parameters were selected as the most suited parameters to provide useful
information about the different gait patterns that TKA patients have with different ADs. Also,
it has been shown that TKA patients have different gait patterns regarding different ADS.
The combination of KPCA and MSVM DF could identify ADs gait patterns with 98% ACC,
0.93 of MCC and 0.01 of CEN, resulting in a markedly improved performance compared to the
combination of KPCA and MSVM OVR or PCA and MSVM OVR. Thus, it was demonstrated
that with symmetric indexes and postural control parameters, the proposed technique is able
to efficiently extract nonlinear gait features for automatic classification of assistive devices
gait patterns with high accuracy, and carries considerable potential for future applications in
rehabilitation.

The next step, presented in section 5.5, will consist in analyzing each individual subject in
detail (in case of identifying differences among the devices), and give a recommendation for
a better recovery. Such analysis will be done with the help of a physician.
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Thus, this method can be used as pre-prescribing an assistive device and evaluate the out-
come of treatment and rehabilitation. More studies should be conducted to evaluate this ap-
proach and validate the selected parameters.

The information obtained with the proposed technique could be used to identify benefits
and limitations of assistive devices on the rehabilitation process and to evaluate the benefit of
their use in TKA patients.

5.5 Feature Reduction and Selection Approach

5.5.1 Proposed Approach

It is intended to understand how gait patterns of TKA patients differ from person to person
and how they are influenced by the type of device that is prescribed during their recovery.
Such understanding might help in physical therapy for improving the recovery and preventing
KOA.

Thus, this approach will focus on the type of device that can be more helpful and proper
on the recovery of the TKA patients. It is intended to infer between different assistive devices
(crutches, standard walker and rollator with forearm supports) which one presents more capa-
bility for providing the required support and correct posture for post-surgical TKA patients.
With this study, it is expected to give the first steps to construct a model that can be used to
help the physicians on deciding which assistive device can be more adequate to a certain TKA
patient based on gait biomechanics.

Symmetric indexes of spatiotemporal parameters and postural control parameters, like in
the previous approach, will be calculated and compared between 3 ADs. No spatiotempo-
ral parameters will be used, since in the previous approach it was concluded that symmetric
indexes contain more relevant information in terms of clinical context.

From these parameters, the most important and relevant ones will be selected to evaluate
the differences between ADs. Since these parameters will not be processed, they will be called
as features.

For the selection of features, it will be investigated different techniques for feature reduc-
tion and selection based on multivariate analysis.

Thus, to improve the classification it can be used techniques that select important fea-
tures, since including too many redundant variables in a model may negatively impact its
prediction performance [191, 201]. The redundant features include both noise features and
features which are highly correlated with the predictor variables. Thus, selection techniques
can discard irrelevant and redundant information that may not only affect the classifier’s per-
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formance, but also describe system’s efficiency [202]. However, developing a robust and effi-
cient approach for extracting and select useful information from gait features is a significant
and challenging task. Feature selection techniques with flavors of machine learning have been
a focus of methodological development in recent years [202]. These techniques are often used
to reduce the dimension of features and to avoid the curse of dimension. More importantly, it
is to improve the performance of the resulting classifiers and to exclude the interference of a
large number of irrelevant features by seeking for the relevant features to differentiate between
different groups.

F-ratio ranking [173], evolutionary multi-objective optimization techniques [30, 203], back-
ward, forward and stepwise selection [174] will be investigated and compared. Despite the
popularity of these latter techniques, these procedures separate feature selection and classifi-
cation in two stages, and hence selected features are not guaranteed to contribute significantly
to the final classifier. Thus, in addition with these methods, in this approach it will be applied
a method that instead of providing an optimal solution based on classification performance,
it will impose shrinkage penalties in the learning process of the classifier to enforce solution
sparsity, selecting the most relevant features for classification [175].

In order to distinguish between different ADs, the important features will be classified with
SVM [176, 201].

The selected features will evaluate which device should be prescribed for TKA patients.
Also, in this study, it is taken into account that each patient needs a different help since each
case is different from the others, although all are post-TKA patients. Thus, each individual
data set of the study will be analyzed with a one-way analysis of variance and confidence
intervals.

Other important outcome is to verify if the selected features are related with standard clin-
ical outcomes currently used by the physicians while prescribing the proper assistive devices
for the patient’s recovery.

5.5.2 F-ratio ranking

F-ratio can be a measure of marginal association between each feature and AD type. The
F-ratio is the ratio of the variance between groups to the variance within groups i.e. the ratio
of the explained variance to the unexplained variance. This metric will be used to rank the
features and select the ones that will be used on the multi-classifier SVM. In this paper, F-ratio
is calculated between selections of features on the basis of the ratio of their between-classes
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to within-classes sum of squares [173]. For feature l, the F-ratio:

F− ratio(l) =
∑

N
i=1 ∑

J
j=1 I(yi = j)(x̄( j)

l − x̄l)
2

∑
N
i=1 ∑

J
j=1I(yi = j)(xil − x̄( j)

l )2
(5.13)

Where yi ∈ {1,2, . . . ,J} (class of sample i) and N corresponds to total number of i samples.
I(yi = j) is 1 if, for feature l, yi belongs to class j; x̄( j)

l indicates the average value of feature l
for class j samples, and x̄l is the overall mean value of feature l in the training set.

5.5.3 Evolutionary multi-objective optimization approach using NSGA-
II

An evolutionary multi-objective optimization approach based on Non-Domination based Ge-
netic Algorithm (NSGA-II) is designed both for discovering good features subsets and for
final feature selection and classification. This will be done by determining the best compro-
mises between the several conflicting objectives (performance metrics). For that purpose, a
multi-class SVM is used to ensure the fitness evaluation of each candidate feature subset by
classifying them during the successive generations. On previous studies from the authors [30],
NSGA-II-SVM approach has demonstrated its higher potential, in comparison with genetic
algorithm-SVM, as a powerful tool for mining high dimension data.

NSGA-II starts from a random population of binary individuals (chromosome) represent-
ing the subset of features for classification [203]. In order to compare the individuals, the
population is sorted based on the domination relation according to several (two or three) con-
flicting classification performance criteria. Three metrics are adopted as evaluation criteria of
the performance of each feature subset: ACC, CEN and MCC. These metrics were explained
on section 5.3.2. The maximization of these performance metrics plus the minimization of
the number of features (M) allow comparing feature subsets. Consequently, better feature
subsets have a greater chance of being selected to form a new subset through crossover and
mutation. Crossover combines different features from a pair of subsets into a new subset and
mutation changes some of the values (thus adding or deleting features) in a subset randomly.
The NSGA-II-MSVM algorithm is an iterative process in which each successive generation is
produced by applying genetic operators to the members of the current generation. In this man-
ner, good subsets are “evolved” over time until the stopping criteria are met. The flowchart of
the method is presented in figure 5.4:

(1) Calculate gait features: read the matrix N x M (N samples and M features) from data
set; (2) Generate parent population P0: Generate n individuals (parent population) randomly.
Each individual is a fixed-length string with M-length of bits of either 1 or 0 (binary-coded).



172 Feature Reduction and Multi-Classification of Different Assistive Devices

Gait 
Features 

Calculation 
(1)

Parent 
Population  

(2)

Parent 
Population 
Evaluation 

(3)

Child Population: 
Selection, 

Crossover, Mutation 
(4)

New population 
evaluation (6)

Stopping Criterion 
(8)

Yes

Set of best 
gait feature 

subsets

No

Elitist Reduction of 
Population(5)

New parent 
population (7)

Figure 5.4: Flow chart of the proposed NSGA-II-MSVM combination.

Features are binary-coded within each string as either presence (1) or absence (0); (3) Par-
ent population evaluation: (i) Fitness Calculation - each solution in population representing a
combination of features is evaluated in terms of the evaluation criteria (one or two performance
metrics presented and the number of selected features). The population is sorted according to
the domination relation defining several domination fronts; (ii) Crowding - crowding distance
is calculated for each individual. The crowding distance is a measure of how close an individ-
ual is to its neighbors. Large average crowding distance will result in better diversity in the
population. To compute crowding distance for an individual, we average the distances to its
immediate neighbors along the same front in every dimension (dimensions correspond to ob-
jective functions). Then, we put a rank value based on its nondomination level; (4) Generate
child population Q0: form a child population Q0 on the basis of P0 by performing the fol-
lowed genetic operators (i) Selection- Selection operator in NSGA-II is composed of picking
child population from the parent population with the same size. The binary tournament selec-
tion [204] runs a tournament between two individuals and selects the winner; (ii) Crossover
Operator- Crossover combines two parents, to form children, for the next generation. Then a
scattered crossover is used [204]. This type of crossover creates a random binary vector. So,
the genes are selected from the first parent where the vector is a 1, and from the second one
where the vector is a 0, and combines the genes to form the first child, and vice versa to form
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Table 5.5: NSGA-II features for the features subset selection.

Number of participants (P) 35x2
Size of population (n) 100

Stopping Criterion
100 generations

All objectives values = 0
Stall Gen. Limit = 10

Length of the chromosome (G) 30
Crossover probability 0.8

the second one; (iii) Mutation Operator- Adaptive Feasible Mutation adds a randomly gener-
ated number to each element in the child population. The direction (positive or negative) of
the random number is adaptive with respect to the last successful or unsuccessful generation.
The feasible region is bounded by the relative constraints and inequality constraints (0 and
1) [204]. (5) Elitist Reduction of Population: At the th generation, produce population Rt of
size n by integrating parent population Pt with child population Qt; (6) Rt population evalua-
tion: The new population Rt is sorted on the basis of domination and evaluated as described
in (3). Assign a corresponding rank. (7) Create new parent population Pt+1: by filling the
highest ranked front set until the size of the population size exceeds N’; (8) Stopping criterion
verification: Goes to (5) until the stopping criterion is satisfied.

The used features on the NSGA-II are presented in table 5.5. The population size was 100
individuals. The evolution process ends if 100 generations are performed and/or fitness values
reach zero and/or stall generations limit reaches 10.

5.5.4 Forward, Backward and Stepwise selection

Forward Selection: The forward selection method is simple to define. You begin with no
candidate features in the multi-class SVM. Select the feature that has the highest classifier
performance. At each step, select the candidate feature that increases classifier performance
the most. Stop adding features when none of the remaining features are significant. Note that
once a feature enters the model, it cannot be deleted [174].

Backward Selection: This method begins with a model in which all candidate features
have been included. However, because it works its way down instead of up, one always retain
large values of classifier performance. The problem is that the classifier may include variables
that are not relevant. At each step, the feature that decreases the classifier’s performance is
eliminated [174].

Stepwise Selection: It is a combination of the forward and backward selection techniques.
Stepwise regression is a modification of the forward selection so that after each step in which
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a feature was added, all candidate features in the classifier are checked to see if they increase
or decrease the classifier performance [174].

5.5.5 Shrinkage Methods

As discussed in section 5.3, the standard SVM is equipped with L2 penalty for regularization.
Since L2 penalty shrinks the fitted coefficients towards zero, it effectively controls the model
variability and improves prediction performance especially when many variables are highly
correlated [175]. However, L2 penalty cannot set small coefficients to exactly zeros, so all M
features are used in the learned model.

For the goal of feature selection, different penalty forms were suggested and reviewed by
Huang et al. [175] to control model complexity and achieve sparse solutions. By shrinking
small coefficients to exact zeros, a parsimonious model can be built. It is noteworthy that the
suggested penalty forms use the same loss function as Crammer and Singer [187] (eq. 5.4).

Wang et al. [205] introduced L1 penalty (also known as LASSO penalty) for MSVM
for achieving sparsity in the solution. Then, Huang et al. [175] suggested that instead of
applying the same penalty to coefficients, they can be adaptive: large coefficients receive
small penalties, while small coefficients receive large penalties. Thus, Adaptive L1 penalty
appears where large coefficients can be protectively preserved during the selection process
and small coefficients are decreased to zero, resulting in more sparse models.

Zhang et al. [206] proposed a new penalty form called sup-norm penalty, and Huang et al.
[175] proposed an adaptive form (Adaptive sup-norm penalty) of this penalty with the same
motivation as Adaptive L1 penalty. For more details about these penalties consult [175].

In order to select the frequency of selection of each individual feature among cross-
validation sets, Yamashita et al. [207] proposed Selection Counting Value (SC-value). The
basic idea is that features that are repeatedly selected with good classification performance
among a variety of training data sets could be important, so high SC-values should be as-
signed. Thus, with cross-validation we will obtain numerous coefficients for each feature with
their corresponding measures of classification ACC. Then, SC-value can be defined by the
total frequency of each feature selected, weighted by classification ACC. Let l(k) and p(k)
denote the estimated feature vector and ACC, respectively, resulting from the k-th set division
(cross-validation sets). Then the SC-value for the m-th feature is defined by

SC−value(m) =
K

∑
k:p(k)>pthres

I(lm(k) ̸= 0). p(k) m = 1, . . . ,M (5.14)

where I(�) denotes an indicator function that takes the value of 1 if the condition inside
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Figure 5.5: Proposed workflow of the porposed feature selection study.

the brackets is satisfied, 0 otherwise. K is the number of cross-validation sets (accordingly
with section 5.3.1, K=36) and ld(k) is the estimate of the m-th element of l(k). In order
to exclude the results of poor classification performance, only data sets with classification
performance exceeding a threshold level pthres (80%) are included in the summation. It should
be noted that an additional data set that is not used for calculating SC-values is used to evaluate
generalization performance of the selected features.

5.5.6 Design/Methodology

The workflow of the methodology of this approach is presented in figure 5.5.

In this approach SI and postural control parameters were chosen to be evaluated as gait
parameters. In addition, only Avspd and CAD were chosen to be evaluated in the group of
spatiotemporal parameters. The others were not considered taking into account the previous
results (subsection5.4.5).

Then, each feature selection method was applied to the gait parameters dataset, selecting a
subset of important features. Such subset of features was then introduced in the SVM classi-
fier. But, firstly, it is important to select subsets of the data (13 patients) to be used as training
and test in the classification stage. In this study, a SIX fold cross-validation (CV) resampling
approach is used (section 5.3.1).

The result of the classification, for each method, was evaluated by three metrics: ACC,
MCC and CEN (section 5.3.2). NSGA-II was performed twice with different combinations of
fitness: ACC, MCC and number of features (M); and MCC, CEN and number of features (M).
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5.5.6.1 Statistical analysis

Descriptive analysis of spatiotemporal symmetry indexes and postural control features for
each device was carried out, including the calculation of central tendency and dispersion such
as the mean and standard deviation. Confidence intervals (CI) for the mean of symmetry fea-
tures for each device were calculated and the distribution of the data was summarized and
plotted using boxplots. Two-way and one-way ANOVA tests were performed with the spa-
tiotemporal symmetry indexes and postural control features to determine if different devices,
as well as different subjects, have significant effects on the features. Additionally, post hoc
Tukey tests were performed to identify, for each feature, which combinations of ADs show
statistical significant differences. One sample t-tests were performed to assess whether the
symmetry indexes mean is different from zero. In all statistical tests, the significance level
was set at 0.05. The software used was R (Version R-3.1.3) and MatLab 2012b (Natick, MA).

Linear regression models and Pearson’s correlation coefficients between features were cal-
culated to inspect the existence of correlations among them. In addition, multiple linear regres-
sion analysis was performed taking the selected important features as independent variables
and the clinical outcomes, Berg Balance Scale (BERG) [182], Avspd and CAD as dependent
variables.

5.5.7 Results

Spatiotemporal and Postural control features analysis

Measurements were performed on a total of 13 patients with 3 ADs (CRT, SW and RFS) each.
The mean and standard deviation of the gait features for each patient were determined using
data of a total of 30 gait cycles in steady gait. These values are shown in table 5.1 for each AD
(Symmetrical Indexes and Postural Parameters).

The SI were calculated and analyzed in detail for each spatiotemporal feature. Boxplot of
the SI for different ADs and parameters are plotted in figure 5.6. It can be seen that SI-STR,
SI-STP, SI-GC and SI-SWD present positive means for all ADs. SI-STAD mean is only positive
for CRT, SI-DS and SI-SP have negative mean for RFS and SI-STPT has negative mean for
CRT.

In order to verify if each SI has a mean that is significantly different from zero (indicat-
ing lack of symmetry), one sample t-test was applied and the results (p-values) are presented
in table 5.6. Based on these tests, it can be observed that all symmetry indexes, except SI-
SPT (positive asymmetry seen in figure 5.6), did not show asymmetry between both legs with
RFS (p>0.05). Only SI-STR, SI-STAD and SI-SP showed a symmetrical behavior with CRT
(p>0.05). SI-STP, SI-GC, SI-STPT, SI-DS, SI-SWD showed to be positive (Figure 5.6). In re-
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Figure 5.6: Boxplot and confidence intervals for each symmetric index.
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Table 5.6: One sample t-test for SI.

Variables
One-sample t-test

RFS CRT SW
SI - STR >0.05* >0.05* >0.05*
SI - STP <0.05 <0.05 <0.05
SI - GC >0.05* <0.05 >0.05*

SI - STAD >0.05* >0.05* >0.05*
SI – SWD >0.05* <0.05 <0.05
SI – DS >0.05* <0.05 <0.05

SI - STPT >0.05* <0.05 >0.05*
SI – SP >0.05* >0.05* >0.05*

*statistical significance

lation to SW, the features SI-STR, SI-GC, SI-STAD, SI-STPT and SI-SP showed a symmetrical
behavior (p>0.05). SI-SW, SI-DS and SI-SPT showed to be positive in figure 5.6 (p<0.05).
The positive asymmetrical features indicate that values of these feature are larger for the OL
than for the NOL (p<0.05).

Boxplots show a high variability of SI-STP in relation with the other features, being the
most asymmetrical feature for all devices. The behavior of this index is consistent through all
ADs, being positive for all ADs (p<0.05).

In terms of postural control features, SW presents decreased RMS accelerations, DCOM,
ACCCOM, ROMML and ROMV. RFS presents decreased sway length in all directions and
CRT presents decreased ROMAP.

The one-way ANOVA results (p-values) to test if there are significant differences between
ADs for each feature are presented in table 5.7. It can be observed that there are statistically
significant effects of ADs on SI-STAD, SI-SWD, SI-STP, SI-DS, ROMV, SLML, SLV, RMSML
and ACCCOM. Then, Tukey post hoc allows concluding that features SI-STP, SI-SWD, SI-DS,
ROMV, SLV, RMSML and ACCCOM have significantly different values for each AD and there-
fore should be able to distinguish which AD is the patient using. SI-STAD only distinguishes
CRT from SW, and SLML distinguishes RFS from the other ADs.

