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Preface

In the past few years, new technologies have emerged that improve the living con-
ditions of people who have suffered motor impairments or amputations. Assistive
and rehabilitation robotics, implemented either employing hardware adaptations
or high-level control approaches, has led to the appearance of several promising
applications that promote independence in subjects limited by their impairment.

The concepts presented in this book are explored for the first time in assistive
and rehabilitation robotics, which is the combination of physical, cognitive, and
social human-robot interaction to empower the process of gait rehabilitation to assist
human mobility. This book aims to consolidate the methodologies, modules, and
technologies implemented in lower-limb exoskeletons, smart walkers, and social
robots when human gait assistance and rehabilitation are the primary targets. This
book intends to provide a comprehensive discussion of the possibilities that arise
when including robotics in the treatment of gait-related impairments.

The first part of the book is devoted to understanding the human gait and
the generalities of the platforms previously mentioned. Several applications and
special considerations for the development and modeling are reviewed to define the
architectures and systems used in all those robotic devices. As the book progresses,
the design of human-robot interfaces must rely on diverse modalities related to
motion intention and generation of voluntary movement so that their users may
experience an influence at a mechanical or neural level. In this sense, the design
of human-robot interfaces (both physical and cognitive) is explored through (1) the
characterization of different sensors and actuators and (2) the implementation of
control strategies based on bio-inspired algorithms and models.

The discussion then moves to the cognitive realm of rehabilitation therapies,
where evidence of including social robots in combination with other platforms
is addressed. After that, a look into the process of assessment of the devices
supports the need for a multidisciplinary team in rehabilitation. The strong impact
of integrating all the robotic devices shown has in gait assistance and rehabilitation
is then presented in studies with both clinicians and patients.

This book presents the combination of emergent technologies and robotics
science, such as soft robotics, force control, novel sensing methods, brain-computer
interfaces, serious games, automatic learning, and motion planning in healthcare
applications. From the clinical perspective, this book presents case studies for
testing and evaluating how those robots interact with humans, analyzing acceptance,
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perception, biomechanics factors, and physiological mechanisms of recovery during
the robotic assistance or therapy.

This book will enable readers to understand clinical needs, technology, and
science of human-robot interaction behind robotic devices for assistance and reha-
bilitation, along with evidence and the implications related to the implementation of
those devices in real therapy and daily life applications.

This book hopes to facilitate a conversation where all the rehabilitation actors
and all roles in the discipline feel comfortable participating and contribute to the
design of better tools to empower clinicians during the rehabilitation process.

Bogota, Colombia Carlos A. Cifuentes
Bogota, Colombia Marcela Múnera
May 2021
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1Introduction to Robotics for Gait Assistance
and Rehabilitation

Sergio D. Sierra M. , Luis Arciniegas-Mayag, Margarita Bautista,
Maria J. Pinto-Bernal , Nathalia Cespedes, Marcela Múnera,
and Carlos A. Cifuentes

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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Heel Strike
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Midstance
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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



1 Introduction to Robotics for Gait Assistance and Rehabilitation 5

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 DefiningWearable 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 a result, 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 a result, 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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Body weight
support

Lower-limb
exoskeleton

Treadmill

(a)

Crutches

Human-machine
interface

Lower-limb
exoskeleton

(b)

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

Exoskeleton Category
Degree of
freedom Main function Activity of daily living

ALTACRO
[49, 86]

Gait
rehabilitation

12 DoF (hip,
knee, and ankle).

Rehabilitation
(Bilateral
exoskeleton)

Walking

LOPES
[78, 83, 87]

Gait
rehabilitation

3 DoF (hip and
ankle).

Rehabilitation
(Bilateral
exoskeleton)

Walking

ALEX
[82, 88]

Gait
rehabilitation

9 DoF (trunk,
hip, knee, and
ankle).

Rehabilitation
(Unilateral
exoskeleton)

Walking

ALLOR
[69, 94]

Gait
rehabilitation

3 DoF (hip,
knee, and ankle).

Rehabilitation
(Unilateral
exoskeleton)

Walking, Sitting,
Standing

Myosuit
[48, 99, 100]

Gait
rehabilitation

NA Rehabilitation
(Bilateral
exoskeleton)

Walking, Sitting,
Standing

BioMot [70] Gait
rehabilitation

3 DoF (hip,
knee, and ankle).

Rehabilitation
(Bilateral
exoskeleton)

Walking, Sitting,
Standing

ReWalk
[61, 103]

Gait
assistance

3 DoF (hip,
knee, and ankle).

Assistance (Bilateral
exoskeleton)

Walking, Sitting,
Standing, Ascending
stairs, Descending stairs

VariLeg
[57, 73, 104]

Gait
assistance

3 DoF (hip,
knee, and ankle).

Assistance (Bilateral
exoskeleton)

Walking, Sitting,
Standing, Ascending
stairs, Descending stairs

WalkOn [72] Gait
assistance

3 DoF (hip,
knee, and ankle).

Assistance (Bilateral
exoskeleton)

Walking, Sitting,
Standing, Ascending
stairs, Descending stairs

Anklebot
[105]

Gait
assistance

2 DoF (ankle). Rehabilitation
(Unilateral
exoskeleton)

Walking

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 DefiningMobile 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

(a) (b) (c) (d)

Fig. 1.3 Illustration of standard mobile conventional devices based on wheeled or ambulatory
frames. (a) Manual wheelchairs. (b) Walking sticks. (c) 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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(a) (b)

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

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.
[178]

Pepper/Humanoid To design and develop a
humanoid robot to guide
elderly patients during
walking.

Support, monitor and motivate
older patients during walking
activities.

Buitrago
et al. [181]

NAO/Humanoid To use a SAR as an
alternative and
complementary method to
promote the participation
and motivation of children
with Cerebral Palsy.

