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1.1 Human Gait

The ability to freely move and interact within a specific environment provides
people with autonomy and independence during daily life activities. In this way,
human mobility is one of the essential capacities for proper development and
well-being. In general terms, human gait is a complex behavior that involves the
musculoskeletal system, the nervous systems, and the cardio-respiratory system
[1, 2]. Human gait requires the central nervous system (CNS) activation, the
transmission of electrical signals to the muscles, muscular activation, and sensory
information feedback [3]. Altogether, these systems enable gait initiation, planning,
and execution, while being adapted to satisfy motivational and environmental
demands of the individual [4]. The ability to walk is usually acquired at the first
years of life [5]. During this stage, skills such as body weight balancing and upright
standing are learned [6]. Once the individual learns to walk, this ability becomes
spontaneous and unconscious, becoming an energy-efficient task [5, 6].
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1.1.1 The Gait Cycle

The complexity of the human gait has become a topic of major interest within the
field of human movement sciences. It is a key component in the investigation of
pathological gait patterns. Human gait is a cyclic activity that can be described as
a series of discrete events [7]. The gait cycle is often defined as the period of time
from the initial contact of one foot with the ground to the following occurrence of the
same event with the same foot (it is also known as stride). The gait cycle consists of
two major phases: stance phase, which cover 60% of the cycle and swing phase that
covers the remaining 40% [8]. Stance phase is the term used to designate the entire
period during which the foot is on the ground. Whereas swing phase is defined
as the period when the foot is in the air and the limb advances in preparation for
subsequent foot contact [9]. The precise duration of these gait cycle intervals varies
with the person’s cadence. The duration of both gait periods is shortened as gait
velocity increases and becomes progressively greater as speed slows.

The gait cycle provides a means of correlating the simultaneous actions of the
individual joints into patterns of total limb function and delineate in an orderly
manner their specific biomechanical functions [10]. To this end, each pattern motion
is related to a different functional demand that is why a more detailed breakdown
of gait cycle is required, in such cases, four, six, or even eight different phases have
been considered depending on the specific type of application. The most detailed
gait cycle classification recognized by the literature is illustrated in Fig. 1.1 [10].
Stance phase consists of five events: heel strike (HS), Flat Foot (FF), midstance
(MST), Heel-Off (HO), and preswing (PS). Swing phase, on the other hand, consists
of the other three events: Toe-Off (TO), midswing (MSW), and terminal swing
(TSW). Each gait phase has a functional objective and a critical pattern of selective
synergistic motion to accomplish it [11].

Heel strike also known as initial contact begins when the foot strikes the ground
and marks the beginning of stance phase [11]. It is essential to highlight that for
individuals with some pathologies, heel contact may not occur; hence, the term
initial contact is more appropriated to be used. Flat foot or loading response is the
first period of double limb support defined from HS (0%) to approximately 8—12%
of the gait cycle [10, 11]. During this phase, the body absorbs the impact of the foot.
The foot is with its entire length in contact with the ground, and the body weight
is fully transferred onto the stance limb that acts as a shock absorbent resulting in
knee flexion, coincident with load acceptance and deceleration of the body. The
period from HS trough FF enables the limb to accomplish a basic task denominated
as weight acceptance. It is the most demanding task in the stride, because three
functional patterns are needed, shock absorption, initial limb stability, and control
of forward progression [10-12].

Midstance begins when the contralateral foot leaves the ground, initiating
opposite limb swing phase, and ends at the instant when the body center of mass
is decelerating until it is aligned over the forefoot. MST represents the first half
of single limb support, which covers approximately 8—-12% to 30%. Single limb
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STANCE SWING
0% 8% 30% 40% 50%  60% 75% 100%
Heel Strike Flat Foot Midstance Heel-Off Preswing Toe-Off Midswing Heel Strike
(HS) (FF) (MST) (HO) (PS) (TO) (MSW) (HS)

Fig. 1.1 Gait cycle is divided into seven phases. Illustrates seven periods that were summarized
into one gait cycle based on 100% of the gait. One gait cycle can be described as a dynamic
and continuous occurrence of seven phases from heel contact to the next heel contact. Different
nomenclatures for the gait phases are used in the literature, this is the most used

support marks the period from MST through HO, when the opposite limb is in swing
phase. During this period, one limb has the total responsibility for supporting body
weight in both the sagittal and coronal planes. Heel off constitutes the second half
of single limb support from 30 to 50% of the overall of the gait cycle [10—12]. This
period begins at the time of heel leaves the ground and extends until the contralateral
limb contacts the ground. During this event, the center of mass leads the forefoot
and accelerates as it is falling forward towards the unsupported limb [11].

Preswing constitutes the last phase of the stance phase, i.e., it is the transition
phase between stance phase and swing phase. During this event, the swinging leg
acts as a compound pendulum [10, 13, 14]. The period of the pendulum is controlled
by the mass moment of inertia. Variations in gait cadence are highly dependent
on an individual’s ability to alter the period of this pendulum. Hence, this period is
associated with limb advancement [ 10]. Limb advancement begins in the final phase
of stance and then continues through the entire swing period. It means that during
limb advancement four gait phases are involved: preswing (end of stance), initial
swing, mid swing, and terminal swing. This period has the purpose to meet the high
demands of advancing the limb. Therefore preparatory posturing begins in stance.
Then the limb swings through three postures as it lifts itself, advances and prepares
for the next stance interval.

Toe off is a short period when the toes leave the ground like their name said.
During this period, the stance limb is unloaded, and body weight is transferred onto
the contralateral limb. It is a period of modulated acceleration that covers the time
from 62 to 75% of the overall gait cycle and usually occupies one-third of the swing
phase [10, 12]. Midswing begins at the moment the foot leaves the ground and
continues until maximum knee flexion occurs, when the swinging limb is aligned
with the contralateral limb, and ends when the swinging limb is in front of the
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stance limb. This period covers the middle third of swing phase from 75 to 87%
of the overall gait cycle. Terminal swing is the last event of the swing phase from
87 to 100%, which initiates with vertical tibial alignment and continues until HS
[10-12].

1.1.2 Gait Assistance and Rehabilitation

Despite the evident complexity of gait, individuals usually exhibit smooth, regular,
stable, and repeated movements during walking [1, 3]. However, affectations to
these systems could result in disorders or limitations to mobility [15]. Particularly,
as the human gait gathers almost of the muscles of the body, as well as involves
several cortical and sub-cortical structures, the training processes after physical
and neurological injuries are usually challenging and long [5]. In this sense, the
gait quality and locomotion capacities constitute important indicators of the overall
health of an individual [16]. Thus, the presence of neurological alterations or
musculoskeletal pathologies might lead to atypical gait patterns, weakness or loss
of motor control [17].

The most common causes of gait impairments include neurological conditions
(e.g., cerebrovascular accidents, spinal cord injuries, Parkinson disease, and Hunt-
ington disease), orthopedic disorders (e.g., osteoarthritis, skeletal deformities, and
muscular dystrophy), and several medical conditions (e.g., coronary heart disease,
respiratory insufficiency, and obesity) [2,15,18]. With aging, the risk factor of health
conditions that affects well-being and overall autonomy is increased. This effect
includes gait disorders [19]. Older adults often exhibit cardiovascular complications,
musculoskeletal diseases, cancer, and impaired proprioceptive functions [20-22]. In
general, these conditions result in cognitive and physical limitations and can cause
the partial loss or degradation of the upper and lower-limbs’ healthy functioning
[23-25].

Physical rehabilitation aims at restoring people’s movement and functioning
affected by injuries, illness, or disability [26]. Gait rehabilitation and assistance
therapies focus on providing, compensating, increasing, or re-training the lost
locomotion capacities and the affected cognitive abilities of the individual [18].
In general terms, rehabilitation interventions seek to improve walking performance
by (1) eliciting voluntary muscular activation in lower limbs, (2) increasing muscle
strength and coordination, (3) recovering walking speed and endurance (i.e., usually
accompanied with cardiovascular training), and (4) maximizing lower-limbs range
of motion [27,28]. In this sense, physical rehabilitation includes several techniques
and approaches, ranging from overground and conventional gait training to robot-
assisted and machine-based therapies [29, 30]. These strategies emphasize weight
support, body mass propulsion, as well as on balance and postural control during
movement [31].