With the purpose of a consistency analysis, two-way ANOVA was performed. Since fea-
ture selection and classification will be presented with the mean values of each patient, the
authors want to verify if no variability information is lost. Also, we want to verify if there
are differences between subjects, showing if each subject is different from the others when
using a certain AD. Thus, two-way ANOVA analysis was performed using the 30 gait cycles
data for each feature and patient between ADs. Thus, a total of 30 repetitions for each patient
(n=13) was used for each feature and AD. Results are shown in table 5.7. Results among
ADs showed consistency between two-way ANOVA and one-way ANOVA, since the features
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Table 5.7: Symmetry indexes for each spatiotemporal features and postural control features
from TKA patients (N=13) using 3 ADs. ANOVA and Tukey post hoc test results.

Parameters One-way ANOVA Tukey Post hoc (one-way
ANOVA)

Two-way ANOVA Tukey Post hoc (two-way
ANOVA)ADs Subj. Interaction

SI - STR >0.05 - >0.05 >0.05 >0.05 -
SI - STP <0.05* ALL ADs <0.05* <0.05* <0.05* ALL ADs
SI - GC >0.05 - >0.05 >0.05 >0.05 -

SI - STAD <0.05* CRT - SW <0.05* <0.05 <0.05 CRT - SW
SI - SWD <0.05* ALL ADs <0.05* <0.05* <0.05* ALL ADs
SI - DS <0.05* ALL ADs <0.05* <0.05* <0.05* ALL ADs

SI - STPT >0.05 - >0.05 <0.05 <0.05 -
SI - SP >0.05 - >0.05 >0.05 >0.05 -

ROMAP (mm) >0.05 - >0.05 >0.05 >0.05 -
ROMML (mm) >0.05 - >0.05 >0.05 >0.05 -
ROMV (mm) <0.05* RFS - CRT <0.05 <0.05* <0.05* ALL ADs
SLAP (mm) >0.05 - >0.05 >0.05 >0.05 -
SLML (mm) <0.05* RFS-ALL <0.05 <0.05* <0.05* ALL ADs

SLHOR (mm) >0.05 - >0.05 >0.05 >0.05 -
SLV (mm) <0.05* ALL ADs <0.05* <0.05* <0.05* ALL ADs
RMSAP >0.05 - >0.05 >0.05 >0.05 -
RMSML <0.05* RFS - ALL <0.05 <0.05* <0.05* RFS-ALL
RMSV >0.05 - >0.05 >0.05 >0.05 -

RMSHOR >0.05 - >0.05 >0.05 >0.05 -
DCOM(mm) >0.05 - >0.05 <0.05* <0.05* -

ACCCOM (m/s2) <0.05* ALL ADs <0.05* <0.05* <0.05* ALL ADs
CAD (step/min) <0.05* ALL ADs

Avspd (m/s) <0.05* RFS-ALL
*statistical significance

that are statistically significant in one-way ANOVA are also in two-way ANOVA (SI-STAD,
SI-SWD, SI-STP, SI-DS, ROMV, SLML, SLV, RMSML, ACCCOM). Among subjects the same
features are statistically significant. Also, SI-STPT and DCOM showed to be statistically dif-
ferent among subjects. The group of features that are statistically significant on the interaction
between subjects and ADs include all the latter features. Through Tukey post hoc, it can be
observed that the results are similar to one-way ANOVA. Only SLML showed some loss of
information, since the one-way ANOVA (more general) only distinguishes between RFS and
the other ADs, and two-way ANOVA (more specific) distinguishes between all ADs.

In figure 5.7, the results of a correlation analysis between the features are graphically
presented. It is possible to verify that, in general, there are low correlations between features.
Only some postural control features present positive high correlations: ROMAP and ROMML
are strongly correlated to sway length features (SLAP, SLHOR, SLML, SLV), since all are
based on COM displacement measures. However, they are not strongly correlated to RMS
measures. CAD and Avspd show a high positive correlation between them. In relation to the
other features, CAD and Avspd showed very low correlations. BERG has low correlations with
all features.

Feature Selection results

In this study, three classes were analyzed related with three ADs – RFS, Crt, SW. It is essential
to determine which gait features are influenced by these ADs and that affect the behavior, and
consequently the recovery of the TKA patient.
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STAD

Avspd

Figure 5.7: Linear correlation among all features (Pearson method). If the pie increases in
clockwise direction (blue) the correlation is positive, if increases anti-clockwise (red) the cor-
relation is negative. The ascend lines (blue) represent positive correlations and descend lines
(red), negative correlations. Strong color corresponds to high corretation, and vice-versa.

Two different approaches of MSVM were performed: One vs rest (MSVM OvR) and dis-
criminant functions (MSVM DF). Univariate statistics F-ratio, forward, backward and step-
wise selection and NSGA-II were performed with MSVM OvR. Then, L2, L1, Sup-norm,
Adaptive L1 and Adaptive Sup-norm penalties were performed with MSVM DF.

In table 5.8, it can be observed the results of the different approaches considering classifier
performance and number of selected features (m). The best set of features that result in the
best classification performance was obtained with Sup-norm penalty and Adaptive Sup-norm
Penalty. However all approaches, except the MSVM OvsR, L2 and L1 penalties, obtained an
ACC performance greater than 91%, MCC greater than 0.8 and CEN lower than 0.2. L1 penalty
presents zero features, since SC-value obtained zero selected features with performance higher
than 80%. In table 5.9, it is verified that each approach selected different sets of features with
high performance of the classifier. Thus, the ones (features) that were more chosen between
the approaches were evaluated with the two types of MSVM with test subsets. Table 5.10
shows the obtained results. The selected features obtained a performance equivalent to the
ones obtained in table 5.8. The set selected with Sup-norm penalty and Adaptive Sup-norm
was also evaluated with the test subset and obtained worse classification performance. It is
noteworthy that the feature that differs from the two sets is SI-STPT.

It is also verified that SI-DS, ROMV, SLV and ACCCOM were the most chosen through the
different approaches. These variables were also targeted by ANOVA as statistically significant
features.
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Table 5.8: Classification performance and number of selected features (m) by the different
feature selection techniques.

Approaches ACC MCC CEN m
MSVM OvR 90.90% 0.820 0.160 21

Forward Selection 93.14% 0.843 0.180 5
Backward Selection 94.10% 0.908 0.090 10
Stepwise selection 93.14% 0.843 0.180 5

NSGA-II (MCC, CEN, N) 91.83% 0.817 0.190 7
NSGA-II* (MCC, ACC, N) 91.05% 0.812 0.190 7

Sup-norm Penalty 95.10% 0.850 0.130 16
L2penalty 89.84% 0.790 0.220 21
L1penalty 53.00% 0.100 0.810 0

Adaptive Sup-norm Penalty 95.40% 0.859 0.130 16
Adaptive L1 penalty 91.00% 0.800 0.200 16

F-ratio 92.50% 0.840 0.150 8

Table 5.9: Selected features for each feature selection approach.

Approach 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
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Forward x x x x x
Backward x x x x x x x x x x
Stepwise x x x x x
NSGA-II x x x x x x x

NSGA-II* x x x x x x x
Sup-norm x x x x x x x x x x x x x x x x
Adap.L1 x x x x x x x x x x x x x x x x

Adap. Sup-norm x x x x x x x x x x x x x x x x
F-ratio x x x x x x x x x

FINAL SET x x x x x x x x x x x x x x x

x - selected variables

Table 5.10: Final set of Selected features with SVM performance.

Classifier ACC MCC CEN m Features
SVM OvR 94.5% 0.859 0.120

15 2,4, 5, 6, 9, 10, 11,12,13,14,15,16,17,20,21
MSVM L2 92.0% 0.840 0.130
SVM OvR 90.5% 0.80 0.190

16 2,4, 5, 6, 7, 9, 10, 11,12,13,14,15,16,17,20,21
MSVM L2 89.0% 0.80 0.200
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Table 5.11: Multiple linear regression analysis.

m R2 F p-value Error Variance

Avspd
15 0.642 2.759 0.014 0.005
16 0.643 2.481 0.025 0.006

CAD
15 0.732 4.203 0.001 14.538
16 0.731 3.769 0.002 21.872

BERG
15 0.611 2.315 0.034 43.244
16 0.601 2.076 0.056 45.207

Table 5.12: Symmetrical indices of spatiotemporal features of patient #1. Confidence Intervals
(CI) and mean values. One-way ANOVA (p-values) and Tukey post hoc results.

Features RFS CRT SW One-way ANOVA Tukey Post hocCI Mean CI Mean CI Mean
SI-STP 0.11 0.32 0.218 0.99 3.18 2.087 0.05 0.35 0.206 <0.05 CRT-ALL

SI-STAD -0.02 0.23 -0.106 -0.28 -0.05 -0.169 -0.13 0.03 -0,.047 >0.05 -
SI-SWD 0.21 0.68 0.432 0.11 0.63 0.374 0.13 0.47 0.305 >0.05 -
SI-DS -0.44 -0.17 -0.309 -0.75 -0.34 -0.547 0.03 0.54 0.286 <0.05 SW-ALL

SI-STPT -0.01 0.25 0.119 -0.30 -0.13 -0.220 -0.01 0.31 0.147 <0.05 Rol - CRT

Figure 5.7 presents the correlations among the different features. A multiple linear regres-
sion was performed considering 6 different models, i.e. 3 different dependent variables (Avspd,
CAD and BERG) and 2 different independent variable set (16 features selected by Sup-norm
and Adaptive sup-norm penalty and 15 features selected by the overall approaches). Results
are depicted in table 5.11. The R2 suggests that the models Avspd, CAD and BERG explain
approximately 64%, 73% and 60% of the variability in the response variables, and all of them
are statistically significant, except the model BERG with 16 features (p>0.05). The general
results reveal that there is a significant linear association between the selected features and the
dependent variable (Avspd, CAD and BERG). However, with low variability explained.

Individual analysis results

In tables 5.12-5.17 are presented the individual analysis of 3 different patients with the selected
features. For SI features, confidence intervals and mean values were calculated, as well as one-
way ANOVA and Tukey post hoc. For postural control features, mean and standard deviation
were calculated plus one-way ANOVA and Tukey post hoc. As it can be observed, each patient
presents different values for the features, and the influence of the ADs is different among them.

5.5.8 Discussion

Nowadays, clinicians use several standardized and validated clinical scales filled out by the
clinician or physiotherapist, such as Berg balance scale (BERG) [182]. BERG uses a range of
test conditions, aiming to provide a holistic measure of balance. This evaluation is not based
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Table 5.13: Postural control Features of patient #1. Mean ± Standard Deviation. One-way
ANOVA (p-values) and Tukey post hoc results.

RFS CRT SW One-way ANOVA Tukey Post hoc

ROMAP 5.98±2.30 1.07±0.23 0.27±0.01 <0.05 RFS-ALL
ROMML 1.25±1.04 0.58±0.23 0.44±0.11 >0.05 -
ROMV 5.90±.44 6.97±3.34 2.49±0.12 <0.05 ALL
SLAP 28.46±4.03 12.44±6.34 0.70±0.06 >0.05 -
SLML 16.69±3.76 7.64±0.34 1.51±0.34 >0.05 -

SLHOR 32.95±3.45 14.61±2.07 1.67±0.22 <0.05 -
SLV 26.09±6.45 25.94±5.03 14.39±1.03 <0.05 SW-ALL

RMSML 0.25±0.02 0.22±0.02 0.02±0.00 <0.05 SW-ALL
DCOM 0.26±0.03 0.15±0.02 0.17±0.00 >0.05 -

ACCCOM 0.54±0.23 0.40±0.01 0.19±0.05 <0.05 SW-ALL

Table 5.14: Symmetrical indices of spatiotemporal features of patient #2. Confidence Intervals
(CI) and mean values. One-way ANOVA (p-values) and Tukey post hoc results.

Features RFS CRT SW One-way ANOVA Tukey Post hocCI Mean CI Mean CI Mean
SI-STP 0.01 0.23 0.122 0.64 1.09 0.869 0.61 3.40 2.005 <0.05 RFS-SW

SI-STAD -0.10 0.07 -0.015 0.01 0.14 0.073 -0.07 0.27 0.101 <0.05 RFS-ALL
SI-SWD -0.13 0.04 -0.045 -0.23 -0.04 -0.133 0.03 0.37 0.198 <0.05 SW-ALL
SI-DS 0.04 0.19 0.118 0.76 1.48 1.124 0.86 2.21 1.538 <0.05 ALL

SI-STPT 0.02 0.16 0.093 0.25 0.80 0.531 0.03 1.09 0.562 >0.05 -

Table 5.15: Postural control Features of patient #2. Mean ± Standard Deviation. One-way
ANOVA (p-values) and Tukey post hoc results.

RFS CRT SW One-way ANOVA Tukey Post hoc

ROMAP 2.50±0.12 2.43±0.26 2.55±0.25 >0.05 -
ROMML 0.73±0.09 1.24±0.08 1.94±0.09 >0.05 -
ROMV 2.78±1.30 4.78±1.04 4.86±0.85 <0.05 RFS-ALL
SLAP 15.51±1.23 17.11±4.03 23.83±7.85 >0.05 -
SLML 6.41±0.32 6.96±4.01 16.66±3.77 <0.05 SW-ALL

SLHOR 16.78±2.25 18.47±3.45 29.08±14.92 >0.05 -
SLV 20.54±4.34 24.80±10.32 32.93±15.03 <0.05 ALL

RMSML 0.57±0.01 0.37±0.04 0.41±0.09 >0.05 -
DCOM 0.35±0.03 0.48±0.13 0.36±0.08 >0.05 -

ACCCOM 0.41±0.00 0.51±0.25 0.63±0.18 <0.05 ALL

Table 5.16: Symmetrical indices of spatiotemporal features of patient #11. Confidence Inter-
vals (CI) and mean values. One-way ANOVA (p-values) and Tukey post hoc results.

Features RFS CRT SW One-way ANOVA Tukey Post hocCI Mean CI Mean CI Mean
SI-STP -0.22 8.09 3.934 0.02 -0.41 -0.215 4.69 16.99 10.840 <0.05 SW-ALL

SI-STAD -0.08 0.05 -0.014 -0.08 0.09 0.004 -0.18 0.14 -0.022 >0.05 -
SI-SWD 0.09 0.36 0.231 -0.14 0.15 0.004 0.09 0.36 0.211 <0.05 CRT-ALL
SI-DS 1.31 2.08 1.702 0.49 1.15 0.825 1.52 3.06 2.292 <0.05 ALL

SI-STPT -0.63 -0.54 -0.589 -0.82 0.81 -0.01 -0.37 -0.03 -0.203 >0.05 -

Table 5.17: Postural control Features of patient #11. Mean ± Standard Deviation. One-way
ANOVA (p-values) and Tukey post hoc results.

RFS CRT SW One-way ANOVA Tukey Post hoc

ROMAP 2.49±1.02 1.91±0.01 3.30±1.02 <0.05 ALL
ROMML 0.52±0.21 0.23±0.01 0.40±0.20 <0.05 ALL
ROMV 6.45±1.32 3.73±0.03 4.85±0.14 <0.05 ALL
SLAP 16.03±4.02 13.76±0.78 21.24±4.03 <0.05 SW-ALL
SLML 5.71±2.30 2.45±0.09 11.69±4.05 <0.05 ALL

SLHOR 16.25±3.02 14.80±1.02 24.24±3.08 <0.05 SW-ALL
SLV 24.19±9.23 21.03±3.04 26.06±5.05 <0.05 ALL

RMSML 0.21±0.01 0.14±0.03 0.29±0.08 <0.05 CRT-ALL
DCOM 0.39±0.20 0.23±0.08 0.22±0.09 >0.05 -

ACCCOM 0.41±0.10 0.37±0.02 0.46±0.11 >0.05 -
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on objective physical measurements but depends on the subjective opinion of the patient, the
physiotherapist or clinician, so it is difficult to perform an accurate and objective assessment
[39]. Moreover, there is no objective assessment of which assistive device is more appropriate
for the recovery of a certain patient [39]. Normally, clinicians tend to generalize the patients
as, in this case, a group of post-surgical patients of TKA, and then prescribe the same treatment
for all. However, depending on the degree of balance and symmetry problems; patients may
require different devices for their recovery.

The aim of this study is to investigate which mobility characteristics (gait features) during
assisted walking are more affected by three types of ADs, and if these ADs have different
effects on the gait features of the same patient and between subjects. After identifying these
gait features, we want to know if they are related to gait velocity, cadence and clinical out-
comes (BERG) of TKA post-surgical patients. For this purpose, we evaluated as gait features
the symmetrical indexes and postural control features for quantitative assessment. Martínez-
Ramírez et al. [183] demonstrated that inter-limb asymmetry provides important additional
information about individual gait pattern, which is not represented by gait velocity and clini-
cal outcomes. In addition, postural information is important to infer stability and safety during
the recovery of the patients, to avoid falls and the sense of insecurity.

Studies relative to rollators revealed that this device is safe and stable, providing improve
in balance and mobility [57, 59, 67]. This AD also causes a lower variability in gait and
more natural gait [46, 58, 59]. In contrast, there are several authors indicating that this AD
causes changes in posture and, increased risk of falling [57, 58, 77]. However, on this study
forearm supports were added to the device in order to provide more stability to the gait, better
posture and increased support [25, 65, 69]. This could result in an upper limbs’ excessive
effort [74], however since this device will just be used during recovery, not being a long term
device, upper limb problems would not be a concern. On the other hand, SW is known as
the more stable device, supporting a greater percentage of body weight [64]. Still, it provides
a slower and varied gait, less mobility with higher metabolic cost due to reduced speed and
repetitive motion for lifting it while moving forward [50, 51, 58, 59, 64]. CRT have upper
limbs’ support, however, these devices require some energy cost, excessive upper limb effort
and do not provide a natural gait [1].

On this study, RFS demonstrated to be the AD that, in general, provides for a more sym-
metrical gait. CRT demonstrated to be the worst AD in terms of providing a symmetrical gait
for their users. This result may be influenced by the different type of gait that is adopted by the
patient when using the ADs. Regarding CRT, the patient learns a three points gait, i.e. he/she
always has one foot and two crutches on the ground while moving forward [60]. With SW, the
patient first lifts and moves the device, placing it in front of him, and then he moves his legs.
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Finally with RFS, the movement is continuous by pushing the walker. It is believed that the
type of gait that the patient presented for each AD influences the distinction of ADs.

SI-STP is the SI feature with higher variability, being the one that differs more between
subjects and is significantly affected by ADs (p<0.05). The high positive values demonstrate
that OL does not have sufficient strength to endure a large step of the NOL, thus the step of the
NOL will be shorter. In addition, NOL presents a higher step time (STPT) and swing duration
(SWD) and a lower stance duration (STAD). The SI of these features will be positive, positive
and negative, respectively. However, CRT present a positive average SI-STAD which means
that OL is in effort for more time than NOL. Maybe crutches can provide a higher support on
the upper limbs, decreasing the load and pain on OL. However, this does not happen with all
patients.