Support, provide feedback and
encourage the children during
the session.

Malik
et al.[182]

NAO/Humanoid To determine how a
humanoid robot can
be used as an assistive
technology in specific
therapy for children
with Cerebral Palsy.

Motivate and keep the
children’s engagement during
therapy.

Sheidig
et al.[176]

ROGER/Humanoid
Mobile

To validate the ROGER
robot use in a real-world
scenario.

Coach in therapies for gait
rehabilitation. Assess the
gait patient’s performance.

Trinh
et al.[177]

ROGER/Humanoid
Mobile

To integrate real-time gait
pattern analysis into a
robotic application.

Support, monitor, give
feedback, and employed
different
task-specific during the
session.

Cespedes
et al.[179,
180]

NAO/Humanoid To design and evaluate a
social human–
robot interaction system to
support
conventional therapies with
Lokomat.

Motivate, monitor the
patient’s performanc,
and provide feedback during
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 Espírito
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 Illustration 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 T-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



30 S. D. Sierra M. et al.

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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2Kinematics, Actuation, and Sensing
Architectures for Rehabilitation and Assistive
Robotics

Sergio D. Sierra M. , Luis Arciniegas-Mayag, Orion Ramos,
Juan Maldonado, Marcela Múnera, and Carlos A. Cifuentes

2.1 Introduction

In the process of analyzing and designing robotic technologies for rehabilitation
and gait assistance, it is necessary to understand the different elements that describe
and compose such a device. In this sense, this chapter presents the necessary tools to
mathematically model rehabilitation devices such as lower-limb exoskeletons, social
robots, and robotic walkers. Likewise, the concepts necessary to understand the
actuation systems that allow the movement of these devices and the safe interaction
with the users are presented. Finally, the most common sensing architectures
reported in the literature are described, which allow these devices to acquire
information from their internal systems, their environment, and the user.

2.2 Robotic Geometric and Kinematic Modeling

In robotics, kinematics studies the motion of a robot part concerning a reference
system. In a manipulator robot, this system is usually chosen according to the task
to be performed by the robot with respect to the base and the end effector. Geometric
kinematic models essentially involve the relationship between the robot and its
workspace, usually a Cartesian space. In this chapter the position of robot links will
be considered in static situations only. To understand the complex geometry of a
robot, one must add frames to the various parts of the mechanism and then describe
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the relationships between these frames. The study of the kinematics of manipulator
robots relates, among other things, to how the locations of these frames change
as the mechanism articulates. In other words, either forward or inverse kinematics
relates the end position of the end effector to the angles of the robot’s joints.

This section will explain the difference between forward and inverse kinematics
applied in robotics, develop the Denavit–Hartenberg methodology for the solution
of forward kinematics, and present some examples with exoskeletons and humanoid
robots that have different kinematic chains with different degrees of freedom.

2.2.1 Forward vs. Inverse Kinematics

The study of kinematics in robotics is based on calculating the parameters that define
the positions of a specific part of the robot. These parameters can be joint angles or
equations that depend only on the robot’s dimensions. In manipulator robotics, there
are two types of kinematics, forward kinematics and inverse kinematics. Each has a
specific purpose and is calculated in different ways. Forward kinematics relates the
final position of the kinematic chain concerning the angles of each joint. In other
words, it finds the (X, Y,Z) position of the hand, head, or leg if the angles of each
joint are known. On the other hand, inverse kinematics relates the angles of each
joint to a desired (Xf , Yf , Zf ) position. For example, in robots with arms, this type
of kinematics is used when the robot is to point to something specific, so the inverse
kinematics solution will find the necessary angles that must be placed in each motor
or joint for the hand to point precisely to a defined position. Figure 2.1 shows the
differences between the two types of kinematics graphically.

To solve the forward kinematics, the lengths of the kinematic chain’s links
must be known to use them with mathematical tools that finally model the robot’s
position. The most commonly used and standardized method to solve this kinematic
problem is called Denavit–Hartenberg (DH) [1, 2]. This method is based on finding
4 parameters (θi di αi ai) per robot segment that relate the robot base to the final
part of the kinematic chain (Pf ). Usually this type of kinematics can be expressed
with the Denavit–Hartenberg Table [2].

The most commonly used methods to find the inverse kinematics solution are
the geometric method and the screw method. However, the second depends on

Angles values Robot end position

Forward kinematics

Inverse kinematics

Fig. 2.1 Scheme that relates the angles of the joints and the positions of the links with the forward
and inverse kinematics. If the angles of the joints are known, the final position can be calculated.
If the final position is known, the angles required at each joint can be calculated
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the previous calculation of the Denavit matrices [3]. The geometric method uses
trigonometric rules to find angles of the triangles formed by the kinematic chain’s
links in a specific plane. Usually, functions such as arctan and decompositions
of the laws of cosines or sines are used. The geometric method’s solution will
be different for each robot configuration, so it is more complex to calculate than
forward kinematics.

2.2.2 Denavit–Hartenberg Convention

The relationship between the joints and the robot workspace is realized via
geometric modeling. The most convenient way to perform this process is denoted as
the Denavit–Hartenberg (DH) method. This approach focuses on forward kinematic
computation only. The goal is to calculate the position and orientation of the end
effector relative to the base as a function of the joint variables. This method consists
of representing the robot’s kinematic chain using a set of bodies connected by joints.
These bodies are called links or segments. The joints or degrees of freedom (DoFs)
are those that connect two links. The DH convention expresses the rotation and
translation using a single homogeneous matrix of one DoF of the kinematic chain
in mathematical terms.