Bearing in mind the above mentioned, this chapter presents an introductory
overview of robotics for human gait rehabilitation and assistance. Advances in
engineering and healthcare have led to the development of rehabilitation devices
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based on multiple robotic principles. Therefore, throughout this chapter, as well
as in the remainder of this book, the focus will be on (1) Wearable Robotics, (2)
Mobile Robotics, (3) Social Robotics, and (4) Combined Robotic Platforms with
a particular emphasis on gait rehabilitation and assistance. Thus, the following
sections present a definition of these fields of robotics, a description of how they
can be applied to healthcare and physical training, and evidences of their use in
rehabilitation therapies and gait assistance.

1.2 Wearable Robotics

The first type of device studied in this chapter used in gait assistance and
rehabilitation is wearable robotic devices. This section introduces them, focusing
on lower-limb exoskeletons. The following topics are presented: (1) a description of
wearable robotics, (2) an introduction to lower-limb exoskeletons and their main
objectives in the field of assistance and rehabilitation, (3) their evidence in gait
rehabilitation scenarios, and finally (4) their evidence in gait assistance scenarios.

1.2.1 Defining Wearable Robotics

The robotic devices were used to support and develop some tasks that require
different interaction levels with humans [32]. This Human—Robot Interaction (HRI)
has been involved in activities where the robot has physical interaction with various
parts of the human body [33]. Therefore, these robotic devices are being developed
according to some standards that consider the user’s safety when operating this
device [34-36]. As aresult, the definition of wearable robots emerges. As mentioned
by Pons [37], “a wearable robot is person-oriented robots, that complement the limb
primary movements or replace a human body limb”. Currently, the development
of wearable robot is applied to different areas according to the user’s workspaces.
For instance, applications where the user’s body supports high loads for a long time
[38,39], replacement of a human body limb [40], or robotic devices that complement
or assist different human body movements [41-44].

As mentioned, the implementation of wearable robots involves the performance
of a robotic device that supports and assists the user’s limbs movements. In the first
case, the wearable robots are used in clinical scenarios. The user wears the device
in the therapy sessions to recover different primary motor functions to the human
body. In the second case, the user cannot generate the required muscle activity to
execute the limb’s primary movements. For this reason, this device assists the limb’s
movements. The wearable robots focus on factors such as the shape, weight, and
kinematic of the robotic device [37]. Each of these factors is directly dependent on
the number the links and joints that provide kinematic compatibility [45, 46], the
different types of physical interfaces to ensure a mechanical power direct transfer
[47], and the type of actuation system that provides the backdriveability condition
to the wearable robot [48-51]. Finally, the estimation of the physical Human—Robot
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Interaction (pHRI) [52] allows the device to provide safety and comfort in support
of different activities of daily living [53]. In this way, wearable robots are designed
to apply the pHRI in various strategies depending on the user in developing different
tasks in particular workspaces.

The assessment of the wearable is focused on critical aspects related to the
functional performance applied on the interaction between the wearable robot and
the user [54,55]; the user experience focused on the embodiment [56]; the wearable
robot usability [57]; and the methodology that comprises the reproducibility of the
experiments executed with the wearable robot controlled by the user, the acquisition
and the facility in interpreting the results [58]. This device is assessed in two
aspects related to the electrical and mechanical structure [36]. In this sense, some
international organizations have raised several standards to guarantee user safety.
For instance, the International Organization for Standardization (ISO) in collabora-
tion with the Electrotechnical Commission (IEC) identifies the particular hazards
presented in the Human—Robot Interaction. Where the IEC 62061 formulates a
safety standard for robots and robotics personal care [34], the ISO 13482 “Robots
and robotic devices—Safety requirements for personal care robots” [34], and the
ISO 22523 “External limb prostheses and external orthoses—Requirements and
test methods™ [35] focused in the requirements and test methods for lower-limb
exoskeletons.

Currently, there are various wearable robots that have fulfilled all the relevant
factors mentioned, offering different services according to the population. Some of
these devices are robotic prostheses, aimed at replacing the limb of a user who has
suffered limb loss [59, 60]; exoskeletons or orthoses focused on the industry whose
purpose is to reduce the load perceived by the user [38,39]; and finally, exoskeletons
concentrate on the rehabilitation and assistance of activities of daily living that
currently have been developed for various joints of the human body [42,61,62]. The
development of these exoskeletons includes the use of different instruments for data
acquisition from the user. Finally, the development of different control strategies has
allowed the user to participate in the therapy sessions or improve the user’s quality
of life with activity of daily living assistance.

1.2.2 Lower-Limb Exoskeletons

Lower-limb exoskeleton has been implemented for various applications related
to increasing a person’s motor capabilities. As mentioned by Minchala et al.
defined a lower-limb exoskeleton as an anthropomorphic mechanical device that
conforms to the user’s anatomy. Where the movements generated by the device
resemble various movements of the human body [63], therefore, its main objective
is focused on three main aspects: increasing the strength of the human body
[64-67], motor control rehabilitation of the human body [48, 68-71], and the
assistance of the user’s movements in various activities [42,61,71-73]. Lower-limb
exoskeletons classification can be executed from various viewpoints starting with
the different control strategies, workspace settings, tasks assisted by the device,
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and actuation systems. This book focuses on lower-limb exoskeletons developed
for the rehabilitation of people suffering from gait-associated pathologies and gait
assistance.

1.2.2.1 Lower-Limb Exoskeletons in Gait Rehabilitation

Lower-limb exoskeletons for gait rehabilitation are designed for the medical field
where they are considered a tool for use in therapy sessions. The application of these
devices fulfills two objectives. The first one is focused on supporting the recovery
motor control [74] in the lower limbs by stimulating neuronal plasticity [75-77].
Second, the use of these robotic devices in rehabilitation decreases the therapist’s
workload to supervise the therapy session [68,78-80]. In this way, the lower-limb
exoskeletons support the user’s movements and assist in the performance of the
therapy sessions proposed by the therapist.

The exoskeleton for gait rehabilitation applied in indoor environments is inte-
grated into a robotic platform complemented by bodyweight support [81,82] and a
treadmill [49, 83]. This lower-limb exoskeleton design provides an environmentally
controlled working area in the development of the walking activity. Lower-limb
exoskeleton is generally composed of different degrees of freedom (DoF), providing
movement in the three human body planes. As aresult, these rehabilitation platforms
assimilate the user’s lower-limb’s natural movements during the walking activity.
Additionally, each platform has a sensory interface to monitor the gait speed [83]
and the gait cycle [84, 85], the joint’s range of motion (RoM) [83], force/torque
generated between the user and the wearable robot [50], the assistance level
provided by the exoskeleton [81], and other kinetic and kinematic parameters to
develop various control strategies, and to monitor the therapy session.

Different gait rehabilitation platforms use lower-limb exoskeletons to support
the user’s lower-limb movements in walking activity. For instance, ALTACRO
(Vrije University, Belgium) comprised of the MACCEPA actuation system provides
adaptable compliance during the walking activity using 12 DoF in Hip, knee,
and ankle joints [49, 86]. LOPES (University of Twente, Netherlands) exoskeleton
applies a bowden cable system actuation [78, 83, 87] to implement the “Robot in
charge”, “Patient in charge”, and the “Therapist in charge” modalities [83]. As
a result, the exoskeleton allows movements in the leg and a free 3-D translation
of the pelvis [87]. ALEX (University of Delaware, USA) applies force fields to
guide the user’s foot trajectory into a prescribed gait pattern [82, 88]. Finally, a
commercial rehabilitation such as Lokomat [68] is classified as a powered gait
orthosis that can increase therapy session’s intensity and reduce the therapist burden
and healthcare cost [89]. Figure 1.2a presents a lower-limb exoskeleton schematic
for gait rehabilitation for indoor environments.

On the other hand, the literature presents different lower-limb exoskeleton types
of gait rehabilitation where the user executes the walking activity in outdoor
environments using a lower-limb exoskeleton [90]. In this sense, the device’s design
changes compared to the exoskeletons mentioned in the last paragraph. The new
design of these exoskeletons presents a portable design. This characteristic includes
a portable power supply, processing module, and a sensory interface that the user
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Fig. 1.2 Lower-limb exoskeleton schematics; (a) lower-limb exoskeleton for gait rehabilitation
in indoor environments example. Generally, this platform comprises a bodyweight support,
Treadmill, and a lower-limb exoskeleton designed with various DoF that covers the movements
in different human body planes; (b) lower-limb exoskeleton for gait rehabilitation/assistance in
outdoor environment example. This wearable robot is composed of a lower-limb exoskeleton that
generally supports the sagittal plane movements, instrumented crutches, and a human—machine
interface

could transport in various environments. Additionally, aspects such as the actuation
system size [91], exoskeleton size [92], weight [74], and the kinematic configuration
[45,65] are taken into account to improve the interaction between the wearable robot
and the user [93]. To fulfill the main objective of rehabilitating the walking activity
in outdoor environments, some of the above aspects, such as design considerations
regarding the number of DoF, generally, focus on the human body sagittal plane.
Finally, considering that these exoskeletons do not have a bodyweight support, in
some cases, the lower-limb exoskeletons are complemented using walkers [94] and
crutches [95] to provide support and stability during the walking activity.