SI-SWD and SI-DS are only symmetrical with RFS, maybe because it provides for a more
natural motion, which does not oblige the person to stop in order to move forward. SI-DS
on the other ADs, tend to be positive, which means that the patient takes more time in dou-
ble support when the progress-leg (leg that initiates the movement to go forward) is NOL
since OL has to support the beginning of the motion. RFS is the only device that presents all
symmetrical gait phases (SI-DS, SI-SWD, SI-STAD and SI-GC). This might indicate that if a
person has to recover in terms of time of support of the knee, and create confidence to walk
as natural as possible, RFS seems to provide the necessary help. However, SI-STAD result of
CRT indicates that it provides for a greater load of weight on the upper limbs, decreasing the
weight supported by the operated knee, and consequently decreasing knee pain. Moreover,
gait phases SI features (SI-DS, SI-STAD and SI-SWD) seem to be the ones that are more af-
fected by ADs and are differently affected in each person by all ADs. This means that patients
require different types of help and respond differently to each AD.

On the overall, there are more positive SI features that indicate greater asymmetry towards
NOL meaning that patients put more weight on the non-operated leg throughout the gait cycle.
These results are in agreement with those of [198, 199]. The asymmetry of weight bearing
might also depend on small changes in the body configuration [198, 199]. Therefore, the ad-
ditional stress on NOL may develop osteoarthritis in that leg. For this reason, it is important to
identify which devices are more appropriate for each person, based on its initial performance.

Relatively to postural control parameters, the lower they are the more support the AD is
providing. In general, SW is the more stable, and CRT is the worst. Results indicate that
ROMV, SLML, SLV, RMSML and ACCCOM provide significant discrimination between ADs
and subjects, which may have relevance to unsupervised balance assessment and comparison
between ADs, inferring stability and safety. In addition, since no high correlation was identi-
fied between RMS acceleration features and the other postural control features, normally not
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used for balance assessment, they may provide information not captured by RMS acceleration
features.

SW results in decreased RMS acceleration and ROM values. By other hand, RFS provides
more stability in sway length and CRT stabilize the ROMAP. These results demonstrate that
SW stabilizes the acceleration of the trunk, and its users are more “static” than with the other
ADs. RFS stabilizes the position of the trunk, not allowing the user to sway the trunk. CRT
is better to give a more erect posture to its users, decreasing the anterior-posterior range of
motion, i.e. flexion and extension of the trunk.

It is also noteworthy that RFS present a greater velocity and cadence, and SW provides the
slowest gait and more stable, as referred in [23].

From these features, the most important and relevant ones were selected to evaluate the
differences between ADs. The ones that can better distinguish the pattern acquired by the
ADs will be selected to evaluate which device should be prescribed for TKA patients. In order
to select the important features which can discriminate the differences among the ADs, we
investigated different types of techniques for feature reduction and selection. The most impor-
tant features were identified in table 5.9. It is interesting to verify that all identified features
in ANOVA (Table 5.7) were considered to be important by the feature selection techniques.
The best performance obtained was with the set of 16 features (SI-STP, SI-STAD, SI-SWD, SI-
DS, SI-STPT, ROMAP, ROMML, ROMV, SLAP, SLML, SLHOR, SLV, RMSAP, RMSML, DCOM
and ACCCOM). However, the final chosen set was SI-STP, SI-STAD, SI-SWD, SI-DS, ROMAP,
ROMML, ROMV, SLAP, SLML, SLHOR, SLV, RMSAP, RMSML, DCOM and ACCCOM, which
does not include SI-STPT. This feature can be controversial, since it detects differences among
subjects and ADs, but it is not significantly affected, in general, by the ADs. By this, the two
sets were tested to verify how the inclusion of this feature affects the performance of the clas-
sifier with the test subset samples. Results conclude that the performance was good (>90%)
but poorer with SI-STPT, so it was not considered on the final set.

Testing for correlations between the set of selected features and Avspd, CAD and BERG, it
was concluded that selected features were not highly correlated with Avspd and BERG. Being
more correlated with CAD, but with explained variance of 73%. Thus, the set of features
cannot predict gait velocity, cadence and the score of the BERG. The opposite is not possible
also, since SI and postural control features showed low correlation with Avspd, BERG and
CAD. Therefore, SI and postural control features provide important additional quantitative
information about the functional mobility performance, which is not represented by BERG,
CAD and Avspd . Moreover, the great variability in the selected SI and postural features within
our patients indicates that asymmetry and posture differs between patients and is, therefore,
important as independent measures.
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The scales usually reflect different aspects of functionality of patients to develop activities,
but not how to perform them [208]. Patients may try to maintain their functional capacity as
normal as possible despite the pain and discomfort. In the current study, the authors did not
find a relation between gait features and clinical outcomes, which supports the findings of
Vissers et al. [208]. It is, therefore, important to measure gait features in addition to scales
to understand how patients walk after surgery in order to tailor rehabilitation programs for
potential recovery of normal walking patterns [198].

Finally, in order to verify the obtained results that the selected features are important to
provide the information necessary to help on prescribing an assistive device, data from three
patients were shown in tables 5.12-5.17. Looking at these tables, patient #1 presents lower
values for SW, patient #2 for RFS and patient #11 for CRT. Thus, these devices should be
taken into consideration for the recovery of these patients.

5.5.9 Conclusions and Originality

Inter-limb asymmetry and postural control features can be evaluated in an outpatient setting,
supplying important additional information about individual gait pattern, which is not repre-
sented by gait velocity, cadence and scales usually used. The features calculated in this study
are able to provide complementary information to gait velocity, cadence and clinical scales to
assess the functional capacity of patients that passed through TKA. The selected parameters
make a new clinical tool useful for tracking the evolution of patients’ recovery after TKA.

Further studies should collect more data from TKA patients creating a database with the
proposed features on this study, to then create a model that can be used to help the physicians
on deciding which assistive device can be more adequate to a certain TKA patient.





Chapter 6

Introduction of a Smart Walker for
Rehabilitation in Ataxic Patients: Case
Studies

The term ‘ataxia’ refers to movement coordination disorders and is frequently caused by cere-
bellar injuries [209]. The functional role of cerebellum in motor control is the adjustment of
movements, playing a critical role in balance and locomotion. Cerebellar damage can produce
oculomotor disturbances, speech deficits, disturbances in limb movements, deficits of posture
and gait, deficits of cognitive operations or subtle autonomic signs [210].

Ataxic gait has been characterized by a widened or alternatively variable base of support,
inappropriate timing of foot placement, reduced step frequency, increased step width, and
prolonged time in double-limb support. Both impaired postural stability and decomposition
of multi-joint leg movements appear to be factors in cerebellar gait ataxia [211].

Posture and balance involve both the ability to recover from instability as the ability to
anticipate and move in order to help avoiding instability. Lesions in the cerebellum can result
in postural sway and backward balance reactions. The use of vision may not be effective in
preventing loss of balance. These individuals are thus very prone to falls [211].

There are genetically medicated ataxias (spinocerebellar ataxia, Freidreich’s ataxia, for ex-
ample), with symmetrical and slow progression, and acquired ataxias (caused by injury, stroke,
hemorrhage, infeccious/inflammatory processes, metabolic or toxic derangements, neoplas-
tic/mass effect), that may have a more sudden onset and may be asymmetrical or focal [212].

The treatment of the underlying disease is presently possible only for a little subgroup of
cerebellar ataxias with metabolic dysfunction. To all the others, ataxia treatment is primary
based on physical medicine and rehabilitation (PMR) intervention [213].

This chapter proposes a new PMR intervention with the introduction of the developed
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smart walker, ASBGo walker (SmartW). Taking into account that the use of walkers can be
problematic for patients suffering from ataxia, ASBGo walker was included on the rehabilita-
tion program of six ataxic patients to infer its potential.

In addition to introducing ASBGo walker on the treatment of ataxic patients, the gait as-
sessment tool developed in chapter 4 was used, in real-time, to evaluate the patient’s progress
by assessing spatiotemporal and postural stability parameters. This information is then ana-
lyzed to help deciding when the patient can leave the SmartW and to monitor the progression
of the patient. It is investigated the relationship between the static and dynamic recovery
balance throughout gait training with a SmartW. Also, an intra-individual comparison is per-
formed, since all cases are different. The goal is to evaluate the recovery of each patient in
time, by comparing with his/her own results.

Therefore, it will be first presented a brief background about the current types of ataxia
treatment. Then, a description of the experimental setup and parameters acquisition, which
includes the presentation of the advantages of using ASBGo walker for the rehabilitation of
patients of ataxia as well as details of clinical, gait and stability assessments, is presented. The
participants under study and the protocol are also described. Finally, the results and discussion
of the evolution of the patients and clinical relevance are presented.

The study presented in this chapter resulted in one conference publication [31] and four
poster communications in conferences of the medical and physical therapy field [32–35].

6.1 Ataxia Treatment: Background

Ataxia treatment is primarily based on PMR intervention. The physiotherapy exercises pro-
mote postural stability, functional balance and stimulate precision movements of the limbs
(without losing stability), aiming to teach the patient to reduce postural sway (frequency and
amplitude) and to better control the position and body alignment and improve gait pattern. In
addition, it is essential to promote controlled mobility activities (weight shift, swing, in and
out of postures or movement transitions), perform tasks such as reaching an object with the
hand while maintaining stable posture, as semi-kneeling or even standing [214].

Physiotherapy interventions found in current literature include training of balance and
protection reactions, gait and coordination exercises; muscular strengthening and hydroky-
nesis therapy. Water offers graduate resistance that slows the ataxic patient motion and can
help the patient in recovering the coordination and control of movements [211]. More recent
techniques such as trans-cranial magnetic stimulation, virtual reality, biofeedback, treadmill
exercises with supported bodyweight and torso weighting appear to have potential, however
their specific efficacy has to be further investigated [215].
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In Appendix C it can be found a table review of the state of the art of physical therapy
studies with patients with ataxia [211, 216–241].

Despite the clinical consensus in relation to the usefulness of physical therapy exercises,
documentation of the effects of different protocols on functional performance of subjects with
ataxia is scarce in scientific literature [209]. However, recent literature suggests that individ-
uals with ataxia may benefit from motor and functional long-term training. After intensive
treatments in this area, patients with cerebellar disorders have shown improvement in motor
and functional tasks [216]. Ilg et al. [213, 216] found that frequency was an important factor
in retaining changes.

The timeline recovery depends on many factors, that may be not very well established. It
can take one month or one year for an ataxic patient to recover. It seems to depend on the
patient’s state, on the degree of disorder and on self-motivation. Many physical therapy exer-
cises are proposed but the recovery duration is not standard. That is why every rehabilitation
program should be tailored to each patient.

Some ataxic patients use walking aids to gain some independence. The use of a walking
stick or a walking frame can improve postural stability when balance is poor [213]. However,
its use is difficult when cerebellar syndrome also affects upper limb movement control, be-
cause placing and controlling such device may be as difficult as trying to accurately place legs
during swing phase. In Marquer et al. [242], a study with healthy adults using walking aids
was performed. They found that these devices compromise the ability to respond to balance
disturbances through impeding lateral compensatory stepping and thus can affect safety [242].
Assistance and training in the use of walking aids are essential because the inappropriate use is
associated with an increased risk of falls [214]. In addition, the use of walking aids decreases
the weight bearing over lower limbs through the upper limbs [216].

Other important concern is to select the appropriate measurement and assessment methods.
In the literature [211], clinicians use scales, observational methods and computerized systems
to assess patient’s balance and functional capacities. Although the observational methods are
easy to use, their ability to provide standardized measurements is limited, and the results can
be very subjective, varying with the person who has done the observation [211]. Although
computerized methods are highly reliable, they are costly systems, which require working
within the laboratory environment.

Because of such limitations, the author proposes in this chapter to test ASBGo walker
with patients with different types of ataxia. As it was already mentioned, this SmartW (AS-
BGo walker) was specifically designed for adapting to different patients. In addition, it was
developed to be use as an ambulatory tool for evaluating the status of a patient during his/her
treatment. In subsection 6.2.1, it is specified the advantages that ASBGo walker can bring to
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the rehabilitation of patients with ataxia regarding its design and funcionalities.

Quantitative evaluations were carried out using the sensory systems presented in chapter
4, enabling to quantify the gait evolution and to identify the problems that benefited from
this treatment, as well as the best outcome measures. This experiment provides the first steps
towards the creation of a clinical evaluation protocol whose results will show continuously the
progression of the patients using a ASBGo walker with forearms.

6.2 Experimental Setup and Parameters Acquisition

6.2.1 Advantages of ASBGo Walker

The combination of impaired balance and discoordination in lower-limb dynamics of ataxic
patients suggests a strong rationale for the use of ASBGo walker for gait training. We hy-
pothesized that using this ASBGo walker has several advantages: (1) the existence of a table-
support of the walker allows for postural control and increase in stability; (2) the motorization
allows systematic control and progression of the speed at which walking is performed; (3) the
repetitive training of a complete gait cycle enables a more appropriate pattern of sensory input
associated with the different phases of gait to stimulate the gait pattern; (4) the design allows
the physiotherapist to provide manual assistance to help the patient simulate a more normal
walking pattern; (5) the patient performs dual tasking (guides the walker and corrects his/her
gait at the same time); (6) the patient walks in real environment, avoiding obstacles; (7) the
patient is provided with body feedback; and (8) with axial support, decreasing his/her tremor
and dysmetria.

As it can be seen, the device includes several functionalities in order to include the main
advantages of conventional physical therapy exercises in one device.

Controversial points in literature were also included in order to verify their efficacy.

Point (5) was reported in [243] showing that patients with cerebellar ataxia present dif-
ficulty in performing dual tasks, mainly when cognitive tasks were requested as secondary
task. Scarce data is available in literature that relates the difficulty showed by people with
ataxia during the performance of actions that require association between cognitive structures
and musculoskeletal functions, configuring dual task. Studying this association is important
in ataxic patients because of the role of the cerebellum in motor memory storage and the
possibility of correction and adaptations during a motor act performance. With the SmartW
treatment here proposed, such results can be visualized in a long-term point of view (during
the entire rehabilitation process), verifying the long-term effects of walking with dual task,
such as guiding the walker while correcting the gait pattern and avoiding obstacles (point 6).
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Another controversial point may be point (7). Some studies reported the importance of
body feedback in ataxic patients [244, 245]. This feedback provides a continuous input con-
cerning the posture and balance, as well as position, speed, pace and strength of the slow
movements in the peripheral body segments. In order to verify the potential of this point, the
feet will be filmed and showed to the patients in real time.

Finally point 8 consists in providing some support and “fictional” weight on the upper
limbs of the patient with the forearm supports. Gibson-Horn et al. [217] showed that with
weighting, the patient demonstrated less sway in quiet standing, increased stability when per-
turbed, improved body alignment, and less ataxia during gait. The patient was able to ac-
complish more challenging activities with better balance while weighted. Thus, placing small
amounts of weight asymmetrically on the torso, based on directional loss of balance and align-
ment, seemed to assist the patient in maintaining balance during static and dynamic activities.
Morgan et al. [246] found improvement in gait in 11 out of 14 patients with ataxia when
they were weighted at the waist and the lower extremities. One severely disabled subject was
able to walk while weighted, but could not walk without the use of the weights. Clopton et
al. [247] reported improvement in some gait parameters when 10% of a subject’s body weight
was placed on the subject’s shoulders and then on his or her waist. Thus, axial weighting could
improve some aspects of balance and mobility. These studies suggest that increasing sensory
input via the application of additional weight may increase afferent input from deep pressure
receptors, thus facilitating co-contraction of the muscles and increasing stability. Changing
the center of mass (COM) by placing additional mass at appropriate locations alters the mo-
ment of inertia, affecting movement. Patients with ataxia often have difficulty controlling
their body movements. Weighting may provide increased afferent input regarding a change in
the biomechanical relationship, thus resulting in increased body control. Therefore, forearm
supports were included in the SmartW to impose some weight on the trunk and arms of the
patients.

6.2.2 Clinical, gait and postural stability assessment

Postural disorders in cerebellar ataxia can be evaluated both qualitatively and quantitatively.
Qualitative evaluations are based on a precise assessment of clinical symptoms. Also, certain
generic evaluations of balance disorders and ordinal scales evaluating the various components
of ataxia can be used to quantify the severity of postural disorders in cerebellar ataxia. The
generic evaluations of balance include the Berg Balance Scale (BBS), time standing tests, like
the Time Up and Go (TUG) and posturography [213]. Generic gait assessments are also useful
and include basic spatiotemporal gait parameters (stride length, stance duration, etc) [213].

The two most frequently used specific scales for the evaluation of cerebellar ataxia are
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the recently developed Scale for the Assessment and Rating of Ataxia (SARA), and the older
International Cooperative Ataxia Rating Scale (ICARS) [211]. These scales were not used on
this study, since the patient is Portuguese, and such scales are not validated for the Portuguese
population.

The aforementioned scales measure simple indoors activities and present a “ceiling effect”.
The Activities specific Balance Confidence (ABC) Scale [248] was designed to evaluate bal-
ance more thoroughly in several activities of daily living with different levels of difficulty.

In this study, (a) balance was evaluated with BBS, TUG and ABC, (b) spatiotemporal
gait parameters (stance and swing duration, stride and step time and length, double support
duration, step width and cadence) were measured with the developed sensorial system based
on active depth sensor (ADS) and laser range finder (LRF) sensor (chapter 4) and (c) postural
stability (trunk range motion, sway length, center of mass displacement and acceleration) was
evaluated with accelerometers placed at the trunk (chapter 4).

6.2.2.1 Berg Balance Scale (BBS)

BBS was developed to measure balance among older people with impairment in balance func-
tion by assessing the performance of functional tasks [182]. It is a valid instrument used for
evaluation of the effectiveness of interventions and for quantitative descriptions of function in
clinical practice and research. The BBS has been evaluated in several reliability studies [211].

The test takes 15–20 minutes and comprises a set of 14 simple balance related tasks, rang-
ing from standing up from a sitting position, to standing on one foot. The degree of success
in achieving each task is given a score of zero (unable) to four (independent), and the final
measure is the sum of all of the scores (56).

This test presents objectivity good test-retest, and can discriminate who is more prone to
falls. The decline in scores on this scale was associated with a high risk of falling, but this
relationship is not linear. In the range of 56 to 54 at each point less Berg scale is associated
with an increase of 3 to 4% risk of falls. However, in the 54-46 range, a change from a point
in that range was associated with an increase of 6 to 8% risk of falls. Below 36, the risk is
close to 100%. Therefore, a change point in BBS can lead to a very different prediction of the
probability of falls. In this study there were subjects with score in BBS from 5 to 35, which
means that the risk of falls approaches 100%.

BBS was performed every 5 sessions.
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6.2.2.2 Timed up and Go

The Timed Up and Go test (TUG) is a simple test used to assess a person’s mobility and
requires both static and dynamic balance [209]. It uses the time that a person takes to rise
from a chair, walk three meters, turn around, walk back to the chair, and sit down. During the
test, the person is expected to wear their regular footwear and use any mobility aids that they
would normally require.