The structure of the DH matrix is generally composed of the rotation and
translation of the axes involved in the degree of freedom and the distance between
them. The matrix will always have dimensions of 4×4 as follows:

Hn =
[
Rn(3×3) tn(3×1)

01×2 1

]
, (2.1)

where Rn(3×3) is the rotation matrix (3 × 3) that considers the rotation in x-, y-,
and z-axis and tn(3×1) is the translation vector with size (3×1), where each position
of the vector is a translation on the x-, y- and z-axis.

The DH method lists the links starting from the arm’s fixed base, called link 0.
The first moving body is the link 1 and successively until reaching the free end of
the arm (end effector), which is link n. The purpose of this is to locate the frames in
each joint in the most appropriate way to obtain the DH parameters. The location of
the frames according to the method can be summarized in the following six steps:

1. Identify the joint axes and mark the lines on them. The following steps consider
two of these adjacent lines (on the i and i + 1 axes).

2. Identify the common perpendicular line between them, or the point of intersec-
tion. This point will be the origin of the frame of the in link.

3. Assign the Zi-axis in a manner that it points to the joint axis.
4. Assign the Xi-axis to be normal to the plane of Zi at its intersection point.
5. Assign the Yi-axis to complete the coordinate system of this frame according to

the right-hand rule.
6. Perform these steps for the next joint until the joint n is reached.
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Parameter Name Description 

Joint Angle

Joint Offset

Twist Angle

Link Length

@
rotation,ccw
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@
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Fig. 2.2 Description and calculation of the four DH parameters according to the axes and frames
located in the system

After performing the location of all the frames in the kinematic chain, the four
DH parameters (θi, di, αi, ai) are obtained for each joint. The way to obtain these
parameters can be seen in Fig. 2.2. This way of obtaining the parameters is only
functional if the frames were correctly placed according to the previous steps.

The angle θi will be the rotation in the Zi-axis between the X axes of the links
of the degree of freedom. In the particular case in which this angle depends on an
actuator (motor), it is expressed as a variable angle on which the end effector’s final
position will depend. The parameter di is the distance between the two links of the
degree of freedom around the Zi-axis. If the actuator (linear motor) modifies this
distance, it will be a variable parameter and not a constant value. The twist angle αi

is the angle formed between the Z axes of the degree of freedom around the Xi-axis.
This value is usually constant, but as in the previous cases, if any actuator modifies
it, it should be taken as a variable angle. Finally, the distance ai is defined by the
space generated between the Zi and Zi+1 axes through the Xi+1-axis.

By identifying these parameters for each degree of freedom, it is possible to relate
the base to the end effector depending on the variable angles and distances (which
are modified by actuators). In other words, it will be possible to know the position
and orientation of the end of the kinematic chain if the actual actuator’s position that
modifies angles or distances is known.

Based on this standard procedure to obtain the DH parameters, the following
sections of the chapter will calculate the forward and inverse kinematics of the
AGoRA lower-limb exoskeleton [4, 5] that has only two degrees of freedom in the
same plane, and then calculate the kinematics of social robots where the motions
are in the 3D Cartesian space. Finally, an approximation of the forward and inverse
kinematics in mobile robots will be made.
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2.2.3 Modeling Lower-Limb Exoskeletons

Each lower-limb exoskeletons presented in the literature show various kinematic
models to mimic the human movements, where this parameter is estimated by
applying the manipulator robot’s concepts. The first step to define the kinematic
parameter is presented through the DH convention explained in Sect. 2.2.2 where the
joint angle θi , joint offset di , twist angle αi , and the link length ai are established. As
an example, the AGoRA lower-limb exoskeleton is designed using these manipulator
concepts. In this case, the AGoRA exoskeleton can express showing the DH
convention of one limb. In this sense, the AGoRA exoskeleton is a 2 DoF robot
where the joint angle is expressed by q1 and q2,l1, and l2 express the link lengths.
Figure 2.3 shows the AGoRA exoskeleton identifying some DH parameters. Taking
into account the parameters shown is defined the DH convention expressed in
Table 2.1.

The DH convention shown in the table presents the AGoRA exoskeleton as a
manipulator robot with 2 degrees of freedom (DoFs) focused on the movement
generation in the sagittal plane. This exoskeleton is focused on the hip and knee
joints of the patient’s right limb.

In this sense, the AGoRA exoskeleton is presented in two homogeneous matrices
shown in Eqs. 2.2 and 2.3

H1 =

⎡
⎢⎢⎣

sin (q1) cos (q1) 0 l1 sin (q1)

− cos (q1) sin (q1) 0 −l1 cos (q1)

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ (2.2)

Fig. 2.3 AGoRA
exoskeleton DH convention;
(a) AGoRA exoskeleton’s
sagittal plane; (b) AGoRA
exoskeleton’s frontal plane
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-y

q1
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z

Hip
joint

Knee
joint

Link 1

Link 2

(a) (b)

y

q2

Table 2.1 AGoRA exoskeleton kinematic definition using the DH convention; θi is the revolute
joint variable; di is the distance from the origin exoskeleton frame to the x-axis; a1 presents the
link’s joint; αi represents the x-axis rotation

Joint θi di ai α

1 q1 0 l1 0

2 q2 0 l2 0
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H2 =

⎡
⎢⎢⎣

sin (q2) cos (q2) 0 l2 sin (q2)

− cos (q2) sin (q2) 0 −l2 cos (q2)

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ . (2.3)

The AGoRA exoskeleton rotation and translation of each axis are described in
three expressions. The hip and knee joint’s rotation is presented in the z-axis.
Consequently, each rotation has a translation value related to the link’s length
operated depending on the joint’s rotation angle (q1 and q2). Equation 2.2 shows
the rotation and translation of the shaft from joint 1 to joint 2. Equation 2.3 shows
the rotation and translation of the shaft from joint 2 to the end effector. Finally, the
multiplication of the matrix H1 and H2 (Eq. 2.4) provides information about the
rotation and translation movements from the reference coordinate axis to the end-
effector reference axis (Eq. 2.5). The values obtained in each of the equations are
called homogeneous matrix transformations.