Currently, lower-limb exoskeletons have been implemented in the rehabilitation
of activities of daily living employing different methodologies. For instance, the
ALLOR (Federal University of Espirito Santo, Brazil) is a unilateral knee exoskele-
ton that changes the impedance components using virtual damping according to
a detected gait phase during the walking activity [69, 94]. BioMot (Future and
Emerging Technologies (FET), Spain) is a bilateral lower-limb exoskeleton that uses
a MACCEPA to change the system stiffness through the Hook law [70]. BLEEX
exoskeleton (University of California Berkeley, USA) now known as Ekso GT was
designed in the rehabilitation and assistance of stroke patients and spinal cord
injury, respectively [71,91,96,97]. Figure 1.2b shows an example of a lower-limb
exoskeleton for the rehabilitation of activities of daily living.

The exoskeletons mentioned above are based on a rigid mechanical structure
to transfer the calculated torques to the users’ lower-limbs. However, the latest
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developments presented in the literature show different other wearable robot based
on soft technology. In this field, the exosuits have been designed to fulfill the lower-
limb exoskeleton purpose offering a lightweight device and an actuation system
that generate the required torque profiles in the user’s lower limbs. For instance,
XoSoft (Fondazione Istituto Italiano di Tecnologia, Italy) and Myosuit (ETH Zurich,
Switzerland) are exosuits designed for activity of daily living rehabilitation using
cable-driven actuation to complement the lower-limb movements [48,98-100]. As
a result, implementing these exosuits in therapy allows different joint lower-limb
movements and decreases the exoskeleton weight.

1.2.2.2 Lower-Limb Exoskeletons in Gait Assistance

Another field where the lower-limb exoskeletons have been applied is in gait
assistance. Compared to the exoskeleton mentioned in Sect. 1.2.2.1, these lower-
limb exoskeletons’ primary objectives are to provide a high level of assistance in
the human body’s primary movements [90, 95]. Figure 1.2b shows examples of
lower-limb exoskeleton design for this end. For this reason, the control strategies
proposed in these devices have not considered the force/torque between the user and
the wearable robot [42,71, 101]. In this case, the user that wearers the lower-limb
exoskeleton operates the wearable robot. Therefore, these devices propose various
human-robot interfaces such as wrist-watch style controller [42, 61], external
computers [73], smartphone app [74], among others. The user can mobilize in
outdoor environments employing this category of lower-limb exoskeletons. In this
sense, some characteristics of lower-limb exoskeletons for activity of daily living
rehabilitation are applied in these exoskeletons. For instance, actuation system size,
exoskeleton size, weight, and kinematic configuration are considered. Parameters
such as kinematic the joint angular position, the joint angular velocity are estimated,
and other kinematic and kinetic parameters are required for control strategies
applied in these devices [42,72,91,101].

Lower-limb exoskeletons for assistance have been presented in the literature
and some of these devices are patented for commercialization. Various of these
devices demonstrated their feasibility and performance CYBATHLON [102], often
mentioned in the literature as the Paralympic Games, where the paraplegic users
compete in the development of various activities of daily living. As an example
ReWalk (ReWalk Robotics, United Kingdom) [61, 103], REX (REX Bionics, New
Zealand) [42], Indego (Vanderbilt University, USA) [42], VariLeg (ETH Zurich,
Switzerland) [57, 73, 104], WalkON (Sogang University, South Korea) [72] are
highlighted in these applications focused on the assistance of walking activity,
sitting/standing activities, ascending/descending stairs, and walking on sloping
surfaces.

Table 1.1 shows some relevant characteristics of the exoskeletons for gait
assistance and rehabilitation reviewed in this section. There were mentioned
some lower-limb exoskeletons classified by the category (gait rehabilitation/gait
assistance), degree of freedom for each limb, the bilateral/unilateral exoskeleton,
and some activities of daily living that the exoskeletons provide a user’s support and
assistance.
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Table 1.1 Lower-limb exoskeletons general description
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Degree of
Exoskeleton | Category freedom Main function Activity of daily living
ALTACRO | Gait 12 DoF (hip, Rehabilitation Walking
[49,86] rehabilitation | knee, and ankle). | (Bilateral
exoskeleton)
LOPES Gait 3 DoF (hip and | Rehabilitation Walking
[78,83,87] rehabilitation | ankle). (Bilateral
exoskeleton)
ALEX Gait 9 DoF (trunk, Rehabilitation Walking
[82,88] rehabilitation | hip, knee, and (Unilateral
ankle). exoskeleton)
ALLOR Gait 3 DoF (hip, Rehabilitation Walking, Sitting,
[69,94] rehabilitation | knee, and ankle). | (Unilateral Standing
exoskeleton)
Myosuit Gait NA Rehabilitation Walking, Sitting,
[48,99,100] | rehabilitation (Bilateral Standing
exoskeleton)
BioMot [70] | Gait 3 DoF (hip, Rehabilitation Walking, Sitting,
rehabilitation | knee, and ankle). | (Bilateral Standing
exoskeleton)
ReWalk Gait 3 DoF (hip, Assistance (Bilateral | Walking, Sitting,
[61,103] assistance knee, and ankle). | exoskeleton) Standing, Ascending
stairs, Descending stairs
VariLeg Gait 3 DoF (hip, Assistance (Bilateral | Walking, Sitting,
[57,73,104] | assistance knee, and ankle). | exoskeleton) Standing, Ascending
stairs, Descending stairs
WalkOn [72] | Gait 3 DoF (hip, Assistance (Bilateral | Walking, Sitting,
assistance knee, and ankle). | exoskeleton) Standing, Ascending
stairs, Descending stairs
Anklebot Gait 2 DoF (ankle). Rehabilitation Walking
[105] assistance (Unilateral
exoskeleton)

In conclusion, this section presented the general definition of a wearable robot
and relevant aspects for their development. For example, lower-limb exoskeletons
are the product of the development of wearable robots that have been developed
as tools for rehabilitation and assistance for users with pathologies associated
with the lower limbs. Some characteristics that identify exoskeletons designed for
rehabilitation and assistance were shown. Finally, the exoskeletons developed in
the last decades were mentioned, considering the difference between exoskeletons
designed for the rehabilitation environment and the user’s assistance environment.
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1.3 Mobile Robotics

The second type of device used in gait assistance and rehabilitation therapies is
mobile robotics. This section presents an introduction, concentrating on robotic
or smart walkers. The following topics are presented: (1) a description of several
mobile conventional devices, (2) a description of the smart walkers, from their
overall structure to their functioning and interaction channels, (3) the evidence of
smart walkers use in gait assistance and rehabilitation, with several applications in
clinical scenarios, and finally (4) alternative mobile robots for gait rehabilitation,
where other assistance platforms based on mobile robots will be showcased.

1.3.1 Defining Mobile Assistive Devices

Mobile devices for gait assistance often include ambulatory training tools and
wheeled-based structures. For instance, these devices exploit the widely studied
benefits of wheeled mobile robots, such as stability, balance, power autonomy,
mechanical simplicity, among others. Mobile assistive devices intend to overcome
physical limitations by maintaining or improving individuals’ functioning and
independence in clinical and everyday scenarios [106]. Moreover, these devices can
be classified into conventional and robotic devices. The most common conventional
mobile devices are manual wheelchairs, walking sticks or canes, walking frames,
and rollators [107] (See Fig. 1.3).