BBS was performed every 5 sessions.

6.2.2.3 Activities specific Balance Confidence (ABC) Scale

Activities specific Balance Confidence (ABC) Scale [248] is a subjective measure of confi-
dence in performing various ambulatory activities without falling or experiencing a sense of
unsteadiness. It consists of a 16-item self-report measure in which patients rate their balance
confidence for performing activities. This stem is used to lead into each activity considered:
"How confident are you that you will not lose your balance or become unsteady when you...".
Items are rated on a rating scale that ranges from 0-100, where score of zero represents no
confidence and a score of 100 represents complete confidence. The overall score is calculated
by adding item scores and then dividing them by the total number of items.

By following the study of Lajoie and Gallaghe [249], a score lower than 67% indicates a
risk for falling.

ABC was performed at the beginning and end of ASBGo walker treatment.

6.2.2.4 Spatiotemporal Gait Parameters

Clinical evaluation during walker-assisted gait is the first step to assess the evolution of a
patient during rehabilitation and to identify his needs and difficulties. Advances in robotics
made it possible to integrate a gait analysis tool on a walker to enrich the existing rehabilitation
tests with new sets of objective gait parameters.

In chapter 4, it was presented a sensorial system that tracks the lower limbs in order to
evaluate the gait pattern.

On this chapter, the following spatiotemporal parameters will be calculated: step and
stride length (STP and STR), stride width (WIDTH), gait cycle (GC), cadence (CAD), ve-
locity (Avspd), stance and swing phase duration (STAD and SWD), double support duration
(DS) and step time (STPT).

With these spatiotemporal parameters, it is possible to calculate stride-to-stride variability
[198]. This is a strong indicator of risk of fall. Other important indicator is the symmetry
of parameters. This can tell us if the coordination between legs is improving or not [198].
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Symmetry indices (SI) were calculated in chapter 5 (section 5.2.2, eq. 5.1). However in this
case:

SI =
UR −UL

UL
(6.1)

UR and UL are any aforementioned features for the right (R) and left (L) leg, respectively.
Perfect symmetry results if SI is zero, larger positive and negative deviations would indicate a
greater symmetry towards the right or left leg, respectively.

Thus, these two indicators will be calculated. It is hypothesized that when gait training
with the ASBGo walker, the gait symmetry will tend to zero and variability will decrease.
Moreover, the gait pattern will improve in all alternative devices, since the ASBGo walker
will help training the gait pattern, confidence and stability. This improvement will allow the
patient to change for other walking aids, gaining more and more independence, until he/she
can walk alone.

Spatiotemporal evaluation was performed every 5 sessions.

6.2.2.5 Postural Stability

To assess postural stability, an accelerometer is located near to the center of mass (COM), as
suggested in chapter 4. Tests were performed in two situations: static position, which consists
in 3 conditions (comfortable stance (CS), right and left semi-tandem stance (RSS and LSS))
as shown in figure 6.1, and dynamic position (the patient walks with ASBGo walker and other
assistive device). These two situations will help to infer the evolution of the static and dynamic
postural stability of the patient as well as his risk of falling.

The calculated postural stability parameters in this chapter are the root mean square of
anterior-posterior (AP), horizontal (HOR) and medio-lateral (ML) accelerations (RMSAP, RMSHOR
and RMSML), range of motion of AP and ML directions (ROMAP and ROMML) and sway
length (SLML, SLAP and SLHOR). The calculation of these parameters is presented in chap-
ter 4. In addition, the COM trajectories in AP and ML directions were also acquired. The
variability of these parameters will be also calculated to infer risk of fall [165].

Postural stability evaluation was performed every 5 sessions.
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Figure 6.1: Test Conditions: Comfortable stance (CS) on the left and semi-tandem stance (SS)
on the right [165].

6.3 Methods

6.3.1 Cases Description

• Case 1: Male patient, 64 years-old. In 2014, he was admitted in the hospital with
sudden right ataxic hemiparesis, due to neurobrucellosis. He started antibiotic therapy
and rehabilitation program. At the beginning of the therapy, he scored 6/56 points on
Berg Balance scale (BBS) [182], and required the assistance of 2 people to walk. He
was as an inpatient patient at PMR department.

• Case 2: Female patient, 28 years old, with cerebellar pilocytic astrocytoma, surgically
removed in 2005. She presented gait ataxia, dysarthria, nystagmus; bilateral upper limb
dysmetria and intention tremor. She did not show significant improvement since the
recovery period after surgery, albeit doing physiotherapy regularly. At the beginning of
the therapy, she scored 12/56 on BBS [182] and was able to walk with 2 crutches, but
with close supervision of a third person. She was an outpatient patient.

• Case 3: Female patient, 46 years old, with ataxic tetraparesis and lesion of cranial nerves
VI, VII, IX and X, due to a petroclival meningioma surgically removed in 11/2014.
She underwent surgical tracheostomy and percutaneous endoscopic gastrostomy. At
the beginning of the therapy, she scored 4/56 on BBS [182] and required assistance to
remain standing and walk. She was also not capable to sit and stand-alone. She was an
inpatient patient at PMR department.

• Case 4: Female patient, 50 years old, was post hospitalized for cerebellar vermis syn-
drome with no identified etiology. At the beginning of the therapy, she scored 30/56
on BBS [182] and required the assistance of one person to walk. She was an inpatient
patient at PMR department.

• Case 5: Female patient, 42 years old, with Friedreich ataxia presenting a high fall-risk
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(falls 1/2 times per day). At the beginning of the therapy, she scored 34/56 on BBS
[182]. She presented difficulty in moving from sitting position to standing position;
difficulty with balance in standing position and coordination. She was an outpatient
patient and walks with a four-wheeled walker with brake and basket system, daily.

• Case 6: Female patient, 48 years old, with ataxic tetraparesis and lesion of cranial nerves
due to a retroclival meningioma surgically removed in 02/2015. At the beginning of the
therapy, she scored 0/56 on BBS [182] and required assistance to remain standing and
did not walk. Her trunk balance was insufficient in standing position with anterior tilt
of the trunk and difficulty in stabilizing the pelvis. She was an inpatient patient at PMR
department.

An informed consent was signed by the patients and the study was approved by Braga Hospital
Ethical Committee (Appendix B).

6.3.2 Protocol

6.3.2.1 Examination/Evaluation

Before beginning the gait training with ASBGo walker, all baseline data was collected. Pa-
tients were evaluated by the application of BBS [182] and with static and dynamic tests the
information was gathered by several sensors integrated in the device, which allowed charac-
terizing the assisted gait and stability.

Static tests consisted on 2 conditions: (1) static stance and (2) static semi-tandem stance
(right and left). Dynamic testes consited on 2 conditions: (3) walk with ASBGo walker and
(4) walk alone and/or with an alternative assistive device. In each condition several parameters
were acquired (see section 6.2.2.4 and 6.2.2.5). Conditions (1) and (2) consisted on 3 trials
with 1 minute of duration each and in conditions (3) and (4) the patient had to walk 20 meters.
It is noteworthy that condition (4) is done in order to verify/compare which gait and postural
modifications/evolution have been achieved with the ASBGo walker training.

6.3.2.2 Intervention

Despiste being all patients with ataxia, the atheology is different. Given this difference, each
patient received a different treatment plan, i.e. the intervention was adapted to the patient’s
recovery goals. In table 6.1 each intervention is presented in detail. However, some specifi-
cations have been designed to be common to all cases. The maximum velocity and time of
intervention was set by the physiotherapist. Such velocity and time of intervention were only
increased when the patient felt comfortable to do so and set to the limit of his ability to retain
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adequate control over leg movements [250]. In addition, during the training session visual
feedback (Figure 6.2) for foot placement was shown for all patients. A camera integrated in
the ASBGo walker films the feet and the image is displayed to the patient. Whenever the pa-
tient felt comfortable, this feedback was removed, allowing the patient to independently walk
without visual guidance of foot placement.

• Case 1: For three weeks, the patient trained, 5 days a week, his gait with the ASBGo
walker. Since he had enough cognitive capacity to guide the walker, such task was
handled by him. The first sessions were set to last 15 minutes. In addition to the ASBGo
walker therapy, he performed tonus training.

• Case 2: The patient trained assisted gait with the ASBGo walker, twice a week, a total of
40 sessions. 20 sessions were done in addition with hydrokynesis therapy and the final
20 sessions were done without hydrokynesis therapy. Between week 2 and 3, the patient
stopped her treatment for 3 weeks. On the first 5 sessions, remote control mode was used
to guide the walker, since the patient was not capable to concentrate in guiding at the
same time she corrected her gait patterns. Then, since she already had enough cognitive
capacity to guide the walker, such task was handled by her. The first sessions were set
to last 15 minutes.

• Case 3: The patient was submitted to conventional physiotherapy for four weeks (20
sessions). After that, the ASBGo walker was added to her treatment, 5 days a week.
During the first 2 weeks (10 sessions) with ASBGo walker, remote control was used to
guide the walker, since the patient was not capable to concentrate in her gait pattern and
guiding at the same time. Then, the remaining weeks, manual guidance was set since
the patient was already capable to handle such task. The first sessions were set to last
10 minutes.

• Case 4: Before initiating the gait training with the ASBGo walker, her recovery was
based on conventional therapy, and her progression had stabilized (she was not capable
of walking without help of a third person and demonstrated some static instability).
Therefore, the ASBGo walker was precribed to infer if more improvements could be
achieved on the recovery of the patient. In a total of 20 sessions, 5 days a week, the
patient trained her gait with the ASBGo walker. She had enough cognitive capacity to
guide the walker. In addition to the ASBGo walker therapy, she performed conventional
physiotherapy but with no gait training.

• Case 5: The patient was submitted to hydrokynesis therapy for 20 sessions. After such
sessions, she performed 20 sessions with the ASBGo walker. She had enough cognitive
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Table 6.1: Parameters for gait training.

Cases Week

ASBGo
walker
training

time (min)

ASBGo
walker

velocity
(m/s)

nº of rest
breaks

Alternative
walking aid
(AWD)

AWD
training

time (min)

Visual
feedback

ASBGo
walker
mode

Case 1

1st 15 0.1/0.2 1 Standard Walker 5 Yes
Manual2nd

20 0.3
0 1 crutch/alone 10/5

3rd 0.5 No
4th 0 - Alone 20

Case2

1st 15 0.2

0

2 crutches 2 Yes
Remote
control

2nd 20 0.3

Manual

3rd

25
0.4

No

4th 0.5 3
5th 0.6 1/2 crutches 5
6th

30
0.7

1 crutch 107th 0.75
8th 0.8

Case 3

1st-4th - walk with a third
person 5 -

5th 10 0.2 2 - Yes Remote
Control6th 15

1
-

7th
20 0.25 -

No Manual

8th -
9th

25
0.3

0 Alone with
supervision

5
10th 0.4
11th 0.5 10
12th - 15

Case 4

1st 15/30 0.3

0

None 5 Yes

Manual2nd

30
0.5 Alone with

supervision 10 No3rd 0.6
4th 0.75 Alone

Case 5

1st-4th -

4wheeled walker

-
5th 15 0.3 1

Daily Yes Manual
6th 20 0.4
7th

30
0.45

08th 0.5
9th 0.5

Case 6
1st 5 0.1 1

None -
Yes Remote

control2nd 10 0.15 1 No
3rd 15 0.25 0

capacity to guide the walker. No additional therapy was performed.

• Case 6: Due to the acute state of this case, the patient started to stand and walk with
the ASBGo walker and 15 sessions were performed. In addition to the ASBGo walker
therapy, she performed conventional physiotherapy but with no gait training. Due to
bureaucracy reasons, this patient did not finish her treatment.

6.3.3 Statistical Analysis

For each parameter the mean and standard deviations were calculated. Then, One-way ANOVA
was performed for each parameter (spatiotemporal and postural stability parameters) in order
to verify if there were significant differences through the progression of the patients with the
different devices. Then, to verify if the variability of parameters significantly decreased be-
tween the beginning and end of treatment, Levene’s test (right tail) will be performed. The
level of significance was set to p<0.05.
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Figure 6.2: Visual Feedback from the legs and feet.

6.4 Results and Discussion

Each patient was evaluated every 5 sessions, which gave us results in terms of qualitative
scales, spatiotemporal and postural stability parameters.

6.4.1 Evaluation with the proposed clinical scales

In table 6.2, it can be seen the results of the clinical scales for all patients.

(I) Case 1

In the initial stage (1st evaluation), patient presented a score of 6 points, which means that he
had a high risk of falling and was only capable of using a wheelchair to move [182]. At this
stage, he needed the assistance of two subjects to stand, to sit and to walk. In one week of
training with ASBGo walker, along with tonus training, his score increased to 23 points (2nd

evaluation), passing him to the category of medium risk to fall [182]. He started to be capable
of climbing stairs with the help of one crutch. At the end of the 3rd week (4th evaluation)
he reached 38 points being capable of walking with crutches independently and walk without
walking aids when supervised. At this stage, the clinician decided that the patient was capable
of leaving the ASBGo walker and continue treatment with two crutches. At the end of his
treatment (5th evaluation, 4th week), he presented a BBS score of 42 points, and walked with
one or no crutch.

ABC and TUG were not performed by this patient, since, at the time of the experiment,
such scales were not part of the evaluation protocol.
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Table 6.2: BBS, TUG, ABC and functional gains results for each evaluation. Colored number
of evaluation represents the period when the patient used only ASBGo walker for gait training.

Cases Evaluations BBS TUG (s) ABC(%) Functional Gains

Case 1

1st 6

- -

-
2nd 23 Climb the stairs with assistance
3rd 35 Climb the stairs with 1 crutch
4th 38
5th 42 Climb the stairs alone

Case 2

1st 12

-

52.18
2nd 25

-3rd 28
4th 31

5th 31 76 Confidence to walk with the help of walls;
home duties.

6th 32 60 60 Less tremor to eat.
7th 22 57

- -8th 30 53
9th 30 55/60*

10th 34 43* 76

Case 3

1st , 2nd 4

- -

-3rd ,4th 7
5th 8
6th 10
7th 11 Guide the ASBGo walker and correct gait
8th 27.5 -
9th 31

10th 36 Started to walk alone for some meters
11th 33

-12th 34
13th 37

Case 4

1st 30 - 69 -
2nd 32 33

-
Confident to walk alone

3rd 43 33
-4th 49 12

5th 49 11 87

Case 5

1st 34 24 60

-2nd 32 21 -
3rd 33 24
4th 33 25 55
5th 34.5 23

-
Did no experience falls

6th 41 17 No fall incidents; She was capable of doing
home duties with more stability and other new
tasks that require some stability.

7th ,8th 41 16
9th 44 15 67.3

*1 Crutch
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(II) Case 2

In the initial stage (1st evaluation), the patient presented a score of 12 points, which means
that she had a high risk of falling and was only capable of using a wheelchair to move [182].
At this stage, she needed help to stand up from a chair, to sit down and to walk with two
crutches. Also at home, no daily tasks were being performed. In one week of training with
ASBGo walker, her score increased to 25 points (2nd evaluation, 1st week), passing her to the
category of medium risk to fall [182]. Between the 3rd and 4th evaluation, the patient stopped
the treatment. However, such interruption did not decrease her score of 31. This results means
that the capabilities gained with the ASBGo walker treatment were not lost.

At the 5th evaluation, the patient expressed to be more confident at home, being capable of
standing and sitting independently, walking at home and performing home duties. In the next
week, she told the physiotherapist that the tremor of her hands decreased, making it easier to
eat independently.

From the 6th to the 10th evaluation, it is possible to verify that the BBS stabilized.

In terms of ABC, her confidence increased approximately 18% with the ASBGo walker
treatment. With 52% of ABC score, the patient presented a high risk of falling. Since it
increased to 76% (>67% [249]) her fall risk decreased significantly. The patient started to
gain confidence to walk at home and do some homework that before the treatment she was not
capable to do.

The patient only started to perform TUG when she started to be capable of walking with
2 crutches alone and to turn around with them, alone, on the 5th evaluation. Looking at table
6.2, it is possible to observe an evolution in time, where the patient showed improvement in
her mobility by performing less time in the TUG task (decreasing from 76s to 43s). At the 9th

evaluation, the patient was capable of performing TUG with only one crutch, showing a good
evolution from the 9th to the 10th evaluation.

(III) Case 3

In the initial stage, the patient presented a score of 4 points (1st evaluation), which means that
she had a high risk of falling and was only capable of using a wheelchair to move [182]. At
this stage, she needed help to stand, sit and walk. In the first 20 sessions (5 evaluations) with
only conventional physiotherapy, BBS increased to 8 points (5th evaluation). After starting
training with ASBGo walker (one week), her score increased to 10 points (6th evaluation). At
the 7th evaluation the patient was already capable of guiding independently the walker, and at
the 8th evaluation (after 15 sessions with ASBGo walker) the score increased to 27.5, passing
her to the category of medium risk to fall [182]. At the 10th evaluation, this patient showed
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improvements by walking few meters (approximatly 2m) alone. At the end of the ASBGo
walker treatment (12th evaluation) she reached 34 points being capable of walking without
walking aids and with supervision. At this stage, the clinician decided that the patient was
capable of leaving the ASBGo walker (after the 12th evaluation) and she continued treatment
walking alone. At the end of her treatment, she presented a BBS score of 37 points (13th

evaluation), and was capable of walking alone with low supervision.

Case 3 was not capable of walking without help nor without an assistive device until the
last week before being discharged from the Hospital, thus TUG was not performed. As for the
ABC, the patient did not want to communicate verbally, so it was not performed.

(IV) Case 4

In the initial stage, the patient presented a score of 30 points (1st evaluation), which means
that she had a medium risk of falling [182]. She was capable of passing from a sitting position
to a standing position alone, and walk with the help of a third person. Her great progress was
observed after 2 weeks of walking with the ASBGo walker, showing at the 3rd evaluation a
great increase in BBS score from 32 to 43 points and ending her treatment with 49 points (5th

evaluation). At this stage, she was capable of standing alone without supersion and walk alone
with no support.

Regarding TUG test, she demonstrated to be more coordinated and stable over time,
deacresing her time from 33s to 11s. With ABC, an increase of 18% in condidence was
obtained, which is a very positive improvement.

(V) Case 5

In the initial stage, the patient presented a score of 32 points (1st evaluation), which means
that she had a medium risk of falling and was capable of using a four-wheeled walker to
move [182]. However, this patient experienced daily falls when not using the walker. During
the hidrokynesis therapy (from the 1st to the 5th evaluation), the patient did not show any
progress on her stability nor on BBS score. After initializing the gait training with the ASBGo
walker great improvements were observed scoring 41 points in BBS (6th evaluation). Also, the
increase in confidence was remarcable. This can be visualized by the increase in ABC score
of 7.3%, passing from high risk of falling (<67% [249]) to low risk of falling. The patient
informed us that since she started traning with the ASBGo walker, she did not experience a
fall and she was capable of doing more home tasks with confidence and stability. This result
is very positive for the ASBGo walker potential, since this patient walks daily with a four-
wheeled walker.
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In terms of TUG, she decreased from 24s to 15s, which reflects in a better coordination
and balance.