H 2
0 = H1H2 (2.4)

H 2
0 =

⎡
⎢⎢⎣

− cos (q1 + q2) sin (q1 + q2) 0 l1 sin (q1) − l2 cos (q1 + q2)

− sin (q1 + q2) − cos (q1 + q2) 0 −l1 cos (q1) − l1 sin (q1 + q2)

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ .

(2.5)
Finally, the movement generation of an exoskeleton may be defined for each link

geometrically. In that order, the forward kinematics of a manipulator robot provides
end-effector coordinates information depending on the rotational information of
each of the robot’s links. In lower-limb exoskeletons, the end effector equals the
distal location of the exoskeleton structure from the reference axis. For the AGoRA
lower-limb exoskeleton, the forward kinematics of each link is expressed as follows:

Link1(x,y) =
[

lc1 sin q1

−lc1 cos q1

]
(2.6)

Link2(x,y) =
[

l1 sin q1 lc2 sin(q1 + q2)

−l1 cos q1 −lc2 cos (q1 + q2)

]
. (2.7)

Equation 2.6 shows the hip joint forward kinematic, where lc1 equals to the link
1 center of mass, and q1 is the hip joint rotation angle. Equation 2.7 shows the knee
joint forward kinematic, where l1 is the link 1 length, and lc2 is the link 2 center of
mass. Finally, q2 is the knee joint rotation angle.
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Fig. 2.4 Lower-limb AGoRA
exoskeleton right limb, where
l1 and l2 equal to the link 1
length and link 2 lengths,
respectively; E(x, y) is the
end-effector position; q1 and
q2 equal to the hip angle
rotation and knee angle
rotation, respectively

On the other hand, using the end-effector coordinates of the robot, it is possible
to estimate the angles of each joint, which is named the inverse kinematics
model. The estimation of q1 and q2 can be performed in two ways. The first one
consists of solving these variables from Eqs. 2.6 and 2.7. The second method is
performed geometrically. Figure 2.4 shows the development of this second method
by positioning the AGoRA exoskeleton in a Cartesian plane and a point (x, y) where
the end effector of the knee joint is located.

In the estimation of the q1 and 12 values, q2 is calculated as follows:

r2 = x2 + y2 (2.8)

r2 = l1
2 + l2

2 − 2l1l2 cos α (2.9)

q2 = π − α. (2.10)

Using Eq. 2.8 in Eq. 2.9 obtains cos α value:

cos α = l2
1 + l2

2 − x2 − y2

2l1l2
. (2.11)

Applying Eq. 2.11 in Eq. 2.10 estimates the q2 value:

q2 = arccos
x2 + y2 − l1 − l2

2l1l2
. (2.12)

The estimation of q1 value is performed as follows:

γ = q1 − β, (2.13)

where the tan β equals to
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tan β = −l2 sin q2

l1 + l2 cos q2
(2.14)

tan γ = x

y
. (2.15)

Applying tan in Eq. 2.13 replaces Eqs. 2.14 and 2.15 obtaining the following
expression:

q1 = arctan
(x
y

)− arctan
( l2 sin q2

l1 + l2 cos q2

)
. (2.16)

2.2.4 Modeling Social Robots

Once the kinematics of a single plane of motion device such as the AGoRA lower-
limb exoskeleton is known, the kinematics of each of the moving parts of two social
robots used for human–robot interaction will now be analyzed. The moving parts
or kinematic chains to be analyzed of these robots in this section are defined as
head, upper limb, and lower limb. The kinematic chain of the head only has one
degree of freedom in the CASTOR robot [6, 7], the upper limb of the CASTOR
robot has 3 degrees of freedom in different planes, and finally the lower limb of
the NAO robot has 6 degrees of freedom. The following section will describe each
of the degrees of freedom and elements needed to calculate the forward and inverse
kinematics of the mentioned kinematic chains. The general architecture of the open-
source CASTOR robot used for autism therapies and the NAO commercial robot
from SoftBank Robotics [8] will be defined. It should be noted that a DoF is not
necessarily located where the actuators or motors are placed, but is the point of
motion as are the joints in the human body.

2.2.4.1 Modeling the Head and Upper Limb of the CASTOR Robot
In the case of the CASTOR robot, it has 14 degrees of freedom distributed into 12
active and 2 passive degrees of freedom. This means that this robot can change
the position of the links of its system by using 12 actuators and has 2 joints to
receive impacts or reject external disturbances. This system uses 7 servomotors
(AX12, Dynamixel, Seoul Korea) to the kinematic chains of the head and upper
limbs. The other 5 active joints deal with the gestures of the face. The definition of
each degree of freedom of the robot is described as follows: 1 DOF for each elbow
(i.e., flexo-extension movement), 2 DOFs per shoulder (i.e., flexo-extension and
abduction movements), 1 DOF for head rotation movement, and 5 DOFs for facial
expressions. Besides allowing deformation in the huggable structure and rejection
of external stimulations, the robot incorporates 2 passive DOFs. The relevant joints
for the kinematic analysis can be seen in Fig. 2.5.
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(a) (b)

Fig. 2.5 Description of the angular and longitudinal variables involved in the CASTOR robot used
to solve the forward and inverse kinematics. (a) Front view of the robot. (b) Side view of the robot

Table 2.2 DH parameters
for the kinematic chain of the
CASTOR robot head

Matrixi θi di ai αi

1 0 0 d3 0

2 θHead LNeck 0 0

3 0 0 d4 0

By dividing this robot into two kinematic chains, head and upper limbs, it can be
identified that the head part has one degree of freedom (θhead ) and the upper limbs
have 3 degrees of freedom for each arm (θ1, θ2, θ3). To complement the general
architecture of this robot, the system’s overall dimensions must be defined. The
CASTOR robot is 50 cm from base to head and 35.4 cm wide. Each arm of the robot
has a total length of 35.6 cm [7].