On the one hand, manual wheelchairs are a standard solution when lower-limb
locomotion capacities are entirely lost. In their most straightforward configuration,
these devices consist of a chair fitted with wheels, where the user is entirely in charge
of the device’s propulsion [23]. The wheelchairs also provide proper fit and postural
support based on each user’s biomechanical and environmental requirements. On
the other hand, the walking sticks or canes are simple assistive devices that aim
to increase the patients’ support base and improve their balance [108]. To provide

h i

(@) (b) (©

Fig. 1.3 Tllustration of standard mobile conventional devices based on wheeled or ambulatory
frames. (a) Manual wheelchairs. (b) Walking sticks. (¢) Walking frames. (d) Rollators
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weight support to the user, some variations include more than one support point to
the floor. In this sense, multiple-legged canes or quad-canes are commonly found
[108].

Finally, the walking frames or walkers are constituted by simple mechanical
structures that improve overall balance, increase the users’ base of support, enhance
lateral stability, and provide partial weight-bearing [108, 109]. The walkers offer
support and use the patients’ remaining locomotion capability to move [109, 110].
These devices hold a rehabilitation potential as they encourage physical activity
and social participation of people with mobility impairments [27]. Several types of
conventional walkers can be found.

The standard walkers or walking frames are constituted by a four-legged frame
with rubber tips that should simultaneously contact the floor [108, 110]. Although
this configuration offers maximum stability, the patient must lift the frame and
moved it forward during walking. In this sense, the use of standard walkers results
in slower, and often abnormal gait patterns [108]. Moreover, this type of walker
requires some degree of upper body strength and cognitive ability [110]. The front-
wheeled walkers include wheels at the front legs making them more suitable for
upper-limbs weakness [108]. These walkers reduce the risk for falling as lifting
the device is not required, and it promotes forward displacements of the center of
gravity [110]. The front-wheeled walkers facilitate more normal gait patterns and
higher walking speeds [110]. The four-wheeled walker or rollators included wheels
with pivot and rolling points requiring fewer users’ effort [108, 110]. Since these
walkers provide minor stability, they are often used by higher functioning patients
with minimal weight-bearing requirements [108, 110]. These walkers are intended
to be used in community scenarios during daily living activities, as they provide
the most natural gait patterns and highest walking speeds [110]. These devices are
usually equipped with shopping baskets, a resting seat and hand brakes [110]. These
rollators are also found in three-legged or u-shaped configurations [109].

Conventional walkers are widely used by older adults or neurological patients
with high independence levels [18]. However, several issues restrict their imple-
mentation in rehabilitation settings, complex scenarios, or patients requiring higher
degrees of assistance [107]. On the one hand, several studies have reported that the
conventional walking frame does not ensure enough safety during walking, since
there is a considerable risk for falls [111, 112]. Moreover, the users’ natural balance
and energetic costs are often compromised with conventional walkers [107]. On
the other hand, the user-walker interaction is entirely passive, so that the walker
does not provide any additional physical and cognitive support [18, 107, 110].
For instance, patients with visual impairments may require assistance for safe
navigation or guiding. Similarly, patients with reduced muscle capacity may require
active assistance from the device [107, 113]. Other shortcomings associated with
conventional walkers involve the inability of these devices to monitor the users’
condition or to track the quality of users’ gait. Additionally, these devices cannot
provide any feedback to the users when there is an inappropriate interaction.
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1.3.2 Smart Walkers

As previously stated, the walking frames or rollators exploit the patients’ remaining
locomotion capacities to provide gait assistance. They are usually prescribed for
patients in need of assistance during functional daily living tasks [107]. Similarly,
literature evidence shows that walker-assisted gait often elicits essential psychologi-
cal benefits, including increased confidence and safety perception during ambulation
[27, 107]. However, critics regarding the use of these devices often point out the
lack of safety measures, the increased energy expenditure, and the inability to track
users’ progress and health status.

Bearing in mind the above mentioned, the possibility of improving and enhancing
the functionalities of the conventional walkers through the inclusion of robotic
technology has arisen. In general, there have been several research projects focused
on creating robotic versions of canes, wheelchairs, and, particularly, walkers.
The terms “robotic”, “intelligent”, or “smart walkers” (SWs) refer to those con-
ventional walking frames and rollators that have been empowered with sensing
interfaces, actuation technologies, and control strategies [27]. The inclusion of
these technologies in the smart walkers allows providing more efficient and robust
gait rehabilitation and assistance [27]. There are several benefits brought by the
integration of technology and robotics, for instance (1) the execution of precise and
repeatable tasks, (2) the implementation of intensive activities with programmable
and measurable difficulty, (3) the online measurement of the performance and
physiological state of the patients, (4) the implementation of more engaging
rehabilitation environments through the use of virtual and augmented reality, (5)
the assessment of the patients’ rehabilitation progress, and (6) the reduction of the
physical effort of the therapists [25,28,31, 114].

More specifically, thanks to the sensors, actuators, and control strategies imple-
mented in the SWs, they are capable of multiple high-level functions that can be
grouped in the following categories:

* Biomechanical and Health Monitoring: The smart walkers can gather informa-
tion collected by their internal sensors and external sensors worn by the user. In
this sense, the smart walkers can estimate biomechanical indicators from sensors
such as Inertial Measurement Units (IMUs), Electromyography sensors (EMG),
or sensors mounted on the device such as ultrasonic boards, Laser Rangefinders
(LRF), cameras, among others [27, 107]. These sensors allow the estimation
of gait spatiotemporal parameters such as cadence, speed, step length, stride
length, gait symmetry, among others [115]. These parameters are relevant as they
may help tracking and quantifying the users’ rehabilitation progress. Moreover,
control strategies can also be implemented using this information [113,116,117].
Finally, the patients also wear heart rate sensors, oxygen saturation sensors, and
other physiological sensors to estimate the overall health status.

* Estimation of Movement’s Intention: An essential functionality that the smart
walkers’ should provide is identifying the users’ intentions to move. This func-
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tionality allows the smart walkers to guarantee intuitive and natural interaction
to their users. To this end, the smart walkers are often equipped with sensors
on the forearm supports and handlebars to estimate the patients’ intention of
movement [110]. The most common approaches exploit the resulting force and
torque exerted on the walker by the user to generate linear and angular reference
velocities [107, 118]. Other techniques are based on cognitive interaction, where
the user can control the smart walker without physically interacting with it, using
voice commands or body gestures [18, 113].

Guidance and Navigation: In the robotics field, navigation basically refers
to a set of systems that allow a robot to safely move from one point to
another within a specific environment [119]. In walker-assisted gait, navigation
refers to safely guiding the users through different settings, while satisfying
their social and motivational demands [107]. To this end, the smart walkers
require obstacle detection and avoidance techniques, map building modules,
autonomous localization algorithms, and path following strategies [107]. These
functionalities can be implemented whether independently or in conjunction
with user interaction modules, so that shared control strategies can be designed
to regulate the users’ role during therapy [27, 120]. In this way, guidance and
navigation modules help with patients with cognitive requirements or visual
impairments.

Safety Provision: The smart walkers often assist the users in complex environ-
ments where dynamic situations might occur. Therefore, smart walkers equip
redundant systems to react to hazardous situations rapidly. These modules
commonly use rule-based algorithms, where different conditions and constraints
are established to limit or stop the smart walker’s motion [107]. For instance,
these modules allow the device to be blocked in presence of stairs, glass walls,
and dangerous walkways. Using distance sensors, these modules can detect
obstacles in front of the device and limit the speed depending on the proximity to
the obstacles [27, 120]. Moreover, smart walkers are often remotely monitored
and controlled by healthcare professionals. Thus, they can limit or stop the
device’s movement in emergencies. Finally, along with these functionalities, the
smart walkers also implement fall prevention strategies based on IMU sensors.
Feedback Strategies: The smart walkers implement multiple communication
channels to provide cognitive assistance or communicate relevant information
to the users. For example, during navigation tasks in patients with visual
impairment, the smart walkers use haptic and auditory feedback to guide them
[118, 120]. Other implementations are based on visual feedback to let the users
know their performance and status during the therapy [110, 121].

Remote control: Gait rehabilitation therapies demand close accompanying of
physiotherapists to provide postural corrections and therapy monitoring [55,122].
In this sense, several smart walkers have implemented remote control strategies,
so that the healthcare professionals can remotely assess the session data, override
the device or control the smart walker’s behavior [107, 123].
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According to their end purpose, smart walkers can be found in multiple con-
figurations depending on their actuators’ type, the implemented sensory interfaces,
the implemented functionalities and their mechanical structure. The smart walkers’
propulsion interface can be classified into active, passive or hybrid devices. This
classification simply suggests if the propulsion is entirely accomplished by the
user (i.e., passive), aided by actuators on the device’s wheels (i.e., active), or co-
accomplished by the user and the device (i.e., hybrid). These topics will be further
studied in the following sections and chapters.