(VI) Case 6

During her treatment, she was not capable of standing alone nor supported in order to perform
the proposed tests. In BBS she only scored 4 points, corresponding to the “has a straight and
independent posture while sitted” question.

6.4.2 Spatiotemporal parameters Results

In each evaluation, the patient had to walk 20 meters while the sensorial system was acquiring
the signals for the following calculation of spatiotemporal parameters. The spatiotemporal pa-
rameters used in alternative devices were also calculated by using a video-camera and markers
on the floor.

(I) Case 1

Throughout the rehabilitation, this patient’s gait has undergone many changes and was sub-
jected to some observations. The gait cycle was evolving very consistently, starting from the
time the patient began using the ASBGo walker. Before starting the gait training with the
ASBGo walker, the patient had a serious lack of balance, not completing one gait cycle alone.
In the stance phase duration (STAD) the patient could not get a dorsiflexion of the foot to start
the heel contact, since the foot slid with the plant in full contact with the floor. The single foot
support was very committed, performing a very little stride length (STR) to avoid this support.

When he started gait training with the ASBGo walker his cadence (CAD) began to be
more consistent, improving significantly (p<0.05), as shown in table 6.3. The patient started
to get aware about his gait pattern, because of the feet feedback, and began to make an effort
to perform each gait phase more correctly. The ground attack started to be done with more
heel. The knee at the phase of "midstance" already with slight bending movement that did not
happen without the ASBGo walker. The fact that the patient started to feel safer to walk with
the ASBGo walker made it more concentrated on his gait.

Analyzing each spatiotemporal parameter in detail, it was verified that stride length (STR)
of both legs increased little from week to week making this parameter not significant (p<0.05)
because the ASBGo walker influenced its values. Since velocity (Avspd) is pre-defined by
the physiotherapist (Table 6.3) and the device has dimension limits, the patient is forced to
decrease his stride length and maintain it constant. Step length (STP) from both legs was
initially short and uncoordinated, however, it increased significantly (p<0.05) through time
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Table 6.3: Case 1: Velocity and Cadence values for all devices in evaluation: ASBGo walker,
standard walker, one crutch and without assistance.

Parameters ASBGo walker Standard
Walker 1 Crutch Without Assistance

1st 2nd 3rd 4th 1st 2nd 3rd 4th 3rd 4th 5th

Avspd (m/s) 0.1 0.2 0.3 0.5 0.15 0.29 0.42 1 0.4 1 1
CAD (step/min) 38 60 60 65 31 44 50 80 50 76 91

for both legs. Gait cycle (GC) and Step Time (STPT) significantly (p<0.05) decreased since
the velocity of gait increased. In terms of step width (WIDTH), this parameter increased
significantly (p<0.05), which means that the patient increased its base of support, and learned
how to walk with a more stable pattern. At the beginning, when the patient walked with the
ASBGo walker, he presented a narrow step width (WIDTH) and was instructed to extend the
width. Thus, the increase in WIDTH is a very satisfying result. Regarding gait phases, stance
phase duration (STAD), swing phase duration (SWD) and double support duration (DS) the
patient improved his pattern by presenting values closed to healthy normal subjects [19], i.e.
STAD and SWD were approximately 60% and 40%, respectively, and DS approximately 20%.
The progression of these values was also significant (p<0.05).

Stride-to-stride variability is an indicator of fall risk and stability of gait [165]. By perform-
ing Levene’s Test, it was verified that from week to week the variability of all parameters, in
three dynamic conditions (ASBGo walker, crutches and walk alone), decreased significantly
(p<0.05), meaning that the patient presents an increase in stability and decrease in risk of
falling. Other indicator that the patient improved was his gait symmetry. Figure 6.3a presents
the gait parameter’ results in terms of symmetry index (SI) of the evaluations done with the
ASBGo walker. As it can be seen, all parameters had a good evolution for the improvement
of the patient’s gait pattern. Since most parameters present negative SI (Figure 6.3a), the left
leg is the one responsible for the asymmetric gait. Looking for the evolution of SI, one can see
that SI of all parameters tend to zero week to week.

Meanwhile, the gait training with ASBGo walker allowed the patient to gain enough sta-
bility to walk correctly with the standard walker, improving his gait symmetry, in general -
SI tend to zero - as it can be seen in figure 6.3b. It also allowed him to leave the standard
walker and just walk with one crutch. In one week, the patient increased his velocity (Avspd)
and cadence (CAD) with one crutch, started to climb stairs and became more independent, not
requiring supervision. His gait symmetry remained almost unchanged, and his spatiotemporal
parameters did not change significantly (p<0.05), however his motivation and motor control
improved in order to give him enough confidence to try to walk without assistance.

When the patient started to walk alone, he presented a very safe pattern, walking slowly
and controlling his movements with good gait symmetry (3rd evaluation, figures 6.3c and
6.3d). In one week, his velocity (Avspd) and cadence (CAD) increased (Table 6.3), increasing
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Figure 6.3: Case 1: Symmetric indices for all devices: a) ASBGo walker, b) standard walker,
c) one crutch and d)without assistance.

his asymmetry in gait (4th evaluation, figure 6.3d). However, he learned how to correct his
movements, decreasing his SI (4th evaluation, figure 6.3d) again, tending to zero.

This quantitative analysis is thus consistent with the aforementioned. observations. In
the following link - https://www.youtube.com/watch?v=Txvdjzap12E - improvements in gait
pattern can be visualized.

(II) Case 2

When the patient began the gait training with the ASBGo walker, in addition with the hydroky-
nesis therapy, she was capable of walking with two crutches and with very close supervision.
The weight transfer from one limb to the other was compromised since the patient had a
tendency to transfer weight the posterior side. At the first assessment (1st evaluation), she
exhibited poorly coordinated leg movements, which resulted in abnormal and variable swing
foot trajectories and foot placement, increased variability in length and timing of steps (STP
and STPT), slow walking velocity (Avspd), profound trunk sway, and an inconsistent base of
support (alternating too narrow or too wide). In the stance phase, the ground attack was made
with the full support of the foot plant, and the remaining cycle of this phase could not meet the
normal percentage of duration (60%) [19]. In the swing phase, the patient presented an over-

https://www.youtube.com/watch?v=Txvdjzap12E
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Table 6.4: Case 2: Velocity and Cadence values for all conditions.

Parameters ASBGo walker/Crutch
1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Avspd (m/s) 0.1/0.03 0.2/0.03 0.3/0.05 0.4/0.05 0.5/0.08 0.5/0.11 0.6/0.12 0.7/0.1 0.75/0.1 0.8/0.15
CAD (step/min) 22/14 30/16 37/18 37/18 52.5/21 53/18.5 46/19 50/22 50/18 55/24

extension of the knee when decelerating, concluding with a kind of kicking that unbalanced
her until the next phase of support.

Thus, in the first week of training, the patient showed marked rigidity in her movements,
with evident tremor, few control of movements and narrow base of support (WIDTH), when
walking with ASBGo walker.

Over the evaluations (1st to the 6th evaluation) with the ASBGo walker gait training, in
addition with the hydrokynesis therapy, there was a significant decrease (p<0.05) in stride
length (STR) size, since the patient learned how to position her feet correctly in a controlled
way. Step length (STP) presented the same improvements (p<0.05). In terms of gait cycle
(GC) and step time (STPT), these parameters presented a good progression with an increase
in velocity (Avspd), showing that the patient learned how to control her step time (STPT).
Looking at stance phase duration (STAD), swing phase duration (SWD) and double support
duration (DS), until the 4th evaluation the patient presented a high STAD with increased DS, but
tended to the normal percentage (60% of STAD and 20% of DS). After the 4th evaluation the
patient stabilized, presenting values close to healthy normal subjects. Thus, the ASBGo walker
gait training started to improve the SWD phase. It was visualized that after this evaluation (4th

evaluation ), the patient started to control the knee extension during swing, having more time
and balance to support the heel on the ground in the stance phase, without the need to support
the foot plant.

From the 7th to the 10th evaluation, improvements were verified in the aforementioned
variables, however it was not significative (p<0.05).

Whenever the patient felt comfortable, the velocity of the ASBGo walker was increased.
As it can be seen in table 6.4, from evaluation to evaluation the walking velocity (Avspd)
increased as well as the cadence (CAD).

In terms of stride-to-stride variability, Levenes’ test indicates that all parameters showed
a decrease in variability, in both dynamic conditions (ASBGo walker and crutch(es)) prov-
ing that the patient learned how to control her gait pattern. The rigidity of the movement
disappeared and the tremor was less evident.

Looking at figure 6.4a, it is obvious that the symmetry (SI) tends to zero across the evalu-
ations with ASBGo walker.

These improvements in gait lead to the improvement of her gait pattern when walking
with crutches. SI was not consistent as it can be seen in figure 6.4b. However, Avspd and
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(a) (b)

Figure 6.4: Case 2: Symmetric indices for all devices: a) ASBGo walker, b) Crutches (9th and
10th evaluation were done with one crutch).

CAD improved as well as the stride-to-stride variability (p<0.05). Such improvements made
it possible for the patient to walk only with one crutch from the 8th evaluation.

At the 9th evaluation, the double support (DS) SI increased because the patient was using
one crutch. This increase (Figure 6.4b) is related to the transition from two crutches to one
crutch, which led to a greater assymetry.

An important note to be verified is that from the 3rd evaluation to the 4th evaluation, the
patient stopped therapy for 3 weeks. Besides this interruption, no significant changes were
verified in the gait parameters in consequent evaluations. Showing that the improvements that
the patient gained on the first weeks of gait training did not disappeared.

From the 1st to the 6th evaluation the patient performed hydrokynesis therapy and gait
training with the ASBGo walker. After that, only ASBGo walker training was performed.
The authors observed a big evolution when bothhydrokynesis therapy and gait training was
performed. Then, the patient stabilized her gait pattern. However, she was capable of walking
faster with good cadence, improve her confidence at home with home duties, and walk with
one crutch. Authors think that these two types of therapy make a good complement in the
improvement of the state of the patient. It is noteworthy that before using the ASBGo walker,
the patient was in a chronic state, not improving her gait performance. After starting the use
of ASBGo walker, her state markedly improved, as it was shown.

At the end of the rehabilitation, the patient could walk with less supervision with two
crutches and began walking with one crutch. The cadence and velocity continue to be compro-
mised with the crutches, since the patient has to stop to rebalance, but is evident that the gain in
confidence improved as well as her gait pattern. In the following link - http://youtu.be/gXRzT1-
O4kI - improvements in gait pattern can be visualized.

http://youtu.be/gXRzT1-O4kI
http://youtu.be/gXRzT1-O4kI
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Table 6.5: Case 3: Velocity and Cadence values for all conditions.

Parameters ASBGo walker Without Assistance
5th 6th 7th 8th 9th 10th 11th 12th 10th 11th 12th 13th

Avspd (m/s) 0.2 0.25 0.3 0.4 0.5 0.23 0.44 0.41 0.47
CAD (step/min) 81.8 60 52.2 63 60 69 76 84 52 76 70 79

(III) Case 3

In this patient the most difficult task to overcome was the acceptance of weight during swing
phase of the contralateral limb. Due to a condition called pushing syndrome, the patient re-
jected the weight of her right side, presenting a gait with shorter steps and a irregular cadence
since the right limb did not accept load during a long time.

With the ASBGo walker, the patient, initially, performed a narrow base of support (WIDTH).
She presented a gait with short step length, where the legs met prior to the trunk, because of
her support on the elbows in the ASBGo walker and posterior load.

She presented irregular cadence (CAD), as seen in table 6.5, causing a high energy ex-
penditure. Her patterns consisted in performing long and short steps (STP) with the same low
velocity (Avspd). As it can be seen in table 6.5, the patient started to walk with low velocity on
the ASBGo walker, but her CAD was high. Over time, the CAD decreased, showing a better
coordination of steps for the same Avspd (e.g. 0.2 m/s). When the patient learned to control
her steps, the Avspd increased showing a great evolution in her coordination.

In a healthy individual, the stance phase duration (STAD) occupies about 60% of the gait
cycle, which happened with this patient. However, in terms of time duration, each leg differed
from the other. In the left lower limb this phase is higher than in the opposite limb due to
the pushing syndrome presented by the patient, which changes the load acceptance on the
right leg. This caused a negative symmetry index (SI). However, it is noteworthy, that such
effect was reduced when walking with the ASBGo walker (figure 6.5a). This can be observed
by the “signal” of the SI. When walking with ASBGo walker, the signal was positive for
STAD and negative for swing phase duration (SWD), which is the opposite of walking without
assistance. Since the patient had an extra support on the elbows and posture correction, the
pushing effect was reduced with the ASBGo walker, this can be observed in figure 6.5a. Thus,
with the ASBGo walker training, the patient began to be aware of her gait, improving her
concentration on the heel contact and the transference between both limbs.

In terms of SI, in figure 6.5a, it can be observed that in the first sessions, the patient
presented great asymmetry (greater than zero) on her gait, improving over time.

The same happened when walking without assistance (Figure 6.5b). First, she presented
a short STP with irregular CAD and great asymmetry in gait. Over time, she improved her
coordination and symmetry.
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(a) (b)

Figure 6.5: Case 3: Symmetric indices for all devices: a) ASBGo walker and b) without
assistance.

Statistically, all variables are significantly different over time (p<0.05), showing the correct
progression. In terms of stride-to-stride variability, all parameters in both dynamic conditions
(ASBGo walker and wak alone), except step time (STPT) and CAD, showed a significant
reduction in variability. This proves that the patient improved in terms of gait pattern.

At the end of the ASBGo walker sessions, the patient presented already an independent gait
without the need of walking aids. Despite still having an irregular cadence, she was capable
of presenting a functional gait, not losing her balance. Such irregularity may be due to the fact
that the patient as compromised vision that implies some alterations in her gait pattern.

In the following link - http://youtu.be/V8YL2JoZvUY - improvements in gait pattern can
be visualized.

(IV) Case 4

This patient had conventional physical therapy during 1 month and 2 weeks without great
evolutions in her balance and gait. She was able to stand alone, with some instability, but
presented difficulties to go from sit to stand position. She was not capable and not confident
to walk alone, needing a third person to help her walking. Her gait pattern was very unstable,
with high cadence (CAD), short steps (STP), low velocity (Avspd), high step width (WIDTH)
and crawl feet. Because of her static state (did not show improvements) after the therapy time,
her clinician asked to introduce the ASBGo walker on her therapy in order to verify if any
evolution was possible on her balance and gait pattern.

She performed gait training with the ASBGo walker daily and significant differences
started to appear.

First, her gait with the ASBGo walker was slow (Avspd) with high and inconsistent CAD
(Table 6.6) and short STP. Then, over the weeks, the ASBGo walker’s velocity was increased,

http://youtu.be/V8YL2JoZvUY
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since the CAD started to be better controlled, presenting a good gait rythm. She stopped
to crawl her feet and started to present a more natural gait. Stance phase duration (STAD)
and swing phase duration (SWD) changed significantly during the first to weeks (p>0.05),
chaging from 70%-30% and then these variables started to show a 60%-40% (of gait cycle)
behaviour, which indicates that the patient presented a similar behaviour, in terms of temporal
parameters, to the healthy subjects’ pattern. Double support duration (DS) did not change
significantly (p>0.05), however its values were always close to normal (20% of gait cycle).
Regarding WIDTH, the patient had also no atypical behaviour when walking with the ASBGo
walker, which reflected on constant values during her rehabilitation. Step time (STPT) and gait
cycle (GC) where very short, even for slow Avspd, at the begining. But through the weeks,
their values stabilized as well as CAD (Table 6.6).

Regarding symmetric index (SI) when walking with ASBGo walker, in general, there is
an improvement, since almost all SI parameters tended to zero. SWD was very assymetric,
being greater to the rigth side (positive SI). This behavior in addition to a greater STP for
the left side, shows that the patient tend to increase her load to the left side of the walker,
showing a greater instability for this side. Since she is more supported for the left side she
has more propulsion strenght to move her left leg, performing a higher step length. In terms
of STAD, there are very few differences (SI close to zero), but with a negative tendency, i.e.
more supported for the left side.

When walking alone, at first, the patient presented high CAD, short STP, great WIDTH
and STAD (>80%). This pattern changed and improved significantly, by increasing her STP
(p>0.05), deacresing her WIDTH (p>0.05) and deacreasing her STAD (p<0.05) and conse-
quently increasing her SWD (p>0.05). The other parameters did not change significantly. De-
spite the improvement of such parameters, normal gait pattern was not achieved. Her Avspd
increased, but CAD did not reach desired values for a normal gait, as well as her WIDTH.

Regarding SI, the patient first presented a left assymetric behaviour, but through time, SI
tended to zero, showing an improvement in coordination to walk alone. It was highlighted
through observation that this result may be influenced by other parameters that were not taken
into account in this study, such as kinematic parameters (kneen flexion/extension, hip flex-
ion/extension, etc).

After obtatining enough independence and confidence to walk alone without any help, the
patient stopped using the ASBGo walker, to continue her physical therapy in order to correct
her pattern. However, such correction may not be attainable, because of her ataxia. Some
disturbances are not possible to be recovered.

In the following link - https://youtu.be/IRRLEiu1YjI - it is possible to visualize the de-
scribed evolution.

https://youtu.be/IRRLEiu1YjI
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Table 6.6: Case 4: Velocity and Cadence values for all conditions.

Parameters ASBGo walker Without Assistance
1st 2nd 3rd 4th 5th 2nd 3rd 4th 5th

Avspd (m/s) 0.3 0.3 0.5 0.6 0.75 0.19 0.2 0.54 0.66
CAD (step/min) 46.6 44.7 40.9 69 78 78 100 95 105

(a) (b)

Figure 6.6: Case 4: Symmetric indices for all devices: a) ASBGo walker and b) without
assistance.

(V) Case 5

This patient was subjected to hidrokynesis during 20 sessions, being evaluated every 5 ses-
sions. After those sessions, 20 sessions only with ASBGo walker were performed. One im-
portant detail about this patient is that she is a daily four-wheeled walker user and her goal
was to improve her balance and confidence in walking safely. Her gait pattern presented nor-
mal velocity (Avspd) and cadence (CAD) as it can be seen in table 6.7. Velocity of ASBGo
walker was low, but it was not safe to increase it, because of the safety of the four-wheeled
walker. Because of this, no diferences were observed in Avspd and CAD when walking with
the four-wheeled walker. As the patient was used to walk slowly, she was not prepared to
walk faster (Avspd), becoming tired quickly. Over time, with the ASBGo walker training, she
improved her physical condition, being capable of walking faster during more time and with
normal CAD.