2.2.4.2 The Head Kinematic Chain
As shown in Fig. 2.5 the kinematic chain of the head of the CASTOR robot only
depends on one joint θhead and the distances that are necessary to transport the base
point (X0, Y0, Z0) to the endpoint of the kinematic chain (Xf , Yf ,Xf ), which in
this case would be the eyes of the robot. Following the standard steps to complete
the DH table [2], coordinate axes are established for each section of the robot neck
kinematic chain, as seen in Fig. 2.6a. As can be seen, only the dimensions of the
neck (LNeck), the distance from the center to the neck (d3), the joint rotation angle
(θHead ), and the distance from the neck to the eyes (d4) are needed. From these
coordinate axes, the DH steps are applied to complete Table 2.2.
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(a) (b)

Fig. 2.6 (a) Kinematic chain of the CASTOR robot head with the coordinate axes located
according to the Denavit–Hartenberg methodology. (b) View of the X–Y plane where the angle
θHead is observed and calculated based on the triangle formed by the dimensions of the final
position (Xf , Yf ) where the robot head should point. This calculation considers the separation
distance d3 between the base of the robot and the rotation point of the neck, since it can be different
from zero

Once the parameters of Denavit have been obtained, the matrices of each row of
the table must be calculated to relate the base of the robot with its endpoint. For each
of the rows of Table 2.2, the matrix DHi must be expressed according to Eq. 2.17,
and multiply all these matrices. This last resulting matrix will be the one that relates
all the spatial transformations that are necessary to apply to the origin to reach the
final point.

DHi =

⎡
⎢⎢⎣

cθi
−sθi

cαi
sθi

sαi
aicθi

sθi
cθi

cαi
−cθi

sαi
aisθi

0 sαi
cαi

di

0 0 0 1

⎤
⎥⎥⎦ . (2.17)

The three necessary matrices to perform the forward kinematics calculation are
shown below in the CASTOR robot head, where Matrix 1 is defined as DH1, Matrix
2 as DH2, and Matrix 3 as DH3.

DH1 =

⎡
⎢⎢⎣

1 0 0 d3

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

⎤
⎥⎥⎦ (2.18)
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DH2 =

⎡
⎢⎢⎣

cos (θHead) − sin (θHead) 0 0
sin (θHead) cos (θHead) 0 0

0 0 1 LNeck

0 0 0 1

⎤
⎥⎥⎦ (2.19)

DH3 =

⎡
⎢⎢⎣

1 0 0 d4

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

⎤
⎥⎥⎦ . (2.20)

Therefore, the forward kinematics of the CASTOR robot head will be defined by
the result of the matrix multiplication of Rt and P0 (see Eq. 2.21), where Rt is the
multiplication of the 3 matrices (Eqs. 2.18, 2.19, and 2.20) found in Table 2.2 and
P0 is the (X, Y,Z) coordinate vector of the robot base. The Rt matrix obtained for
the CASTOR robot is shown in Eq. 2.22

Pf = RtP0 =

⎡
⎢⎢⎣

x

y

z

1

⎤
⎥⎥⎦ , (2.21)

where

Rt = DH1 · DH2 · DH3 , P0 =

⎡
⎢⎢⎣

0
0
0
1

⎤
⎥⎥⎦

Rt =

⎡
⎢⎢⎣

cos (θHead) − sin (θHead) 0 d3 + d4 cos (θHead)

sin (θHead) cos (θHead) 0 d4 sin (θHead)

0 0 1 LNeck

0 0 0 1

⎤
⎥⎥⎦ . (2.22)

Solving Eq. 2.21 with the matrix already calculated allows obtaining the three
equations that relate the final coordinates xf , yf , zf with the angles of the kinematic
chain, which means that the forward kinematics has been solved satisfactorily. In
Eq. 2.23 the mathematical expressions of the solution of the forward kinematics of
the CASTOR social robot neck can be seen.
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⎡
⎢⎢⎣

xf

yf

zf

1

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

d3 + d4 cos (θHead)

d4 sin (θHead)

LNeck

1

⎤
⎥⎥⎦ . (2.23)

The inverse kinematic calculation of the CASTOR robot head is performed by
the geometrical method from the known robot dimensions. For the solution to this
problem, it is necessary to define an endpoint for the kinematic chain. In this case,
it would be the robots’ view at the point (Xf , Yf , Zf ). As this kinematic chain only
consists of 1 DOF, it will only be necessary to find the equation that establishes the
relation between the final point (Xf , Yf , Zf ) and the angle that must be positioned
in the neck θHead .

The top view is shown in Fig. 2.6b. The angle θHead can be identified in the
triangle formed by dimensions Xf , Yf , and d3. The way to describe the angle
by the geometric method, in this case, is to employ the tangent function since the
dimensions of the opposite cathetus to the angle θHead are known. The mathematical
expression that solves the inverse kinematics of the neck based on the known robot
parameters is seen in Eq. 2.24.

θHead = tan−1
(

Xf − d3

Yf

)
. (2.24)

2.2.4.3 The Upper-Limb Kinematic Chain
For the CASTOR robot arm, the kinematic calculation is more complex due to the
number of degrees of freedom and their forms of motion. In Fig. 2.5 it can be seen
how this kinematic chain depends on the three angles θ1, θ2, θ3, the distances L1,
L2, L3, d2, d4, and the fixed angle of the passive degree of freedom of the robot
θf ix . Using the procedure for the DH parameter finding, Table 2.3 is made, which
summarizes the forward kinematics of the left arm of the CASTOR robot.