1.3.3 Smart Walkers in Gait Assistance and Rehabilitation

Considering the above functionalities, the smart walkers have also proven helpful
in gait assistance and rehabilitation therapies. Depending on each user’s specific
needs, these functionalities can be adjusted to provide targeted tasks to meet the
users’ clinical and personal requirements. In this sense, literature evidence shows
that smart walkers have been successfully implemented in the following scenarios:

* Smart walkers to provide stability and motion support: Similar to the
conventional type, the smart walkers can provide partial body weight support,
physical stability, and balance in active [107, 124] or passive configurations
[120, 125]. It is worth mentioning that smart walkers in passive modality require
a considerable amount of postural control and walking ability by the user. Thus,
passive smart walkers can provide motion support in later stages of rehabilitation
or home-based scenarios. The smart walkers in active modality require less
energetic input from the user and can offer automatic context-aware propulsion.
Active smart walkers tend to be used in the early stages of rehabilitation and
in clinical scenarios. In both cases, the ability to provide motion support makes
the smart walkers useful for individuals with partial mobility loss, presenting
different residual motor capacity levels [126]. Moreover, passive or active smart
walkers help the patients gain or increase their independence during daily tasks
and may positively impact on self-esteem and social interaction [27, 126].

* Smart walkers to provide functional and daily tasks assistance: The smart
walkers are commonly characterized by forearm supports equipped with force
sensors and pressure sensors, or devices to extract users’ intentions to move (e. g.,
joysticks, voice recognition modules) [27, 121]. The information extracted from
such sensors (e.g., force signals) can be converted into navigation or velocity
commands to make the smart walker move according to the users’ motivational
demands [107, 118, 127]. This information is also used to detect undesired
behaviors such as leaning more to one side of the walker, which is common
in patients with hemiplegia or hemiparesis [128, 129]. In this sense, the smart
walkers can cope with the users’ intentions to assist them during their daily
living activities. Moreover, several robotic walkers use this information to detect
the choice to perform sit-to-stand or stand-to-sit transfers by the user [130, 131].
The strategies implemented to aid the user during these transfers range from
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(1) simple activation of the braking system, to (2) active control of the smart
walker in a forward direction to pull up the user, and (3) implementation of
robotic supporting elements (e.g. forearm or chest support) to lift and guide
the user [131]. Finally, smart walkers can also detect slopes, stairs or hazardous
environments employing sensors such as laser rangefinders, ultrasonic sensors
and cameras. With this information, the smart walkers can provide active
propulsion to overcome rugged terrains such as slopes or ramps or completely
stop their motion to avoid colliding with obstacles in the environment [107].

* Smart walkers to provide guiding and safety: As previously stated, smart
walkers can perform safe navigation and obstacle detection in multiple environ-
ments. These functionalities can be used to guide people with visual or cognitive
impairments. Different robotic walkers use auditory feedback to indicate the
obstacles or the path to follow in guiding tasks [124]. Similarly, other proposals
include haptic feedback by causing the device to vibrate when there is an obstacle
nearby or making the device heavier when the user deviates from the route
[118, 120]. Visual feedback has also been explored in the literature, which uses
lights, screens or virtual reality to indicate the route [118, 132].

* Smart walkers to monitor health status and gait quality: The smart walkers
can extract information from sensors worn by the users and onboard sensors
[107]. This information is often processed to extract gait-related indicators such
as speed, cadence, stride length, cycle duration, gait symmetry, among others
[115]. The constant estimation of these indicators at every rehabilitation session
allows the healthcare professionals to track the users’ progress and assess their
gait quality. Moreover, the smart walkers also receive information related to heart
rate, skin impedance, oxygen saturation, among others. The data provided by
these sensors is of great relevance since it allows to monitor the overall health
status of the users and detect emergencies [27].

As presented in Sierra et al., several smart walkers and on-going research
projects involve the functionalities described above [107]. An updated and detailed
description of some of these smart walkers is presented in Chap. 4. In the following
section, some other devices based on mobile robots are presented.

1.3.4 Alternative Mobile Robots for Gait Rehabilitation

In case of total mobility impairment exhibited by the patient, several assistive
devices based on mobile robots have been developed. Specifically, the conventional
four-wheeled differential robots are commonly used to implement assistive devices
such as robotic wheelchairs and autonomous vehicles for patients transportation
(See Fig. 1.4).

Robotic or smart wheelchairs employ actuators, sensory interfaces and advance
processing algorithms to provide easier and safer navigation [133]. Moreover, con-
sidering the patients’ requirements, the robotic wheelchairs may include multimodal
input interfaces, such as joysticks, touchscreens, voice recognition modules, image
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Fig. 1.4 (a) Illustration of a robotic wheelchair mounted on a four-wheeled mobile robot. (b)
Illustration of an autonomous vehicle based on a robotic scooter

(a) (b)

processing systems, and biosignals monitoring modules (e.g., electromyography
and electroencephalography) [133].

Robotic scooters, standing vehicles and lifting robots are more commonly found
around us [110]. These devices include several actuators and multimodal user
interfaces to allow intuitive control and interaction. Moreover, these devices may
be equipped with lifting mechanisms to provide sit-to-stand capabilities and partial
body weight support [134].

At this point, the previous sections have highlighted and explained the benefits
of employing wearable and mobile robotics in gait assistance and rehabilitation.
However, there are other scenarios where robotics can foster physical training
and gait assistance. In particular, patients can also benefit from social robots, in
mobility and independence problems related to aging, cognitive syndromes, cardiac
complications, depression, among others.

1.4 Social Robotics

In this section, a brief introduction to social robotics is presented. To achieve
the complete understanding of social robots, this section provides: (1) the social
robotics definition, where different definitions given to social robots are presented,
(2) evidence of this type of robots in a healthcare context, and (3) applications of
socially assistive robotics in gait assistance and rehabilitation.
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1.4.1 Defining Social Robotics

Several definitions are given to social robotics through time. However, it is essential
to clarify the meaning of “social”. This term represents two or more entities
involved in the same context [135]. To illustrate a social robot’s definition, different
researchers’ perspectives are currently used [136]. First, in 1999 Duffy et al. [135]
defined a social robot as robots that can interact among more robots (social robots)
or with humans (societal robots). The social robots according to these authors are
composed of four layers: (1) physical layer, where the robot has a physic aspect
within an environment and perform motor skills, (2) reactive layer to answer the
stimulus of the environment through sensory interfaces, (3) deliberative layer that
involves Beliefs-Desires Intention structure, and (4) the social layer in charge of the
communication [135].

Afterward, in 2002 Fong et al. [137] define social robots as: embodied agents
that are part of a heterogeneous group (robots or humans), and they can recognize
and engage in social interactions. Moreover, Fong et al. established that social
robots have environmental perceptions acquired from their own experience, i.e., they
could learn a communicate within contexts. Thus, in 2004 Bartneck and Forlizzi
[138] stated the Design-centered Approach of a social robot. Overall, they defined
a social robot as an autonomous/semi-autonomous platform that interacts with
humans following behavioral norms as in the human-human interaction. Bartneck
and Forlizzi proposed two conditions to consider a platform as a social robot: (1)
the robot has to be autonomous, it can interact cooperatively or non-cooperatively
depending on the situation, (2) recognize human values, roles among others [138].

Finally, in 2018 Breazeal et al. [139] presented the sociable robot concept as a
robot able to communicate and understand humans in social terms. In turn, human
beings should be able to communicate and emphasize with sociable robots. In this
case, Breazeal et al. established five fundamental characteristics to consider a robot
sociable: (1) the embodiment in a situated manner (real or virtual), (2) has to have
lifelike qualities, (3) the robot has to able of identifying the users, to create an
interpersonal manner [139]. For instance, Theory of mind and empathy are essential
to design human awareness. (4) The human has to understand the social robot’s role,
and (5) the robot has to learn social situations (by imitation or mimicry), to shape
its history.

1.4.2 Social Robots in Healthcare

Socially Assistive Robots (SAR) are being tested and accepted in healthcare
areas, such as rehabilitation and clinical assistance. Social care sectors beyond the
traditional scope of surgical and rehabilitation robots are poised to become one
of the most significant technological innovations of the twenty-first century [140].
Social robots have been developed and used in multiple clinical settings and home-
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based areas, providing physical, cognitive and social support, as well as coaching
activities, such as exercise training, education, and monitoring [141].