Regarding the gait pattern, her stride and step length (STR and STP) did not change sig-
nificantly (p>0.05) during hidrokynesis nor ASBGo walker training. Also, gait phases and
durations (stance phase duration, STAD, swing phase duration, SWD, double support dura-
tion, DS, step time, STPT and gait cyle, GC) did not change significantly (p>0.05). Only step

Table 6.7: Case 5: Velocity and Cadence values for all conditions.

Parameters ASBGo walker Without Assistance
1st 2nd 3rd 4th 5th 6th 7th 8th 9th 5th 6th 7th 8th 9th

VEL (m/s) 0.3 0.28 0.3 0.3 0.31 0.37 0.28 0.33 0.31 0.3 0.4 0.45 0.5 0.5
CAD (step/min) 58 55 52 50 50 50 51 51 52 43.7 45 46.1 48 49
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(a) (b)

Figure 6.7: Case 5: Symmetric indices for all devices: a) ASBGo walker and b) 4-wheeled
walker.

width (WIDTH) presented a significant increase in its value (p<0.05), during the time of AS-
BGo walker gait training, which allowed the patient to walk more safely and stable. Another
achievement with this increase in WIDTH was the fact that the patient stopped crossing her
legs and shocking one foot against the other.

In terms of symmetry index (SI), the patient presented lower strenght in propelling her
motion when using the right leg. This caused a larger assymetry for in terms of STAD, SWD
and DS. Over time, mainly after starting ASBGo walker training, such assymetries tended to
zero, as it can be seen in figure 6.7a. Such improvements were also visualized when walking
with the four-wheeled walker.

In addition to the improvement of SI, variability of gait parameters also deacreased, re-
flecting on her greater stability.

Since this patient has a degenerative condition, the results achieved with the use of the
ASBGo walker are remarkably good. In the following link - https://youtu.be/N40tf1KZ6FQ -
it is possible to visualize the described evolution.

(VI) Case 6

During the short time of treatment this patient, despite presenting a great evolution, was still
not capable of walking independently with the ASBGo walker nor to stand alone. A harness
was necessary to impose a straight posture while walking with the ASBGo walker and remote
control was used as ASBGo walker mode (Figure 6.8). At the begining, she was not capable
of moving her feet correctly to walk, needing the help of the physiotherapist. After one week,
she started to present more independence, by moving her feet alone and presenting a correct
cadence.

No data was acquired with this patient because of her acute state.

https://youtu.be/N40tf1KZ6FQ
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Figure 6.8: Case 6 walking with ASBGo walker with the support of a harness.

6.4.3 Postural Stability Results

Postural stability parameters were calculated during static and dynamic positions (section
6.2.2.5). COM displacement was acquired for all conditions (CS, SSL, SSR and ASBGo
walker). In order to have a better visualization of the evolution, in time, of the patient in terms
of stability, the COM displacement was approximated to an ellipse. Taking the outside mar-
gins of the COM displacement, an ellipse was drawn, as illustrated in figure 6.10, 6.12 and
6.14.

It is noteworthy that no “healthy individual” signal was used as reference. Also, no com-
parasion was made between cases. The goal of this study was not too achieve a specific balance
nor trajectory of COM displacement. The goal was to perform an intra-individual evaluation
in order to verify the evolution of the case itself, comparing the different evaluations in time
for the same case.

(I) Case 1

In figure 6.9 the studied conditions are illustrated with the patient involved in the study. All
mean values of postural parameters presented a significant decrease (p<0.05) through all con-
ditions of evaluation. Also, the variability decreased significantly (p<0.05) for all conditions
through the weeks. This result is very satisfying since it means that the patient progressed
week to week, gaining more and more stability to walk, decreasing his risk of falling.

In figure 7 it is shown the COM ellipse displacement for all conditions. On all conditions, it
can be seen that the patient had a large medial-lateral displacement, meaning that he presented
a lateral displacement that could cause his instability while walking. It was observed that,
when walking alone, the patient tend to fall to one of the lateral sides. However, this instability
was reduced over the weeks, allowing the patient to better control his posture while walking
with ASBGo walker and alone. It is noteworthy, that the ML displacement has reduced more
than AP, showing greater improvements.
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A B C

D E F G

Figure 6.9: Postural stability evaluation tests with the patient of case 1: A- Comfortable stance
(CS); B- Left semi-tandem stance (SSL); C- Right semi-tandem stance (SSR); D – Standard
Walker; E- ASBGo walker; D- Without Assitance; and G – One Crutch.

In all cases the ellipses decreased their radius. This result comes to reaffirm the gain of
stability presented by the patient through this rehabilitation.

Therefore the patient presented a constant evolution of his balance and posture, helping
him to improve his gait pattern. He ended the gait training with low risk of fall and more
confidence and attention to his gait.

(II) Case 2

In figure 6.11 the studied conditions are illustrated with the patient in the study. All mean
values of postural parameters presented a significant decrease (p<0.05) through all conditions
of evaluation, over all weeks, except right and left semi-tandem stance. By observation, such
conditions improved, however the patient still demonstrates some instability, despite being
independently positioned and some supervision is being required. All the other conditions,
showed improvement through all weeks with the two types of treatment.

Variability also decreased significantly (p<0.05) for all conditions over the weeks, showing
that the patient progressed week to week, gaining more and more stability, decreasing her risk
of falling.

In figure 6.12 it is shown the COM ellipse displacement for all conditions performed by
the patient. The dashed line presents the results of the patient doing hidrokynesis therapy and
ASBGo walker. The continuous line represents the evaluations of the patient using only the
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Figure 6.10: Case 1: ML and AP COM displacement in (a) comfortable stance, (b) right and
(c) left semi-tandem stance and (d) walking with ASBGo walker ASBGo walker, (e) standard
walker, Crutch and (f) without assistance.
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A B C

D E F

Figure 6.11: Postural stability evaluation tests with the patient of case 2: A- Comfortable
stance (CS); B- Right semi-tandem stance (SSR); C- Left semi-tandem stance (SSL); D –
Walk with two crutches; E- ASBGo walker; F – One crutch.

ASBGo walker with no extra therapy. It can be seen that during the first therapy combination,
there was a significant improvement in COM displacement. Then, only with ASBGo walker,
the two static conditions, left and right semi-tandem stance, presented a little reduction, not
being so significant.

This patient had less stability to when supported to the left side and in comfortable stance,
which can be observed on the SSL and CS graphics by comparison with SSR. Because of
this, when walking with one crutch, such device was used on the left side by the patient to
give her more stability. In all static conditions, the greater improvement is visualized in the
medial-lateral displacement. In the dynamic conditions, she showed a similar improvement
in both directions. This resulted in a greater stability and postural control while walking with
assistance of walking aids. The fact that the ASBGo walker presents a constant and controlled
velocity and supports the patient in a way that she does not unbalance to the posterior side,
caused the patient to take conscience that the center of gravity has to be on the anterior side,
to walk safely.

(III) Case 3

In figure 6.13 the studied conditions are illustrated with the patient in study. All mean val-
ues of postural parameters presented a significant decrease (p<0.05) through all conditions of
evaluation, when the ASBGo walker was included in the treatment. Before that, there were not
significant changes in the parameters. Variability also decreased significantly (p<0.05) for all
conditions over the weeks, only when using the ASBGo walker. This result is very satisfying
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Figure 6.12: Case 2: ML and AP COM displacement in (a) comfortable stance, (b) right and
(c) left semi-tandem stance, walk with (d) two/one crutch and with (e) ASBGo walker.
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A B C

D E

Figure 6.13: Postural stability evaluation tests with the patient of case 3: A- Comfortable
stance (CS); B- Left semi-tandem stance (SSL); C- Right semi-tandem stance (SSR); D –
Walk with ASBGo walker; E- walk without assistance.

since it means that the patient progressed week to week, gaining more and more stability to
walk, decreasing her risk of falling.

In figure 6.14, the COM ellipse displacement is shown for all conditions performed by
the patient. The dashed line presents the results when the patient was doing only conventional
therapy. The continuous line represents the evaluations while the patient was using the ASBGo
walker.

Initially the patient had no balance in static position, always leaning to the left due to the
rejection of the weight on the right. It can be seen that during conventional therapy there
was not a significant improvement in COM displacement. Reduction is visualized after the
treatment with the ASBGo walker began, since it might helped the patient to maintain her
balance and concentrate on her gait. Then, when the patient started to stabilize on the COM
radius (after the 10th evaluation), in the12th evaluation, the patient left the ASBGo walker
treatment, doing only gait training without assistance.

In detail, one can see that the patient showed a similar displacement in all static conditions,
presenting a greater instability in the medial-lateral direction. Since the heel support was not
apparent at the stance phase (she put her foot plant entirely on the ground) and the hip was ro-
tated externally in every phase of the gait cycle, the anterior-posterior load on the swing phase
was compromised, causing the patient to oscillated lateraly (medial-lateral direction). This
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instability led the patient to be more likely to fall sideways. Fortunately, this trend decreased
during therapy, showing a great reduction in the medial-lateral displacement.

(IV) Case 4

In figure 6.15 the studied conditions are illustrated. All mean values of postural parameters
presented a significant decrease (p<0.05) with ASBGo walker and CS condition. Walk with-
out assistance, SSL and SSR presented a decrease in the postural paramters, but it was not
significant (p>0.05). Variability decreased significantly (p<0.05) for all conditions over the
evaluations, showing a gain in stability.

In figure 6.16, it is possible to observe that this patient presented an instable behavior in
CS and on dynamic conditions. On the opposite, she was stable in SSR condition, which
explains the little deacrease in COM displacement. The SSL condition was the one with
lower progression to recovery, despite the low values. Right side stability showed a greater
improvement over the left side. This difference in recovery was observed when the patient
walked, having the tendency to fall to the left.

In terms of static stability (CS), this patient showed very good improvements which coin-
cides with her BBS score. When walking with ASBGo walker the patient also showed a great
improvement. However, when walking alone the same did not happen. Despite the decrease
of COM displacement radius, the patient continued to present an instable gait. It is true that
she was capable of walking alone, with no support, however her gait was far from presenting
a healthy pattern (i.e. she continued to present an “ataxic” pattern).

(V) Case 5

In figure 6.17 the studied conditions are illustrated.

All mean values of postural parameters in medial-lateral (ML) direction presented a sig-
nificant decrease (p<0.05) in all conditions after begining to train with ASBGo walker. In
anterior-posterior (AP) no significant changes were observed (p>0.05). Variability decreased
significantly (p<0.05) for all conditions over the evaluations, showing a gain in stability. This
decrease was reflected in the deacrease of fall risk of the patient. This patient was used to fall
every day and after the ASBGo walker gait traing, such event became rare or inexistent.

The improvement of stability in ML direction can be also visualized in figure 6.18. In
all conditions there is a significant reduction in the radius of the COM displacement in ML
direction, mainly after begining the ASBGo walker training.
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Figure 6.14: Case 3: ML and AP COM displacement in comfortable stance, right and left
semi-tandem stance and walking with ASBGo walker/supported walking and without assis-
tance.
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A B C

D E

Figure 6.15: Postural stability evaluation tests with the patient of case 4: A- Comfortable
stance (CS); B- Right semi-tandem stance (SSR); C- Left semi-tandem stance (SSL); D- walk
without assistance; E – Walk with ASBGo walker.

6.4.4 General Discussion

In this study, six different patients with ataxia performed gait training with ASBGo walker.
Different improvements, in different recovery times, with different functional gains were
achieved by the patients. However, similar measures and protocol were performed. ASBGo
walker velocity was predefined by the physiotherapist and it was very important for the pa-
tients’ gait training. This type of patients tend to have a very inconsistent velocity, presenting
many accelerations and decelerations. The constant velocity obliges them to maintain the
consistency of their gait. Despite not being the maximum velocity that they were capable of
walking, the physiotherapist wanted to force them to control their velocity.

Each patient was subjected to different interventions depending on the presented condition.
By this, ASBGo walker was compared with different interventions, to test its potential. Case
1 and case 6 only performed gait training with ASBGo walker, with successful results. Case
2 intervention was divided into hidrokynesis aside with ASBGo walker training and ASBGo
walker training alone. On both type of interventions evolution was observed. Case 3 perfomed
first conventional therapy and then ASBGo walker training. Before iniating ASBGo walker
training, her state was improving, but slowly. After ASBGo walker training, her recovery
improved very quickly, showing a great increase in BBS score. Case 4 was in a stagnated
state, not improving her condition with conventional therapy. After initiating ASBGo walker
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Figure 6.16: Case 4: ML and AP COM displacement in comfortable stance, right and left
semi-tandem stance and walking with ASBGo walker and without assistance.
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Figure 6.17: Postural stability evaluation tests with the patient of case 5: A- Comfortable
stance (CS); B- Right semi-tandem stance (SSR); C- Left semi-tandem stance (SSL); D- walk
with 4-wheeled walker; E – Walk with ASBGo walker.

training, her balance and gait pattern started to improve. Case 5 began with hidrokynesis
therapy, not showing improvements, and then with ASBGo walker training her balance and
confidence increased a lot. Case 6 proved that the ASBGo walker can be used during acute
stages of therapy, allowing the possibility for the patient to start gait training earlier.

In terms of postural control, most patients showed a great instability on the medial-lateral
direction, having tendency to fall sideways. This was identified by the COM displacement
method, which predicted the lateral fall risk. Then, instability was reduced with the use of
ASBGo walker, which was also showed by COM displacement method.

It is believed that a number of factors contributed to the outcomes, including the motivation
of the patients and the support and dedication of their family.

Symmetry index, stride-to-stride variability and COM displacement were considered the
best outcomes to evaluate the evolution of these type of patients, giving quantitative informa-
tion about their improvements.

Results from these case studies suggest that the ASBGo walker gait training is a promising
intervention for improving gait in patients with cerebellar ataxia. Findings from these cases
provide possible support for research demonstrating the importance of cerebellar structures in
gait adaptation and in practice-dependent motor learning. The correct intensity and duration
of gait training using ASBGo walker to achieve functional gains is not known nor standard-
ized. In addition, it is not clear how much additional therapy is necessary to achieve these
outcomes. Studies are needed to determine the optimal intensity and duration of gait training
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Figure 6.18: Case 5: ML and AP COM displacement in comfortable stance, right and left
semi-tandem stance and walking with ASBGo walker and with 4-wheeled walker.
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to optimize functional walking outcomes following cerebellar pathology. The team believes
that it depends on the patient state and motivation, as it was mentioned before.

6.5 Conclusions

There was a marked improvement of balance and gait pattern objectified by the application of
scales and the parameters collected through sensors inserted in the walker and patient. Given
this increased stability, the gait speed was gradually augmented. The clinical improvement
observed in the evolution of the patients was very satisfying, encouraging the author to extend
this study to similar clinical features. Findings of this study show that gait training equipment
can be improved and, consequently, better functional gains can be achieved if quantitative
methods for evaluating walking performance are developed, such that it can be possible to
establish baseline training parameters for each patient and then progress each patient in an
optimal recovery. Until now, quantitative assessments were expensive and required large labs
to be performed. With this study it is shown that such a fact it is not necessarily true anymore.
The instrumentation now available with gait-training robotics makes quantitative methods pos-
sible. This study was the first step for including ASBGo walkers in the rehabilitation program
of patients that need this kind of help. We hope with this study to incentive investigators to
also include their prototypes into the rehabilitation of more patients with ataxia, Parkinson,
stroke, etc.





Chapter 7

Conclusions and Future Work

A major problem of those affected to the musculoskeletal and neurological system level, re-
lates to the fact that they do not trust in conventional walker, tending to resort to a wheelchair
and/or bed. In this way, they lose all the residual capacity of movement and suffer the long-
term disadvantages of these solutions, affecting other physiological systems. These solutions
tend also to exclude people from society and isolate them, reducing their quality of life.

There is a strong need for alternatives to conventional walkers in the market that can pro-
vide efficient help to a small population that needs extra support to walk, and does not have.

Therefore, the main goal of this thesis was to develop an motorized walker to improve the
stability of assisted gait of people with high balance problems in hospitals and clinics, recov-
ering/giving them the necessary motivation for their rehabilitation. This device will enable
those people to have a proper and adapted treatment, integrating them into society, improving
the independence and motivation by giving them the opportunity to live their life and have
access to health care and adequate technical support.

The proposed smart walker prototype will provide a new opening in assistive devices mar-
ket. This device fills many of the problems presented by conventional walkers, which despite
its great rehabilitation potential, have been loosing its users, since many fall while using it.

There are already, as mentioned in the state of art, studies and prototypes of smart walkers,
however, there are still a number of problems to be solved for this type of device before it can
actually go out to the market and be accepted by the user.

In this work, an “end-user” approah was considered and studied in order to find which
are the main requirements of this type of device by the ones that really need them and by the
ones who work with it (physicians and physical therapists). Many questions arose in terms
of design, adaptation of the device to its user treatment, integration of a gait assessment tool
for a better evaluation of the user clinical state as well as the integration of sensors to monitor
user’s safety and assisted gait. These issues were discussed with healthcare professionals and
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handled in detail in this thesis.
This chapter summarizes the contributions of this thesis and future directions of research.

7.1 Main Findings and Contributions

In a first stage, an exaustive survey about conventional and smart walkers was performed in
order to highlight the strengths and weaknesses of this area. Many problems were found in
terms of defining objective and standard outcomes to assess rehabilitation effects on walker-
users. Also, there is no specification about rehabilitation programs that involve smart walkers
and their effectiveness. Therefore, there is a strong need of team work involving clinicians
and researchers to undertake clinically relevant research ideas so that they can prescribe the
correct technology for their patients.

This stage allowed to answer to Goal 1 and to define the next goals of this thesis, strength-
ening the position that the developement of smart walkers need to be focused in the “end-user”
and validated as rehabilitation or functional compensation tools.

Thus, regarding to Goal 2, the design of a new smart walker was proposed taking into
consideration end-users’s and medical staff’s concerns. A device struture with adaptive capa-
bilities was designed, being suitable for a high range of users in terms of their body measures,
physical and cognitive capabilities and treatment. Also, a smart interface based on a mechanic
handlebar adapted to the user was developed and forearms supports were added to give more
stabilization to the user. Different operation modes and functionalities were discussed and
defined to be integrated on the proposed smart walker in order to turn it onto a adaptative and
versatile device that is capable to answer to the different user’s needs of treatment. The first
steps were made and presented.

In terms of operation modes, only the concept was defined and further studies were estab-
lished in order to develop it.