Using these values the relationship between the angles (θ1, θ2, θ3) and the robot
hand, which is the endpoint of the arm, can be found. The final equation is given by
Eq. 2.21, where Rt is the multiplication of the 7 DH matrices found in Table 2.3.

Table 2.3 DH parameters of
the kinematic chain of the
CASTOR robot arm obtained
only by the known
dimensions and angles of the
robot

Matrixi θi di ai αi

1 0 0 d1 0

2 90 0 0 θf ix

3 0 L1 0 180 − (θf ix + θ1)

4 −90 0 −d2 0

5 0 0 0 −θ2

6 0 L2 0 −(90 + θ3)

7 0 L3 0 0
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Fig. 2.7 X − Z plane where
the angle θ1 and the actual
dimensions needed to
determine inverse kinematics
equation of this first angle is
seen

For the inverse kinematic calculation of this part of the robot it used the
geometrical method starting from the known dimensions of the arm and the defined
final position (Xf , Yf , Zf ) to which the robot hand is to be pointed (see Fig. 2.5).

To calculate the first angle of the arm θ1 the robot must be viewed from the X−Z

plane as seen in Fig. 2.7, since in this perspective all dimensions are known or can be
calculated. As can be seen, the angle θ1 is the sum of the two supplementary angles
q1 and q2. So the mathematical part will be based on determining these angles based
on the known dimensions.

The equation that solves the supplementary angle q2 is seen in Eq. 2.25 and is
based on the solution of the small right triangle that is formed with one leg on the X-
axis and the other on the Z-axis. Simultaneously, the solution of the supplementary
angle q1 is calculated with the hypotenuse ht of the small right triangle and the
known leg dimension d2 (see Eq. 2.26).

q2 = tan−1

(
Zf − L1 cos

(
θf ix

)
Xf − d1 − L1 sin

(
θf ix

)
)

(2.25)

q1 = cos−1
(

d2

ht

)
, (2.26)

where

ht =
√(

Xf − d1 − L1 sin
(
θf ix

))2 + (
Zf − L1 cos

(
θf ix

))2
.

As defined, the angle θ1 is the sum of the two expressions of Eqs. 2.25 and 2.26.
This expression, as can be seen, only depends on the known parameters based on the
dimensions of the robot and the distances of the endpoint coordinates (Xf , Yf , Zf ).
Equation 2.27 shows the solution of angle θ1 without mathematical reductions.
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(a) (b)

Fig. 2.8 The auxiliary Y −r plane where the angles θ2 θ3 and the links L2 and L3 can be observed
in their actual dimension necessary to determine the inverse kinematics equations of the angles of
the joints 2 and 3. Part (a) shows the auxiliary variables for calculating the angle θ2, and part (b)
shows the auxiliary variables necessary to perform the calculation of the angle θ3

θ1 = cos−1
(

d2

ht

)
+ tan−1

(
Zf − L1 cos

(
θf ix

)
Xf − d1 − L1 sin

(
θf ix

)
)

. (2.27)

The angles θ2 and θ3 are calculated in the same way. In this case, the perspective
of the Y − r ′ plane as shown in Fig. 2.8 is used. This plane is the only one that
allows seeing the dimensions of the links L2 and L3 in their actual size and where it
is easier to find the geometric expressions to determine the angles of the remaining
joints. The angle θ2, as seen in Fig. 2.8a, is defined as the difference between the
auxiliary angles q3 and q4, so it is necessary to find the geometric expressions
from the triangles formed in the figure that describe these angles with the known
dimensions.

The expression that defined the auxiliary angle q3 (see Eq. 2.28) is calculated
from the largest right triangle in Fig. 2.8a formed by the legs Yf and r . Since the
outer triangle is not a right triangle, the sine or cosine rule must be used to find the
expression for the auxiliary angle q4.

q3 = tan−1
(

Yf

r

)
, (2.28)

where

r = ht sin (q1) .
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Since L1 and L2 are known from the dimensions of the robot and h2 can be
calculated since it is the hypotenuse of the right triangle formed by Yf and r (see
Fig. 2.8a), the cosine rule is used to relate the angle q4 to the 3 dimensions of the
sides of the triangle. In Eq. 2.29, the angle q4 is shown cleared from the cosine rule.

q4 = cos−1

(
L2

3 − L2
2 − h2

2

−2L2h2

)
, (2.29)

where

h2 =
√

Y 2
f + r2

.
Knowing the expressions of the supplementary angles of Eqs. 2.28 and 2.29, it is

possible to express the angle θ2 with only terms of known dimensions or final point
coordinates. In Eq. 2.30, the inverse kinematics solution for the angle of joint 2 of
the CASTOR robot arm is seen.

θ2 = tan−1
(

Yf

r

)
− cos−1

(
L2

3 − L2
2 − h2

2

−2L2h2

)
. (2.30)

The angle θ3 is calculated in the same way, and the same plane as angle θ2 (see
Fig. 2.8b), but in this case, as the initial position of the robot forearm is at 90 degrees
from the link L2 (defined by the initial position), the general expression for this
angle is seen in Eq. 2.31.

θ3 = 90 − q5. (2.31)

Computing the auxiliary angle q5 employing the cosine rule (See Eq. 2.32) it is
easy to complete the solution of the inverse kinematics of angle θ3 of the kinematic
chain of the CASTOR robot arm. In Eq. 2.33, the general solution of the last angle is
presented.

q5 = cos−1

(
h2

2 − L2
2 − L2

3

−2L2L3

)
(2.32)

θ3 = 90 − cos−1

(
h2

2 − L2
2 − L2

3

−2L2L3

)
. (2.33)

Therefore, the equations modeling the inverse kinematics of the robot arm
CASTOR can be summarized in Eq. 2.34. These inverse kinematics expressions and
the forward kinematics calculations were used to develop a case study in which this
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robot helps children with autism through pre-configured gestures such as waving or
pointing to their body parts to improve interaction with the environment [7].