In this field, researchers are focused on developing social robots to perform
tasks with a high degree of autonomy, while holding natural interaction with the
patients and the clinical staff [142]. This has enabled social robots to provide support
in healthcare scenarios through social interaction. Social robots are attractive and
engaging to a wide range of children. Children often perceive social robots as
something in between a pet and a friend [143]. This makes social robots an
interesting play therapy tool, where children can take safe risks to learn new skills
and abilities [143].

According to literature evidence, SAR have been studied in mainly four health-
care scenarios with children [141]:

* Social robots to help emotionally cope with illness: They provide self-
management tools as they help inform children about their medical conditions
(e.g., cancer, diabetes) appropriately. Robots like NAO (SoftBank Robotics,
France) are commonly used in this scenario, a significant emotional support tool
for children [144, 145].

* Social robots to support therapy or interventions in children with Autism
Spectrum Disorder (ASD): They have been used as active agents of
reinforcement in semi-structured behavior for children with ASD. They increase
eye contact [146, 147], improve and develop children’s visual perspective-taking
skills [148], enhance their joint attention [149], improve proprioception skills,
improve in the production and recognition of children’s facial emotions [150].
Robots like NAO, CASTOR (Colombian School of Engineering, Colombia)
[151, 152], Robonova (Hitec Robotics, South Korea) [153], Probo (Vrije
Universiteit Brussel, Belgium) [154], Ono (Ghent University, Belgium) [149],
and Kaspar (University of Hertfordshire, UK) [148] are commonly used in ASD
therapies.

* Social robots to enhance well-being during inpatient stays: They provide
a positive effect on a child’s well-being through distraction, engagement, or a
positive impulse on communication [155-159]. Pet-like robots such as Paro
(AIST, Japan) and Huggable Bear (MIT, USA), or humanoid robots such as
NAO are commonly used in this scenario.

* Social robots that provide distraction during a medical procedure help
decrease children’s anxiety and stress levels [158, 160, 161]. The robot most used
in this scenario is NAO, which has a promising potential as a distraction during a
medical procedure, especially in vaccination.

Other compelling opportunities for social robots are in the context of eldercare.
Regarding this population, their interaction includes educating, facilitating the
older adults’ communication and social connection with others, and assisting with
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adherence to care regimen through social support [162]. Specifically, in the adults
and older population, SAR have been used in two healthcare scenarios mainly [141]:

* Social robots as companions for older adults with disease: They are widely
used in mental health to aid and support loneliness, depression and anxiety [141].
Companion robots aim to enhance older people’s health and psychological
factors by providing companionship [163]. Robots like Paro, NAO, Pepper
(Softbank Robotics, France), and Buddy (Blue Frog Robotics, France) are
currently used for this purpose, especially in elderly care for dementia and
physical rehabilitation [164].

* Social robots as service robots in elderly care and well-being: They are
defined as assistive devices designed to support daily activities providing more
independence to the users [163]. Service robots are mainly used to support older
adults in home environments and healthcare centers. The most used robots in
these areas are HOBBIT (Vienna University of Technology, Austria) [165], RiSH
(Oklahoma State University, USA) [166], Robot Era (Project FP7/2007-2013)
[167], and RAMCIP (Project EU Horizon 2020/643433) [168].

* Social robots for exercising, coaching, and rehabilitation: They act as com-
panions or assistants in specific scenarios, with the aim of improving user
performance or increasing motivation during certain tasks. Some scenarios in
which these social robots have been shown to play a fundamental role are cardiac
rehabilitation and physical training. In both cases, humanoid robots have been
used due to their similarity to human beings. For example, NAO [169-172], as
shown in Fig. 1.5, has shown positive results by increasing people’s motivation to
continue with their rehabilitation process. And ROBOVIE (Advanced Telecom-
munications Research Institute International, Japan) has shown positive results
encouraging users to perform physical activity [173].

To summarizing, most of the studies reported positive effects of social robots
within the older population. Nevertheless, some studies highlighted some issues and
limitations about this technology [174], e.g., the novelty effect is decreased in some
studies as the robots can become repetitive and predictable [175]. This issue can
affect social interaction, which is reduced by time.

The studies identified in this section indicate that social robots can
develop healthcare and well-being roles (i.e., assistance, companion, partner or
coach/instructor). Social robots could be a valuable tool in healthcare personnel’s
repertoire to support children, adults, and the elderly in a medical environment
that deals with stresses and loneliness [141]. Besides, in the children’s population
social robots might have the potential for engaging children, distracting, openness,
develop their visual prospective-taking skills and decrease the level: of anger, fear,
anxiety, and depression, among others. Such effects have also been noted for adults.
The older under intervention with social robots, users showed improvements in
social connections, communication, mood, and diminished loneliness, isolation,
depression, and anxiety [141].
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Fig. 1.5 Architecture of the integration of a NAO social robot in the cardiac rehabilitation setting.
This humanoid robot acts as a companion, improving user performance and increasing motivation
during therapy

1.4.3 Social Robots in Gait Assistance and Rehabilitation

As presented previously, social robots have been developed and assessed in
healthcare areas, showing positive effects regarding motivation, adherence and
engagement to the treatments. Furthermore, in gait rehabilitation and assistance,
social robotics have to support procedures from different approaches (see Table 1.2).

For instance, to assist elderly individuals in gait rehabilitation Scheidig et al.
[176] developed a ROGER robot platform. This platform was used to assist elderly
patients after surgery in hip endoprosthetic. ROGER’s role was to lead the patients
during the therapy session and measured their gait patterns. The results showed
that the platform was reliable in performing the gait assessments. Based on these
results, Trinh et al. [177] conducted a study in which the ROGER platform was
validated in more detail with 20 elderly patients. They considered three evaluation
aspects: robust collision avoidance, user-centered navigation, and reliable person
perception. The results suggested that the patients felt safe and motivated using the
robot. Besides, ROGER was a valuable tool for the clinical staff as they managed
and controlled the sessions. However, in regards to navigation, the results showed
that further improvements are still needed for fully autonomous training, such
as increasing the positional accuracy of the 3D obstacle and person detection,
especially during situations where the robot is very close to the user.

Similarly, Piezzo et al. [178] presented a Pepper robot’s feasibility study to guide
elderly individuals during walking. Qualitative study and gait analysis through the
video analysis were performed to measure patients’ response to the robot’s role.
Results showed that elderly patients trust the robot, and intrinsic motivation was
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Table 1.2 Social robots for gait rehabilitation and assistance scenarios

Authors Robot/type Objectives Robot’s role
Piezzo et al. | Pepper/Humanoid | To design and develop a Support, monitor and motivate
[178] humanoid robot to guide older patients during walking
elderly patients during activities.
walking.
Buitrago NAO/Humanoid To use a SAR as an Support, provide feedback and
etal. [181] alternative and encourage the children during
complementary method to | the session.
promote the participation
and motivation of children
with Cerebral Palsy.
Malik NAO/Humanoid To determine how a Motivate and keep the
et al.[182] humanoid robot can children’s engagement during
be used as an assistive therapy.
technology in specific
therapy for children
with Cerebral Palsy.
Sheidig ROGER/Humanoid| To validate the ROGER Coach in therapies for gait
et al.[176] Mobile robot use in a real-world rehabilitation. Assess the
scenario. gait patient’s performance.
Trinh ROGER/Humanoid| To integrate real-time gait | Support, monitor, give
etal.[177] Mobile pattern analysis into a feedback, and employed
robotic application. different
task-specific during the
session.
Cespedes NAO/Humanoid To design and evaluate a Motivate, monitor the
etal.[179, social human— patient’s performanc,
180] robot interaction system to | and provide feedback during

support
conventional therapies with
Lokomat.

the treatment.

influenced positively. Furthermore, the robot also aids the patients to complete their
goals during the sessions (e.g., walking from a goal point to another). Moreover, the
NAO robot has also been used to assist elderly patients in gait rehabilitation. Such
can be illustrated in the research carried out by Cespedes et al. [179]. A human—
robot interaction system that integrates sensors to measure physiological variables
(heart rate, cervical and thoracic inclinations) and the exertion level perceived (Borg
scale) was developed. This system allowed collaborating with the therapist’s tasks
to decrease their work burden and motivate them to improve their self-performance
through rehabilitation. The results suggest that the social robot has a positive
and well-received effect on the robot regarding companionship, social interaction.
Following this work, a long-term study showed that the robot’s support improves
the patients’ physiological progress by reducing their unhealthy spinal posture time.
Most patients described the platform as helpful and secure, with positive acceptance
[180].
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On the other hand, as far as assistance to children in gait rehabilitation is
concerned, the most widely used social robot is also the NAO robot. An illustration
of this is the research conducted by Buitrago et al. [181], which developed a motor
learning therapeutic intervention using a social robot NAO for a child diagnosed
with cerebral palsy. The researchers remark on the robot’s capability to facilitate
the child’s persistence in walking and achieve the therapeutic objectives. Even they
stated that after the fifth session, the children reached the proposed goal in the gait
training. On the other hand, social robots are also used to support gait rehabilitation
of patients who went under surgery procedures and need training during recovery
phases. Therefore, Malik et al. [182] used the robot NAO in specific therapy for
children with cerebral palsy. This consisted of four interactive scenarios in human—
robot interaction based on the Gross Motor Functional Measure measurement items.
However, the researchers reported a positive impact during therapy and effective
engagement between child and robot. During the study, some mechanical errors
occurred, e.g., the child did not understand what the robot said or answered the
question correctly, but NAO did not detect the answer.