The functionality that was handled in detail, as defined in Goal 3, was the development
of a gait assessment system integrated in the smart walker in order to provide an objective
tool for the medical staff to evaluate the effects of the rehabilitation treatment on the patient.
Different systems were analyzed and new algorithms were developed. A first system, based
on an active depth sensor and a laser range finder sensor, was used to capture, in real time, the
relative evolution of the lower limbs. The respective algorithms were developed, tested and
validated with end-users. Also, a fusion with these sensors was performed in order to reduce
measure errors. The lower-limbs motion provided spatiotemporal information of gait, such
as speed, stride length, etc, and orientation of the feet to infer motion, such as turning to the
left or right, with low measure errors. Another system based on an accelerometer was used
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to acquired the movement of the trunk. Algorithms for such detection were based on known
algorithms in the literature and estimation of the centre of mass displacement in order to infer
balance and posture was performed. These two systems provided the necessary information
to acquire many important gait and posture parameters defined in the literature and consider
relevant to perform gait analysis. Other system was also developed, in order to address Goal
4, where the safety of the user is monitored and infered. A state-machine based on a fuzzy
supervisor, enables the smart walker to deal with dangerous situations that may occur during
assited gait.

These systems are an important contribution for the smart walkers research since they en-
able the smart walker with the possibility of being a gait parameters’ and posture’s acquisition
tool, in real-time, in order to be used in a rehabilitation program.

This equipped smart walker enabled new findings to answer the main research questions
of this thesis and address the remaing goals. Chapters 2 to 4 created the support to build those
findings and then chapters 5 and 6 present such findings.

First, preliminary studies were performed in order to characterize the assisted human gait,
as defined in Goal 5, through the processing of the information obtained by the gait assessment
systems. It was demonstrated that with the use of multivariate analysis approaches and multi-
classification one can assess differences and similarities in gait performance between different
assistive devices in order to improve the quality of prescription of such devices.

The first research question (RQ1) was how do walkers with forearm supports influence
and modify the walking gait pattern and posture of their users, in comparison with crutches
and standard walkers? In chapter 5, patients subject to total knee arthroplasty (TKA) were
selected to answer this question. Walkers with forearm supports provide a symmetrical gait,
with continuous movement. All spatiotemporal parameters showed a significant improvement
when the patient walked with such walker. However, in terms of posture some attention has to
be highlighted. Despite this walker stabilizes the position of the trunk, it forces some flexion
of the trunk which may be a long-term problem. Because of this, special attention in walker’s
height has to be considered.

There are differences between the gait parameters of TKA patients depending on the used
device. This divergence between the assistive devices may be due to the type of motion pattern
presented while using each device. When feeling discomfort on the operated leg, the patient
overcompensates its movement, by changing its pattern. In general, it was found that the
walker with forearm supports provides a proper support and functional compensation on the
studied patients, because even in a debilitated condition, patients were able to walk with the
assistance of this device with a natural and faster gait pattern. In contrast, standard walkers
tend to induce a slower gait and crutches induce an asymmetric gait. Depending on the results
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that the physical therapist wants to achieve, patients that are recovering from TKA surgery
can use this walker during the recovery in order to present a more natural gait, not putting
unnecessary effort on the non-operated leg. From the postural and fall-risk parameters it is
possible to conclude that there is a reduction on the fall-risk and an increase in stability with
standard walker. Thus, in general, standard walker provides a stable gait. This means that
if the patient presents a more debilitated state in terms of stability for walking, the standard
walker device should be prescribed.

Looking more specifically to the characteristics that differentiate these devices, it was
found symmetry, center of mass range of motion, sway lenght, center of mass displacement
and acceleration. Moreover, these parameters may provide complementary information to gait
velocity, cadence and clinical scales to assess the functional capacity of patients that passed
through TKA, which are the conventional outcomes of the walkers evaluation.

Regarding RQ2, if is there a need to individualize the gait pattern evaluation in order to
prescribe a walking aid? Commonly, a device is prescribed according to the general diagnosis
that the patient has. However, it is believed that each patient differs from the other, even if
he/she presents the same diagnose as other patient. In chapter 5, it was demonstrated that an
individual approach and evaluation needs to be done, before prescribing an assistive device.
Such understanding needs to be further studied, but a new and promising methodology was
proposed in here. These findings might help in physical therapy.

Finally, the proposed smart walker was clinically validated through experiments with pa-
tients with ataxia in a rehabilitation program, as defined in Goal 6. This validation answered
RQ3, can the smart walker with forearms be prescribed as a rehabilitation tool to correct spe-
cific gait disorders (ataxia)? It was verified that the proposed smart walker may be prescribed
as a rehabilitation tool to correct ataxia. A strong positive feedback was gathered from this
validation, where the quality life of six patient was changed and improved. At the end, all
patients wanted to purchase one smart walker for their personal use, since incredible results
were obtained.

This validation (chapter 6) also allowed to establish quantitative measurement for the as-
sessment of the progression of ataxic patients’ gait (Goal 7).

Regarding RQ4, which parameters are important to evaluate and diagnose the recovery of
a patient with balance that is performing gait training with a smart walker? The presented
quantitative information objectively indicated the functional motor recovery of the patients,
i.e. with spatiotemporal, posture and symmetry parameters an efficient evaluation can be
made. Thus, a first step was given to create evidence-based guidelines for a more efficient and
effective application of smart walker devices in rehabilitation programas.

Moreover, the results of this validation showed that a smart walker with forearms can be
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prescribed as a rehabilitation tool to correct specific gait disorders, such as ataxia.
Depiste these findings, more remains to be learned. In the next subsection improvements

and future studies will be presented.

7.2 Future Directions

Innovative aspects include the fact that it is still necessary to develop a smart walker that
is adaptable to the type of disorder, addressing the effects of different pathologies. Thus, it
is needed to investigate adaptation in order to propose an intelligent device that can provide
autonomously higher levels of care for the users. If the user needs to go down an inclined path,
the walker will provide a pulling force; it will also adapt its height, improve user’s posture,
identify danger situations like a fall, restrict some progression forces that provoke sudden
accelerations and help in the turning movement. The underlying idea is that if the device can
understand the users’ walking patterns and infer his/her intentions, it can therefore control
the mobility assistance system accordingly. Thus, control of the mobility assistance will be
provided in terms of control of velocity, height correction, way of turning, time of response
and pulling force. In order to do so, it is necessary to verify the intentions subjacent to gestures
considering gait pattern, posture, hesitations in velocity, dangerous situations, etc.

This methodology is user-centred since it performs a personalization of the walker to the
patient. This control should be guided by smooth motions in order to achieve a confortable
assisted motion by this walker. We consider that smoothness can be quantified as a jerk func-
tion, which will be minimized, as well as, energy consumption. Based on the assumption that
a natural trajectory demands the least global effort from the user, one needs to minimize the
measured sum of efforts at the hands and at the feet. This controller system should output the
linear and angular velocity that the walker will perform. These data will be sent to a lower-
level architecture that will run a PID controller that also receives encoder’s information about
the actual motion of the walker.

Finally, validation of the control strategies of the guidance of the walker considering se-
lected and representative groups is necessary, adapting the programs to the electronic archi-
tecture. Thus, it will be possible to establish what type of help a particular patient with a
particular disease requires.

Other point that should be handled in detail is battery power. One main goal is to charge the
device so that it has a good range (6 hours minimum), fast loading and simple, not requiring
much manoeuvring by the user. Thus, the aspect of energy autonomy of the walker should
be explored. Particular attention should be given to the technology to be adopted i.e. what
battery chemistry is more suitable, given its volumetric energy density and weight. Apart
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from this question, the proper loading of batteries is another key aspect to maximize battery
life, but also to optimize daily operation times and discharge cycles under normal operation
of the device. Thus, it is proposed to conciliate these parameters and implement a charger
with contactless energy transfer, which facilitates its use outside controlled environments, as
is the case of health care units. With contactless power transfer, the placement of the device
in charging mode would be a task without any difficulty, even for people with serious motor
limitations, since the stroller itself can optimize its positioning in the loading device, thereby
maximizing the efficiency of energy transfer.

Furthermore, at the electronic level is still necessary to incorporate significant technolog-
ical developments in the state of art, dealing with the integration of electronic and motors
and their protection. This concern has been little explored and is an essential factor for the
development of such devices. Also, there is the need to expand the device with omnidirec-
tional wheels for a better movement. Thus it will be possible to obtain a user-centered device,
making it a more attractive product.

Regarding gait analysis, further studies should collect more data from TKA patients (and
other disorders) creating a database with the proposed features on this study, to then create a
model that can be used to help the physicians on deciding which assistive device can be more
adequate to a certain TKA patient.

Also, better equipment is necessary. By replacing the accelerometer with foot pressures
more detail can be obtained in terms of balance and base of support (BOS) of the patient. It
is believed that BOS can be an important outcome for ataxic patients, since it infers the lower
limbs load on the floor.
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the
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the
heartbeat;

SW
and

4W
W

:
R

educed
velocity

and
m

ore
effortto

m
ove

the
w

alker;

Foley
etal.(1996)

10
subjects

(3
m

ale,7
fem

ale);m
ean

age:60.3±8.4
(50-74)years;Inclusion
criteria:healthy

w
ith

no
functionallim

itations
secondary

to
m

edical
problem

s
and

notdependent
on

A
D

foram
bulation.

Inform
ed

consentsigned.

-Instrum
entation:tim

er,m
etabolic

m
easurem

entdevices
on

the
subject;

-4
conditions:no

A
D

,SW
,4W

W
,and
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recom

m
ended

for
m

yocardia
infarct

patients.
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Table
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.3:Sum
m
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to
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ata
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analysis

Purpose
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fallinvolved
a

cane
or

w
alker,prim

ary
diagnosis,partofthe

body
injured,

disposition,and
location

and
circum

stances
ofthe

fall.

-D
irectvariance

estim
ation

procedure
thataccounted

forthe
sam

ple
w

eights
and

com
plex

sam
pling

design;
-p

<
0.05.

To
characterize
nonfatal,

unintentional,
fall-related

injuries
associated

w
ith

w
alkers

and
canes

in
older

adults.

-
W

alker-related
injuries

w
ere

7
tim

es
higher

than
the

incidence
of

cane-related
incidents.

Priebe
&

K
ram

(2011)

10
subjects

(5
m

ales,5
fem

ales);m
ean

age:
25.8±4.4

years;m
ean

body
m

ass:70.9±12.2
kg;

Inclusion
criteria:young

and
healthy.Inform

ed
consent

signed.

-Instrum
entation:treadm

ill,gas
analysis

system
and

video
cam

era;
-4

conditions:no
A

D
,2W

W
,2W

W
and

SW
s;

random
ized

order;
-Tw

o
gaitpatterns:bipedaland

step-to.
-D

evice
heightadjusted

w
ith

elbow
flexion

angle
20o-30o;

-Training
session

(m
im

ic
elders);

-Firsttest:w
alk

ata
preferred

speed
on

a
30-m

w
alkw

ay
on

a
treadm

ill;
-W

alk
test:W

alk
ata

0.30
m

/s
speed

in
7

m
in;

-2
trials

each
condition;

-R
est3-m

in.

Spatiotem
poral:

preferred
w

alking
speed,cadence,stride

length;m
etabolic

m
easures:average
rates

ofoxygen
consum

ption
and

carbon
dioxide

production
and

the
gross

costoftransport.

-A
N

O
VA

-Tukey
posthoc;

-p
<

0.05.

C
om

parison
of

m
etabolic

consum
ption

for
differentw

alkers
and

determ
ination

of
tem

poral-spatial
param

eters.

4W
W

requires
less

oxygen
consum

ption
than

2W
W

w
alker.

T
he

m
etabolic

costper
distance

w
alked

w
as

greaterw
ith

SW
.T

he
high

costofSW
is

due
to:the

slow
w

alking
speed,the

step-to
gait

pattern
and

the
repeated

lifting
ofthe

w
alker.4W

W
s

do
not

have
the

inherentstatic
stability

ofa
SW

.
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264 Conventional Walkers Summary
Table

A
.5:Sum

m
ary

ofthe
articles

investigating
the

influence
ofthe

standard
w

alker.

A
uthors

Participants
Testing

Protocol/Instrum
entation

Param
eters

to
evaluate

D
ata

processing/Statistical
analysis

Purpose
ofthe

investigation
M

ain
Findings

B
enefits

R
isk/D

em
ands

Sm
idt&

M
om

m
ens

(1980)

25
subjects

(12
m

ale,13
fem

ale);m
ean

age:22
years;

m
ean

height;168
cm

;m
ean

w
eight:64.6

kg;Inclusion
criteria:N

orm
aland

healthy.

-Instrum
entation:autom

ated
gaitanalysis

system
w

ith
triaxialaccelerom

eters
(placed

posteriorto
the

sacrum
),pressure-sensitive

foot
sw

itches
(attached

to
the

heeland
forefootof

each
shoe),signal-am

plification
unit,and

a
laboratory

com
puter;G

raduated
strips

oftape
on

the
w

alkw
ay;

-10
conditions:(1)no

A
D

and
(2)canes,

crutches
and

SW
w

ith
nine

differenttypes
of

assisted
gaitpatterns;random

ized
order;

-Training
session;

-(1)4
categories:a

self-selected
velocity,

m
oderate

velocity
(71-110

cm
/sec),slow

velocity
(31-70

cm
/sec),and

very
slow

velocity
(30

cm
/sec

orless);2
trials;

-(2)2
trials

each
condition.

Spatiotem
poral:

velocity,step
length;

step
tim

e,gaitcycle,
Sw

ing/tim
e

R
atio,

Stance/tim
e

R
atio,

Step-distance
ratio,

Step-tim
e,D

ouble
stance

tim
e;

kinem
atics:body

acceleration.

-M
ean

and
standard

deviation;
-p

<0.05.

Presenta
standardized
approach

for
describing

gait
w

hen
A

D
s

are
used;report

reference
data

for
unassisted

and
assisted

gait
patterns

for
norm

aladults;
and

discuss
clinical

im
plications

for
selected

variables
ofgait.

Sw
ing/tim

e
R

atio
and

Stance/tim
e

w
ere

sym
m

etrical.
Subjects

w
alked

slow
er

w
ith

SW
than

w
ithout

them
.V

ertical
accelerations

w
ere

disproportionately
elevated.A

sym
m

etry
ofstep

length.
D

ouble-stance
tim

e
and

step
tim

es
w

ere
asym

m
etrical.

C
rosbie

(1994)

10
subjects

(3
m

ales,7
fem

ales);m
ean

age:58.3
(45-67)years;Inclusion

criteria:N
orm

aland
healthy.

-Instrum
entation:3

cam
eras

(tw
o

sagittalsides
and

end
ofthe

w
alkw

ay
–

frontside)[25H
z],

body
m

arkers
on

the
selected

anatom
icaland

SW
locations;

-W
alkerheightadjusted

atthe
handgrips

to
the

sam
e

levelas
the

radialstyloid;elbow
s

flexed
30o;
-2

gaitpatterns:gaitD
(the

SW
w

as
advanced

follow
ed

by
the

rightfootand
then

the
left)and

gaitS
(the

w
alkerand

rightfootm
oved

sim
ultaneously

forw
ard,follow

ed
by

the
left

foot);random
ized

order;
-Training

session;
-W

alk
test:w

alk
ata

self-selected
speed

over
the

8-m
w

alkw
ay;

-5
trials

each
gaitpattern;

Spatiotem
poral

displacem
ents:w

alker
traveldistance,w

alker
traveltim

e,rightstep
length,leftstep

length,
rightstep

tim
e,leftstep

tim
e,cycle

duration,
cadence

e
average

velocity
of

w
alker/subject;L

inear
and

angular
displacem

ents
oftrunk,

thigh,shank
and

w
alker.

-T
he

m
iddle

of
tw

o-cycles
ofeach

w
alk

w
as

used
for

analysis;
-Tem

poral-Spatial
displacem

ents
w

ere
divided

by
the

subject’s
totalheight;
-D

ata
w

as
subjected

to
Fourieranalysis

and
filtered

w
ith

a
fourth-order,zero-lag
B

utterw
orth

filterw
ith

a
cutoffvalue

of6
H

z;
-M

ean
and

standard
deviation;
-A

N
O

VA
;

-Schéffé’s
m

ultiple
range

posthoc
analyses;
-p<0.05
-Softw

are:M
initab.

C
om

pare
the

tw
o

gaits
w

ith
respect

to
patterns

of
jointm

otion
and

spatiotem
poral

param
eters.

G
aitD

is
slow

erbut
causes

less
perturbation

ofbalance;m
ay

offer
added

security
and

stability
to

the
user.

D
iscrete

gaitcauses
no

benefitto
forw

ard
linearm

om
entum

of
the

body;G
aitS

im
poses

less
ofa

flexed
posture

on
the

protected
hip

joint
during

the
period

of
w

eighttransferforw
ard

onto
the

fram
e

and
protected

footthan
gait

D
.

Fastetal.(1995)

12
subjects

(7
fem

ale,5
m

ale);age
range:24-90

years;Inclusion
criteria:

various
diagnoses

leading
to

gaitdysfunction.

-Instrum
entation:Strain

gauges
w

ere
m

ounted
on

each
leg

ata
heightofapproxim

ately
15

inches
from

the
ground;

-C
alibration

session;
-W

alker’s
heightadjusted

to
elbow

s
flexed

at
20

to
30

°
offlexion;

-A
testerw

ere
standing

nextto
the

patientw
ho

w
as

am
bulating;

-W
alk

test:w
alk

30
seconds

each
at

self-selected
speed;

-2
trials.

K
inetics:A

xialload,
anterior-posterior

bending
and

m
edial-lateralbending.

-T
he

electric
signals

w
ere

converted
from

m
illivolts

to
pounds.

D
evelop

an
instrum

ented
w

alker,to
evaluate

the
forces

thatare
transferred

through
its

fram
e

during
am

bulation,and
to

observe
the

w
alker’s

usage
pattern

by
several

patients
w

ith
gait

problem
s.

R
eduction

ofthe
load/body

w
eighton

the
L

E
s;supporta

large
percentage

ofthe
body

w
eight.

R
equirem

entofw
alker

specification
foreach

patient.
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Table
A

.9:Sum
m

ary
ofthe

articles
investigating

the
influence

ofthe
tw

o-w
heeled

w
alker.

A
uthors

Participants
Testing

Protocol/Instrum
entation

Param
eters

to
evaluate

D
ata

processing/Statistical
analysis

Purpose
ofthe

investigation
M

ain
Findings

B
enefits

R
isk/D

em
ands

Y
oudas

etal.(2005)

10
subjects

(5
m

ale,5
fem

ale);m
ean

age:24.3±6.0
year;m

ean
body

m
ass:

70.5±9.7kg;m
ean

height:
169.4±10.1cm

;Inclusion
criteria:no

history
ofL

E
s

surgery
and

m
inim

al
experience

using
assisted

A
D

,norm
aland

good
m

uscle
perform

ance
ofthe

U
E

s.
Inform

ed
consentsigned.