θ1 = cos−1
(

d2

ht

)
+ tan−1

(
Zf − L1 cos

(
θf ix

)
Xf − d1 − L1 sin

(
θf ix

)
)

θ2 = tan−1
(

Yf

r

)
− cos−1

(
L2

3 − L2
2 − h2

2

−2L2h2

)

θ3 =90 − cos−1

(
h2

2 − L2
2 − L2

3

−2L2L3

)
.

(2.34)

Knowing the methodology of the kinematic calculation of the CASTOR robot, it
is possible to perform analysis of more complex robots kinematically speaking. In
the following section the kinematics calculation of the lower limb of the social robot
NAO will be developed.

2.2.4.4 Modeling the Lower Limb of the NAO Robot
This social robot has 25 degrees of freedom to perform different tasks and
movements divided as follows: in the head it has 2 DOFs, in each upper limb, this
robot has 6 DOFs, and in the lower part it has 11 DOFs in total, distributed in each
leg and the pelvis [9]. In this case, the 25 degrees of freedom of this robot are active,
which means an independent motor modifies the system position for each joint. The
movements of each degree of freedom are defined as follows: each arm has 2 DOFs
at the shoulder, 2 DOFs at the elbow, 1 DOF at the wrist, and 1 additional DOF for
the handgrip. The 2 DOFs on the head allow it to rotate about the yaw and pitch
axes. For the lower kinematic chain, each leg has 2 DOFs at the ankle, 1 DOF at
the knee, and 2 DOFs at the hip. The pelvis has a unique mechanism composed of
two joints attached to each part of the hip. These joints are rotated at 45, facilitating
control and reducing the system 1 degree of freedom less than other commercial
robots [10]. Figure 2.9 shows the degrees of freedom (Fig. 2.9a) and the kinematic
leg chain of the NAO robot (Fig. 2.9b).

As shown in Fig. 2.9b, the kinematic chain of the lower limbs consists of 6 DOFs
that can be modified to adjust the position of each leg (θ1 · · · θ6). Overall this robot
has a height of 57.3 cm, a width of 27.5 cm, and each leg has a total length of 24.8
cm [8]. To finalize the calculations of the selected kinematic chains, it is necessary
to develop the forward and inverse kinematics of the NAO robot leg. As already
mentioned, this robot has 6 degrees of freedom that must be solved by the methods
presented above. The solution of the kinematics is more complex and requires more
advanced mathematics than the previous cases.

Based on the kinematic chain of the leg of this robot (see Fig. 2.9b), the DH table
is generated, which collects the parameters that solve the forward kinematics of the
lower limb. Table 2.4 presents 9 DH matrices that depend only on the dimensions of
the leg and the angles of the motors.
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(a) (b)

Fig. 2.9 The location of each degree of freedom of the NAO robot is shown in part (a). Part (b)
shows the dimensions and angles involved in the kinematic chain of the robot leg

Table 2.4 DH parameters of
the NAO robot leg kinematic
chain obtained with only the
known robot dimensions and
known angles

Matrixi θi di ai αi

1 90 0 0 45

2 90 L1 0 180

3 θ1 0 0 −90

4 θ2 + 135 0 0 −90

5 θ3 0 L2 0

6 θ4 0 L3 0

7 θ5 0 0 90

8 θ6 0 L4 90

9 0 L5 0 90

The solution of the inverse kinematics of the NAO robot leg is considered a
high-level mathematical problem given that this 6 DOF kinematic chain generates
a non-linear system that is quite complex to solve. To facilitate the calculations
of this problem initially matrix transformations based on the forward kinematics
are performed to reduce the complexity of the math. The complete calculation and
solution of this kinematic chain can be found in [9, 11].

These same concepts of forward and inverse kinematics can be applied in mobile
robotics, which aims to find the speeds of each wheel to reach a specific point
(inverse kinematics) or according to the configuration of the moving wheels and
their speeds to find out where the robot will reach in an estimated time (forward
kinematics). The following section will explain how the modeling is performed in
mobile robots.
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2.2.5 ModelingMobile Robots

As presented in previous sections, one of the main characteristics of robotic arms or
manipulators, and thus crucial difference with mobile robots, is that they are fixed
to a specific point and usually comprise of a single chain of actuated links [12]. In
this sense, unlike the robotic arms in social robots or exoskeletons, which can move
only in a specific workspace, mobile robots are capable of moving around freely
and autonomously within a predefined environment [13]. This capability makes
the mobile robots suitable for several applications, including gait assistance and
rehabilitation.

Before delving into the modeling of these robots, it should be mentioned that the
term "mobile robots" covers a wide variety of robots, including: (i) ground robots,
where wheeled mobile robots and legged mobile robots are distinguished, (ii) aerial
robots or unmanned aerial vehicles, (iii) aquatic robots or autonomous underwater
vehicles, and (iv) hybrid robots, where mobile robots are equipped with one or more
manipulators [13].

For the purpose of this book, the focus will be on wheeled mobile robots, since
rehabilitation robots such as robotic wheelchairs, smart canes, and smart walkers
can be labeled with this category. In general, these types of rehabilitation devices
exhibit a locomotion configuration that is based on wheeled mechanical structures.
The wheeled mobile robots are prevalent in both the industrial and rehabilitation
concepts, given their low mechanical complexity and efficient energy consumption.
In this regard, the following sections briefly present the basic concepts of kinematics
and locomotion, focusing on smart walkers.