To summarizing, most of the studies reported positive effects of social robots
to assist gait rehabilitation. They highlighted that patients feel more motivated,
safe and comfortable during the session and, in turn, improved their rehabilitation
performance during therapy. However, there are some issues and limitations about
this technology regarding their configuration and operating setup in some gait
rehabilitation scenarios.

1.5 Combined Platforms

The integration of different robotic devices, such as those mentioned throughout this
chapter, has shown promising results in clinical applications, allowing to improve
and accelerate the recovery of lost or diminished functions. As a result of this
integration, this section presents an innovative concept called combined platforms,
highlighting their use in gait assistance and rehabilitation. The following topics are
presented: (1) a description of combined robotic platforms, (2) an overview of their
deployments in healthcare, (3) the evidence of the use of these platforms in gait
assistance and rehabilitation, with some conclusions resulting from their application
in clinical scenarios, and finally (4) the general characteristics of existing combined
platforms, where both electronic and mechanical characteristics will be described.

1.5.1 Defining Combined Robotic Platforms

As presented, several types of robotic devices, such as smart walkers, active joint
orthosis, and lower and upper body exoskeletons, have been developed to provide
rehabilitation, assistance or augmented physical capabilities in different scenarios
(e.g. clinical, industry and military) [74]. Mainly, in the clinical setting, most
of these devices focus on maintaining or improving an individual’s functioning
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and independence to facilitate participation and to enhance overall well-being
[183]. Besides, in some cases, they can prevent deterioration and secondary health
conditions such as bowel or bladder problems, depression, overweight, obesity,
among other things [184, 185].

Because of the above, these devices have been integrated or combined to enhance
and maximize their effects in rehabilitation therapies [27], being of great help for
gait assistance and rehabilitation. That is why integrating two or more two robotic
assistive devices can be defined as combined platforms, which aim to overcome and
compensate for the physical limitations of those who suffer from them, applying to
both clinical and everyday scenarios [106].

Although few studies refer to combined platforms, this new approach seeks
to introduce new and reliable technologies in the rehabilitation process [186],
offering interesting advantages such as the possibility of automated and personalized
treatments reducing the fatigue associated with repetitive and monotonous exercises
[187]. In addition to its ability to integrate sensors that provide a quantitative
estimate of recovery [183].

For example, since 2006, a small number of combined platforms have been
developed primarily aimed at gait rehabilitation in patients with neurological dis-
orders [27, 188—190], and the clinical evaluation of these motor impairments using
measures such as joint range of motion, strength, muscle reflexes, muscle activity
and coordination [191, 192]. Among the studies already published, the AGoRA
combined platform (Adaptable Robotic for Gait Rehabilitation and Assistance),
shown below (see Fig. 1.6), stands out for being a clear example of a novel and
affordable combined platform composed of two assistive devices [27].

The combined platform concept is best exemplified in Fig. 1.6 with the AGoRA
platform, composed of a lower-limb exoskeleton and a smart walker for mobility
assistance and gait rehabilitation. Although this platform is one of the most recent
examples, other similar combined platforms are found in the healthcare literature.

1.5.2 Combined Robotic Platforms in Healthcare

The deployment of combined platforms in the health area is considered a potential
tool to improve the disabled and older population [193]. And even though robotic
assistive devices are focused on helping humans, they will not replace humans’ roles
in the setting [194]. In other words, these platforms have been introduced into the
healthcare field to complement conventional therapeutic interventions, becoming
an alternative treatment to improve the quality of life of older adults, persons with
physical limitations or disabilities and those around them [195, 196].

These combined platforms’ clinical impact can be seen when the affected
person can re-enter the workforce, reduce the burden on caregivers, and live
at home, rather than in long-term care facilities. Some other benefits include
prevention of medical complications and improved self-image and life satisfaction
[193]. Therefore, in recent years, researchers have proposed and developed robotic
platforms integrated by various robotic assistive devices. These efforts involved
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Fig. 1.6 AGoRA combined platform comprises a lower-limb exoskeleton and a smart walker
oriented at gait rehabilitation of patients with mobility impairments

large and complex robotic systems, which evolved into more affordable systems
that are both functional and aesthetically pleasing [193,194].

Considering the above, most platforms today are integrated by an exoskeleton
and a smart walker to assist people with reduced mobility. Next is a brief description
of the existing combined platforms. Their use results are presented, allowing to offer
a vision of the current situation of this new approach and the benefits that these can
provide.

1.5.3 Combined Robotic Platforms in Gait Assistance and
Rehabilitation

Combined platforms have shown positive effects in the area of rehabilitation
and assistance in developing activities of daily living, helping to improve the
independence and well-being of those who use them [81]. One of the first combined
platforms developed was EXPOS [188]. This platform was proposed in 2006 by
Sogang University as a viable solution to allow older people to live without the
need for physical assistance from third parties. Furthermore, due to its ability to
assist in the human body’s movement, this platform has potential use in the gait
rehabilitation of patients with neuromuscular diseases.

As a combined platform, EXPOS consists of a lower-limb exoskeleton, which is
as light as possible for comfort, and a smart walker, which is heavy enough to keep
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the body in balance when held by the user [188, 197, 198]. Although this platform
typically works on flat-controlled surfaces within the laboratory, it can be adapted
for everyday use. As a qualitative result, after using EXPOS in the laboratory, a user
stated that this platform helped him walk, sit, and stand quite well, demonstrating its
viability for the assistance of the elderly and patients with neuromuscular diseases
[188].

Nine years later, in 2015, researchers from the Federal University of Espirito
Santo proposed a combined platform composed of a lower-limb exoskeleton and a
smart walker. This platform makes it possible to re-establish neuromotor control in
subjects with neurological injuries, in addition to improving mobility and safety of
those who use it while walking [199, 200].

As a combined platform, the lower-limb exoskeleton provides an assistive
torque that alleviates the load and reduces the muscular effort. The smart walker
guides the user and helps maintain a stable posture. As a differential factor, the
researchers proposed a new control strategy based on recognizing the intention of
human movement by analyzing biomedical signals such as brain signals (EEG) and
surface myoelectric signals (SEMG), which turned out to be valuable and applicable
in future work. So far, this combined platform does not report quantitative or
qualitative results, although it is recognized as an innovative robotic system that
can be adjusted to fatigue situations or according to the evolution of the user’s
rehabilitation.

In 2017, researchers proposed the CPWalker platform aimed at gait training in
children with cerebral palsy [189, 201]. As a combined platform, the CPWalker
consists of a smart walker with bodyweight support and an exoskeleton for joint
motion support [81], allowing the child to experience autonomous locomotion in
a natural rehabilitation environment. Unlike the previous platforms presented, the
use of CPWalker shows notable improvements in several physical skills as strength,
stability, cadence, mean velocity, step length and symmetry in gait patterns [55].
All these improvements were achieved in the short term, so this research and its
methodology could serve as an example for future clinical implementations of any
robotic assistive device.