-Instrum
entation:10

video
cam

eras;4
force

plates
(600H

z);
-4

conditions:unassisted;2W
W

;auxillary
crutches

and
forearm

crutches;random
ized

order;
-G

aitpattern:3
pointpartialw

eightbearing;
-Training

session
to

offload
the

rightleg
by

50%
;

-W
alk

test:w
alk

25m
;

-5
trials

foreach
condition;

Spatiotem
poral:Stride

and
step

length,speed,
cadence,stance

tim
e

and
step

w
idth;

kinetics:vertical
ground

reaction
force.

-A
verage

of5
trials

for
each

param
eterand

condition;
-T

he
verticalground

reaction
force

norm
alized

by
body

w
eight;

-R
epeated-m

easures
A

N
O

VA
;p<0.05;

-N
ew

m
an-K

euls
post

hoc
com

parisons;
p<0.01
-Paired

ttests
w

ith
B

onferroniadjustm
ent;

p<0.01

D
eterm

ine
if

subjects
can

offload
the

right
L

E
to

a
targeted

am
ountofw

eight
bearing

using
A

D
s.

G
reaterbase

ofsupport
(com

paring
w

ith
crutches)and

gives
m

ore
supportto

unload
the

w
eightfrom

the
L

E
s

than
crutches.

Speed,cadence,step
w

idth
and

stride
length

are
reduced.

H
aubertetal.(2006)

14
subjects

(11
m

ale,3
fem

ale);5
w

ith
tetraplegia,9

w
ith

paraplegia;m
ean

age:
37

years;average
tim

e
since

SC
I:7

years;Inclusion
criteria:able

to
w

alk
a

m
inim

um
of15

m
w

ith
w

alkerand
crutches;

E
xclusion

criteria:U
E

s
pain

requiring
m

edical
intervention.Inform

ed
consentsigned.

-Instrum
ents:Telem

etry
system

(2500
H

z);
Footsw

itch
(2500

H
z);6-com

ponentload
cells

underthe
handles

ofthe
device

(2500
H

z);6
video-based

infrared
cam

eras
(50

H
z);

R
eflexive

m
arkers

taped
on

the
devices

and
overspecific

bony
landm

arks
on

the
U

E
s

and
trunk;
-2

conditions:2W
W

and
arm

crutches;
random

ized
order;

-D
evices

heightadjusted
w

ith
elbow

s
flexed

15º;
-W

alk
test:10-m

w
alkw

ay
ata

self-preferred
speed;
-2

trials
foreach

condition;
-3-m

in
restinterval;

-A
m

erican
SpinalInjury

A
ssociation

m
otor

score.

Spatio-tem
poral:

speed,cadence
and

stride
length;kinetics:

3D
forces

applied
on

the
device,shoulder

jointforces,peak
force,

rate
ofloading,and

force-tim
e

integral;
kinem

atics:
displacem

entoftrunk,
U

E
s,w

alkerand
crutches.

-A
verage

of2
trials

for
each

param
eterand

condition;
-A

n
ensem

ble
average

offorce
data

w
as

calculated
foreach

1%
ofG

aitC
ycle

(G
T

)
from

approxim
ately

5
strides

foreach
A

D
condition;
-D

isplacem
ents’data

filtered
:4

H
z

low
-pass

2nd
orderrecursive

B
utterw

orth
digital

filter;
-Shoulderjointforces
by

inverse
dynam

ics;
-t-test;
-C

oefficientof
m

ultiple
correlation;

-Testnonparam
etric

W
ilcoxon

signed-rank;
-p<0.05;
-Softw

are:SPSS;

C
om

pare
3-dim

ensional
shoulderjoint
reaction

forces
and

stride
characteristics
during

bilateral
forearm

crutches
and

2W
W

am
bulation

in
persons

w
ith

incom
plete

SC
I.

L
oad

on
the

shoulder
by

w
alkeris

low
erthan

w
ith

crutches;
increased

cadence.

Increased
load

on
the

shoulder;decreased
stride

length.
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Table
A

.11:Sum
m

ary
ofthe

articles
investigating

the
influence

ofthe
four-w

heeled
w

alker.

A
uthors

Participants
Testing

Protocol/Instrum
entation

Param
eters

to
evaluate

D
ata

processing/Statistical
analysis

Purpose
ofthe

investigation
M

ain
Findings

B
enefits

R
isk/D

em
ands

H
oneym

an
etal.(1996)

11
subjects;Inclusion

criteria:diagnosis
w

ith
C

O
PD

;distance
covered

in
6M

W
testless

than
300m

;
unaccustom

ed
ofusing

a
4W

W
;E

xclusion
criteria:

am
bulation

is
lim

ited
by

angina,claudication
or

arthritis.Inform
ed

consent
signed.

-Instrum
entation:M

anualrecords,pulse
oxim

eter;
-2

conditions:unaided
and

w
ith

the
assistance

ofa
4W

W
;

-R
andom

ized
crossoverdesign;

-Q
uietand

silence
room

;
-Training

session;
-Test:perform

6M
W

test;
-W

alk
test:w

alk
in

a
50

m
long

hospital
corridor;
-2

trials
each

condition
on

each
of2

study
days;
-1

hourrestin
betw

een
tests.

Spatial:distance
w

alked
in

6
m

inutes:
m

etabolic
m

easures:
change

in
oxyhem

oglobin
saturation

during
the

w
alk,and

breathlessness
using

a
m

odified
B

org
Scale.

-M
ean

values
oftw

o
w

alks
foreach

individual;
-Paired

t-test;
-p<0.05.

E
valuation

ofthe
effectofw

alker
w

ith
w

heels
on

disability,
oxygenation,and
breathlessness

in
patients

w
ith

severe
disability

secondary
to

chronic
irreversible

airflow
lim

itation.

Increase
in

6-m
inute

w
alking

distance;
significantreduction

in
hypoxem

ia
w

ith
w

alking
and

a
significantreduction

in
breathlessness

during
the

w
alk

test;im
prove

quality
oflife

in
individuals

w
ith

severe
im

pairm
entin

lung
function.

-

Solw
ay

etal.(2002)

40
subjects;age

range
55-85

years;Inclusion
criteria:

C
O

PD
diagnosis,clinically

stable,unaccustom
ed

to
the

use
ofa

w
alking

aid;
E

xclusion
criteria:m

edical
conditions

thatlim
ited

exercise
tolerance

oran
inability

to
com

m
unicate

in
E

nglish.

-Instrum
entation:respiratory

inductance
plethysm

ograph,volum
e

spirom
eter,distance

sensor,pulse
oxim

eter,upperextrem
ity

strain
gauges,and

stride
counter(100H

z);
-R

andom
ized

crossoverdesign;
-2

conditions:unaided
and

w
ith

the
assistance

ofa
4W

W
;

-W
alkerheightadjusted

atthe
ulnarstyloid

level;
-Test:Tw

o
6M

W
test;

-1
hourrestin

betw
een

tests;
-W

alk
tests:w

alk
in

a
60

m
long

corridor;
Q

uietand
silence;

-Subjects
accom

panied
by

the
tester.

M
etabolic

m
easures:

breathlessness
using

a
m

odified
B

org
Scale,

cardiorespiratory
function

and
gait,

respiratory
rate,m

inute
volum

e,rib
cage

and
abdom

inalexcursions;
Spatio-tem

poral:
distance

w
alked

in
6

m
inutes,stride

length,
cadence

and
speed;

K
inetics:w

eight
bearing

by
U

E
s.

-M
ean

and
standard

deviations
forall

param
eters;

-Tw
o-tailed

test,erro
of0.05

and
pow

erof
90%

;
-M

ultiple
linear

regression;
-A

N
O

VA
;

-U
nivariate

regression;
-Stepw

ise
m

ultiple
regression;
-p<0.05
-Softw

are:L
abV

IE
W

;

Study
the

effects
ofusing

the
4W

W
on

functional
exercise

capacity
in

patients
w

ith
C

O
PD

;
C

haracterization
ofpatients

w
ho

benefitm
ostfrom

the
use

ofthe
4W

W
.

R
eduction

in
dyspnea,

increase
in

w
alking

ability
and

high
sense

ofsecurity;arm
s

stabilization
reduces

the
dyspnea.

-

Probstetal.(2004)

15
subjects;Inclusion

criteria:diagnosed
w

ith
C

O
PD

,no
neurologicalor

lim
itation

in
locom

otion,not
need

forsupplem
ental

oxygen
during

the
6M

W
test,

no
practice

in
the

use
ofA

D
.

Inform
ed

consentsigned.

-Instrum
entation:telem

etry
system

(m
etabolic

data);pulse
oxim

eter;breathing
m

ask;
-6M

W
tests

in
tw

o
conditions:w

ith
and

w
ithout4W

W
;

-W
alkerheightadjusted

atthe
ulnarstyloid

leveland
elbow

s
flexed

30º;
-Training

session;
-W

alk
tests:w

alk
in

a
53m

corridor;Q
uietand

silence;
-30-m

in
restintervals;

M
etabolic

m
easures:

breathlessness
using

a
m

odified
B

org
Scale,

calculation
ofm

inute
ventilation,tidal

volum
e,volum

e
of

oxygen,produced
carbon

dioxide,
respiratory

rate,level
ofcarbon

dioxide
released

atthe
end

of
expiration

and
the

ratio
betw

een
inspiratory

tim
e

and
total

respiratory
cycle;heart

rate;W
alking

efficiency:ratio
of

volum
e

ofoxygen
in

the
lastm

inute
ofthe

testand
the

distance
w

alked
in

6
m

in;
forced

expiratory
volum

e
and

forced
vital

capacity;speed.

-N
on-param

etric
tests;

-W
ilcoxon

signed-rank
test;
-Stepw

ise
m

ultiple
regression

analysis;
-p<0.05
-Softw

are:data
analyzed

by
M

etasoft
and

statistics
in

SA
S.

Study
the

effect
ofusing

the
4W

W
on

w
alking

distance
and

physiological
variables

in
patients

w
ith

C
O

PD
.

Im
proves

functional
exercise

capacity:less
dyspnea,increased

ventilation
and

increased
distance;

im
provem

entin
distance

w
alked
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6M

W
test;reduction

of
hypoxia

and
shortness

ofbreath;Increase
w

alking
speed;feeling

ofsecurity
and

stability
-this

allow
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patients
to

w
alk

fasterw
ith

the
sam

e
volum

e
of

oxygen.
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Table
A

.13:Sum
m

ary
ofthe

articles
investigating

the
influence

ofthe
four-w

heeled
w

alker(continuation).

A
uthors

Participants
Testing

Protocol/Instrum
entation

Param
eters

to
evaluate

D
ata

processing/Statistical
analysis

Purpose
ofthe

investigation
M

ain
Findings

B
enefits

R
isk/D

em
ands

L
iu

etal.(2009)

33
subjects

(18
T

U
R

and
15

PU
R

);Inclusion
criteria:age

>
65

years,residing
in

an
assisted

living
facility,no

m
edicalhistory

of
im

pairm
ents,Score

M
M

SE
>24,able

to
w

alk
9.15m

indoors
w

ith
4W

W
,no

previous
diagnosis

ofstroke
orneurologicalcondition

such
as

PD
,history

ofatleast
one

fallin
the

lastyear
(PU

R
).Inform

ed
consent

signed.

-Instrum
entation:G

A
IT

R
ite®

(5.18
m

x
0.88

m
);

-Q
uestionnaire

aboutthe
4W

W
;

-W
alkerheightadjusted

atthe
levelofthe

w
ristcrease

line;
-2

conditions:w
ith

and
w

ithoutw
alker;

-G
aitpattern:uprightposture

and
m

aintain
the

body
betw

een
the

tw
o

posteriorlegs
ofthe

w
alker;

-Training
session;

-W
alk

test:w
alk

overthe
carpetand

w
ore

safety
belts;

-Q
uietand

silence
room

;
-PU

R
:3

trials
w

ith
w

alker;
-T

U
R

:3
trials

w
ith

and
3

trials
w

ithoutthe
w

alker;
-3-m

in
restinterval;

-E
lim

inate
acceleration

and
deceleration

effects,by
starting

and
finishing

2
m

afterand
before

the
w

alkw
ay.

Spatiotem
poral:

cadence,speed,sw
ing

and
stance

tim
e,double

supporttim
e,step

and
stride

length.

-M
ean

and
standard

variation;
-A

N
O

VA
;

-Paired
sam

ples
t-test;

-p<0.05
-Softw

are:G
A

IT
R

ite
G

O
L

D
and

SPSS.

Study
of

differences
in

gaitparam
eters

w
hile

w
alking

am
ong

R
U

s
and

potentialusers.

R
eduction

ofthe
load

on
the

L
E

s.
D

ecreased
cadence,

w
alking

speed,sw
ing

tim
e,step

length
and

stride
length

and
increased

stance
and

double
supporttim

es,
because

ofthe
afraid

to
fall;posture

changes.

Vogtetal.(2010)

90
subjects;Inclusion

criteria:age
>

65
years,

independentm
obile,able

to
understand

and
follow

study
instructions,able

to
perform

T
U

G
(tim

e
up-go),FT

SST
(five

tim
es

sitto
stand

test)
and

PO
M

A
-B

(perform
ance-oriented

m
obility

assessm
ent-

balance);E
xclusion

criteria:
presence

ofacute
neurologicalim

pairm
ents

or
othersevere

physicalor
psychiatric

illness.

-Q
uase-experim

entalpre-and
postdesign;

-3
groups:first-tim

e
users

(30),long-term
users

(30)and
controlsubjects

(30);Selection
process

in
detail(Vogtetal.2010);

-M
M

SE
exam

;
-12

sessions,30
m

in
each

ofphysiotherapy;6
sessions,30

m
in

each
ofergotherapy;13

sessions,20
m

in
each

ofergom
eterexercises;

-Test:T
U

G
,FT

SST
and

PO
M

A
-B

tests.

T
U

G
,FT

SST
and

PO
M

A
-B

results;
difference

betw
een

the
adm

ission
and

final
score.

-M
ean

and
standard

variation;
-N

on-param
etric

K
rustal-W

allis
test;

-p<0.05

E
xam

ine
the

effectof4W
W

use
on

functional
rehabilitation
outcom

e
in

geriatric
patients.

M
aintains

orim
proves

m
otorskills

atthe
highestlevelpossible;
Increased

confidence
and

safety
forthe

user;
D

oes
notinterfere

w
ith
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Im

provem
entin

balance
and

m
obility.

-

Takanokura
(2010)

600
subjects;age

>70
years;

m
ean

height:1.609
m

(m
ale)

and
1.472

m
(fem

ale¬);m
ean

w
eight:59.3

kg
(m

ale)and
49.5

kg
(fem

ale).

-M
echanicalm

odel(Takanokura
2010);

-Instrum
entation:Push-pulldigitalforce

gauge;
-W

alk
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on

dry
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dry
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w
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w
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U

E
s
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s
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M
odelparam
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w

alkerm
ass;subjects’

w
eightand
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al

force
athandgrip;

m
uscularforce
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chestand

to
support

user’s
body;extension

and
flexion

force
of

upperbody
m

uscles;
objective

function.

-R
egression

analysis;
-M

echanicalm
odel

results
for

optim
ization.

O
ptim

ization
of
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heightofthe

4W
W

(handgrip)
by

a
2D

m
echanical

m
odelto

reduce
the

m
uscular

loads
in
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U

E
s

and
L

E
s

w
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various
road

conditions
during

a
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displacem
ent.

H
igherw

alkerand
push

itin
the

perpendiculardirection
by

leaning
theirupper

body
on

the
w

alker
helps

to
m

aintain
uprightposture

to
m

aintain
gaitpattern

characteristics
and

relieve
m

uscularloads
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er
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R
equirem

entofa
correctadjustm

entof
the

heightofthe
4W

W
and

body
posture.
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Appendix B

Hospital Ethical Committee Approval

CONSENTIMENTO INFORMADO, LIVRE E ESCLARECIDO PARA
PARTICIPAÇÃO EM INVESTIGAÇÃO

de acordo com a Declaração de Helsínquia e a Convenção de Oviedo

Por favor, leia com atenção a seguinte informação. Se achar que algo está incorrecto ou
que não está claro, não hesite em solicitar mais informações. Se concorda com a proposta
que lhe foi feita, queira assinar este documento.

Título do estudo: Estudo e desenvolvimento de dispositivos externos de apoio à marcha
com aquisição de sinais biomédicos.

Enquadramento: Hospital de Braga em conjunto com a Professora Cristina Santos e a En-
genheira Maria Martins do Departamento de Electrónica Industrial da Universidade do Minho.

Explicação do estudo: Os participantes abrangidos pelos critérios de seleção previamente
definidos serão recrutados no Hospital de Braga e classificados pela médica fisiatra (Dra.
Catarina Matias). O grupo de selecionado irá realizar o treino de marcha com o andarilho
motorizado. O protocolo experimental será detalhadamente esclarecido ao participante, que,
optando pela participação, deverá concordar e assinar o Termo de Consentimento Informado,
Livre e Esclarecido para participação em investigação. Todos os participantes realizarão um
programa de reabilitação prescrito pelas médicas fisiatras, ajustado à sua condição clínica at-
ual, iniciando o treino de marcha assim que apresentarem capacidade para tal. Os doentes
serão avaliados periodicamente pelas médicas fisiatras, sendo também avaliado o equilíbrio
em ortostatismo com recurso ao andarilho monitorizado e aos sensores integrados, pelas en-
genheiras, com apoio da fisioterapeuta. Os doentes serão também submetidos a avaliação
clínica periódica, utilizando as escalas de Berg e ABC e serão também avaliados com o andar-
ilho motorizado, avaliando equilíbrio estático e dinâmico, base de suporte, tamanho do passo,
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distância percorrida, simetria, harmonia e coordenação durante o treino de marcha com o an-
darilho. O processo de aquisição de dados será transparente ao utilizador. Durante a realização
das avaliações haverá sempre uma pessoa próxima para os devidos esclarecimentos, acompan-
hando toda a pesquisa. Os participantes serão fotografados e filmados. As fotografias e videos
serão divulgadas para fins académicos e meios científicos e para isso o rosto será tapado para
garantir o sigilo. Os resultados obtidos durante a pesquisa serão colocados em forma de gráfi-
cos e imagens.

Condições e financiamento: Este é um estudo de carácter voluntário da participação e
não existem quaisquer prejuízos, caso não queira participar. Este estudo mereceu um Parecer
favorável da Comissão de Ética do Hospital de Braga.

Confidencialidade e anonimato: As informações obtidas serão mantidas em sigilo e não
poderão ser consultadas por pessoas leigas sem a prévia autorização por escrito do partici-
pante. As informações, assim obtidas poderão ser usadas somente para fins estatísticos ou
científicos, sempre resguardando a privacidade do participante.

Assinatura/s: . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . ... . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . .
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Figure B.1: Ethical Approval.
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m
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e
and

com
m

unity
m

obility.

B
efore

the
beginning
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ofclinic
training,1

m
onth

aftercom
pletion

of
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m
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ere

unassisted.
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et
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the
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