More recently, in 2018, Colombian researchers proposed and developed a new
combined platform called AGoRA, aimed at gait assistance and rehabilitation
[27,202-204]. As shown in Fig. 1.6, AGoRA consists of a lower-limb exoskeleton
with a bioinspired design [205], and a smart walker [202]. Although as a combined
platform it has not been tested, both devices that compose it have already been
assessed separately. For instance, stationary approaches such as the use of an ankle
exoskeleton for motor recovery [206], the use of a lower-limb exoskeleton for knee
rehabilitation [207], and their evaluations during walking have shown improve-
ments in spatiotemporal and kinematic parameters, as well as their usability and
performance through a natural interaction between users and devices [43,46]. This
platform will integrate the measurement of kinematic, physiological, and cognitive
parameters to monitor the patient’s condition, his evolutionary rehabilitation process
and evaluate the effects of the platform’s assistance. AGoRA platform presents
interesting capabilities, such as the integration of the clinician the control loop
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[208] and multimodal capabilities to enhance the navigation and the interaction with
the environment [107]. In this sense, it is being studied the integration of cloud
computing capabilities to empower the sensor processing and control strategies
[209].

During that same year, Colombian researchers proposed a new combined
platform that, unlike the previous ones, integrates a social robot and a robotic
gait orthosis. Since then, the researchers have been developing innovative social
robot interfaces to empower gait rehabilitation in patients with spinal cord injury
or stroke [179, 180, 210]. This study is focused on studying the effectiveness
of socially assistive robotics during gait training with Lokomat after suffering a
neurological disease to maximize the probability of success of the rehabilitation.
Different variables such as heart rate, spinal posture, spatiotemporal parameters,
and perceived exertion are measured, providing a feedback mechanism through a
socially assistive robot. As a result of the long-term study, two patients who suffered
spinal cord injury have presented remarkable improvements in motor, cognitive and
emotional processes [180].

All the platforms mentioned above have the main objective of being an effective
tool for the assistance and rehabilitation of gait through robot-assisted therapy,
especially in patients with neuromuscular disorders or also in older adults [211-
214]. For this reason, these platforms have become a new alternative to help people
with motor disabilities to recover or compensate for the loss of motor control, and
re-establish their independence and well-being [215,216].

In addition to sharing the same objective, these platforms have similarities at a
structural level. Next, general aspects of their mechanical and electronic architecture
will be delved into understanding their operation better.

1.5.4 General Features of Existing Combined Platforms

A combined platform’s construction requires a high level of specialization in various
scientific areas such as electronic control, mechanical design, and ergonomics [217].
The joint work of these different areas for the assembly of robotic devices for gait
assistance and rehabilitation has advantages over conventional devices. It offers
the user the opportunity to move autonomously, increasing his motivation and
improving his physical capacities [7,199,218].

Some robotic devices such as exoskeletons and smart walkers, which are
shown in Fig. 1.7, have presented promising results since they are equipped with
different types of electronic sensors, such as kinematic sensors (angular position,
speed, and acceleration) and kinetic (interaction force between the limb and each
robotic device), which allow collecting relevant information to know the user’s
evolution or to control the robotic device [219-221]. This last idea has become an
innovative feature implemented by some existing robotic devices, ensuring better
controllability by analyzing biosignals such as EEG and SEMG for human motion
intention detection [199,218].
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(a) (b)

Fig. 1.7 Tllustration of the most common robotic devices that make up the currently existing
combined platforms. (a) Robotic lower-limb exoskeleton. (b) Smart robotic walker

That is why, considering the electronic operation and potential of these robotic
devices, most of the existing combined platforms for mobility assistance and gait
rehabilitation integrate an exoskeleton and a smart walker. On a mechanical level, as
shown in Fig. 1.7a, exoskeletons are designed for the lower extremities, providing
the ability to assist and support the gait process. Depending on the pathological
conditions or the needs of each user, the exoskeletons can be unilateral or bilateral.
Besides, the ergonomic design allows them to be adapted according to each user’s
anthropometry [219,221].

On the other hand, most smart walkers, as shown in Fig.1.7b, have been
developed on mobile platforms, allowing to guarantee a gait pattern that is as natural
as possible [110, 218, 222]. Furthermore, considering that its movement is carried
out on wheels, less force must be exerted to move it, since no lifting is necessary
[110,218,223,224]. However, since the wheels can run freely, this type of walker
requires from the user better control and a good balance [110,218,223-225].

These general mechanical and electronic aspects make integrating two or more
than two robotic assistive devices a potential, innovative, and affordable solution
to help people with motor disabilities regain or compensate for the loss of motor
control. Although most existing combined platforms for gait rehabilitation integrate
an exoskeleton and a robotic walker, rapid advances in the technology area will
make it possible in the short term to innovate and integrate new platforms with
different devices that are increasingly lighter, smarter, more sophisticated, and
aesthetically pleasing.
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1.6  Scope of the Book

This book is organized in 13 thematic chapters (Chaps. 2-14), addressing relevant
robotic technologies that have been integrated into healthcare and physical training
environments to provide gait assistance and rehabilitation. Chapter 2 introduces the
basic concepts of kinematic modelling, actuation systems, and sensing architectures
of the different type of robotic devices here explained: lower-limb exoskeletons,
social robots, and smart walkers. That chapter reviews the most common configura-
tions for both commercial and research devices on the field.

Chapter 3 introduces the design process for lower-limb exoskeletons, from
which the main modules and considerations of design can be extracted to analyze
all other robotic devices presented. Through the definition of user-centered and
device-centered features, the platforms are broken down into several modules that
are addressed in the next chapters.

Similarly, Chap. 4 explores the design of smart walkers. From physical structures
to sensory interfaces and control strategies, that chapter presents the different smart
walkers developed until now, and their main characteristics.

Chapter 5 describes some of the most relevant spatial and temporal indicators
that are used to characterize human gait, and therefore, track and report a patient’s
rehabilitation progress, and detect anomalies in their gait patterns. That chapter also
presents some wearable sensors that allow the acquisition of such indicators and
methodologies that make use of them to develop high-level controllers in wearable
and mobile robotic devices.

Chapter 6 focuses on the module of actuators, specifically in the area of flexible
and soft actuators for the development of assistive robotic devices. It presents the
steps involved in their characterization and the understanding of their capacities and
limitations to correctly implement them in assistive and rehabilitation applications.
The chapter finishes with concrete examples of robotics devices that include each
type of actuation.

Chapter 7 centers in the field of flexible actuators and presents an overview of
the variable stiffness actuators in terms of their principles, setups, and characteris-
tics. The chapter introduces 7-FLEX, an ankle exoskeleton based on this technology,
and shows two preliminary case studies with healthy participants using this device.

Having the sensor and actuator modules explained. Chap. 8 explores control
strategies in lower-limb exoskeletons. Two controllers are developed for the AGoRA
exoskeleton based on the principle of impedance, as methodologies for gait
assistance. The controllers are implemented in two case studies.

Chapter 9 introduces the relevance of using the Brain—-Computer Interface for
neurorehabilitation and the stages in the universal design of a BCI system. That
chapter also analyzes some of the most relevant works related to BCI-based control
for lower-limb exoskeletons. Finally, a study case of a stroke survivor commanding
T-FLEX through a BCI interface is presented.

Similar to Chap. 8, Chap. 10 presents control strategies for smart walkers.
These strategies contemplate smart walkers’ interaction with both humans and the
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environment and allow smart walkers to respond to the user’s movement intentions,
to guide a user between two points or along a trajectory, among many others
behaviors.

Chapter 11 explores the incorporation of socially assistive robotics to gait
rehabilitation scenarios. That chapter provides an introduction to the benefits of
including social interaction in rehabilitation processes, through relevant character-
istics of social robotics and their role in patient-robot interfaces.

Chapter 12 introduces one of the new trends in this challenging field of
rehabilitation robotics. Serious games in robot-assisted therapies are covered in
terms of their interaction technology and feedback and incentive strategies. That
chapter presents the development of Jumping Guy, a serious game for ankle
rehabilitation therapy with T-FLEX.

After understanding of the different modules and strategies available in the
robotic devices, Chap. 13 addresses the methods, metrics, and equipment used to
assess their performance in gait assistance and rehabilitation scenarios. It starts by
explaining the basic concepts to characterize a motor skill and finishes with practical
examples of assessments in the field.

Finally, Chap. 14 is devoted to the compilation and evaluation of the experiences
of clinicians using the rehabilitation robotics presented along the book. That chapter
collects several techniques that can be used to analyze clinicians and patients
opinions and to quantify this qualitative information. The book concludes with an
analysis of the importance of using these techniques and the new opportunities that
arise for robotics in rehabilitation and clinical programs.
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