2.2.5.1 Wheeled Locomotion
The wheel is the most popular locomotion mechanism in mobile robotics, and
it is also in robotic walkers. It has been demonstrated that implementing wheels
provides outstanding efficiencies and simple mechanical structures [12]. Like most
wheeled robots, the smart walkers are designed so that all wheels are always in
ground contact. Thus, the smart walkers commonly include from three to four
wheels to guarantee sufficient stable balance. Considering that patients frequently
use smart walkers in clinical or indoor scenarios, no suspension systems are
demanded. However, when interacting in uneven terrains, a suspension system
might be required to maintain safe ground contact [12].

Considering that balance is rarely an issue in wheeled mobile robots, the focus
is often on traction and stability, maneuverability, and control [12]. In this way,
the design problem is commonly tackled by proposing an appropriate wheel design.
Mainly, Page et al. reported that six types of wheels are often found in smart walkers.
These wheel classes include: (i) fixed wheels, (ii) centered orientable wheels, (iii)
off-centered wheels, (iv) Swedish wheels, (v) spherical wheels, and (vi) active split
offset casters (ASOC) [14]. This report also stated that most of the smart walkers
implement fixed wheels and off-centered wheels (i.e., caster wheels). The fixed
wheels are commonly linked to the propulsion system, and the caster wheels provide
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Lateral 
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Front 
View

(a) (b) (c) (d) (e) (f)

Fig. 2.10 Illustration of the primary wheel classes implemented in smart walkers. (a) Fixed
wheel. (b) Centered orientable wheel or standard wheel. (c) Off-centered wheel or caster wheel.
(d) Swedish wheel. (e) Spherical wheel. (f) Active split offset caster (ASOC) wheel

stability. Figure 2.10 shows these types of wheels, and a more detailed description
of each wheel class can be found in [12, 14].

2.2.5.2 Wheel Configurations in Smart Walkers
Although the selection of the wheel’s design is an essential issue, the geometrical
arrangement and number of wheels attached to the robot’s structure are directly
related to the maneuverability, controllability, and stability of the platform. In
general, any wheel configuration can be defined by the following elements: (i) the
number and type of wheels, (ii) the wheels arrangement, and (iii) the locomotion
type or actuated wheels. For instance, a particular robot might have two motorized
fixed wheels in the rear and two caster wheels in front, whereas another robot might
have two free wheels in the rear and one steered traction wheel in front.

As presented in [12, 13], rolling vehicles in industrial robotic applications can
exhibit a wide range of wheel configurations, varying the elements mentioned above
(i.e., type, number, and arrangement of wheels). Similarly, in [14], the authors
reported the most common configurations in smart walkers. In general, the smart
walkers can exhibit the following configurations:

• Two motorized fixed wheels in the rear and one free caster wheel in front [15]
• Two fixed wheels in the rear and one motorized caster wheel in front [16]
• Three motorized omnidirectional wheels [17]
• Two fixed wheels in the rear and two motorized and steered wheels in front [18,

19]
• Two motorized wheels in the rear and two free caster wheels in front [20]
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• Two fixed wheels in the rear and two free caster wheels in front (i.e., passive
device) [21]

• Two free caster wheels in the rear, two motorized wheels in the middle, and two
free caster wheels in front [22]

2.2.5.3 Wheel Drive Types
The configurations mentioned above can also be classified in terms of the drive
system that powers the wheels’ locomotion. In general, wheeled mobile robots can
be configured in six different drive types: (i) differential drive, (ii) tricycle, (iii)
omnidirectional, (iv) synchro drive, (v) Ackerman steering, and (vi) skid steering
[13]. For simplicity purposes, the focus in this book will be on the drive types
that are used in the majority of smart walkers, which are: (i) differential drive, (ii)
tricycle, and (iii) Ackerman steering.

• Differential Drive: This type of drive system consists of two fixed motorized
wheels mounted on the left and right sides of the robot platform. The two wheels
can be placed whether in front or in rear and are independently driven. To
guarantee balance and stability, one, two, or more free castor wheels are used.
Smart walkers such as AGoRA Walker, UFES Smart Walker, and the ABSGo++
employ this drive type [15, 20, 22]. The motion possibilities in this configuration
depend on the rotation speed and direction of the motorized wheels:
– Forward or backward motion: The wheels rotate at the same speed, and

depending on the direction, the structure moves straight forward or backward.
– Curved motion: One wheel rotates faster than the other, making the structure

follow a curved path. The slower wheel dictates the turning side.
– On-site turning motion: The wheels rotate at the same speed in opposite

directions, making the structure turn about the midpoint of the motorized
wheels.

• Tricycle: This type of drive system has a single wheel that can be motorized,
steered, or both [13]. Smart walkers such as MARC employ this drive type [16].
To guarantee balance and stability, two free fixed wheels are placed in the back.
In this case, the motion possibilities work as follows:
– Forward motion: The motorized wheel is in the middle position and driven at

the desired speed.
– Curved motion: The motorized wheel is positioned at a specific angle and

driven at the desired speed.
– Circular motion: The motorized wheel is at 90◦, making the structure rotate

in a circular path, whose center is the middle point between the rear wheels.
• Ackerman steering: This configuration describes the standard steering used in

automobiles. Two linked motorized rear wheels and two linked steered front
wheels characterize it. Smart walkers such as GUIDO and c-Walker use this drive
type [18, 19]. There are only two motion possibilities:
– Forward or backward motion: The rear wheels rotate at the same speed

because they are linked, and the front wheels are not steered.
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– Curved motion: The rear wheels rotated at the same speed and the front wheels
are steered at the desired angle. The structure follows a curved motion with a
minimum turning radius.

2.2.5.4 Mobile Robot Kinematics
Mobile robot kinematics describes the behavior of mobile robots considering their
physical configuration in a defined workspace, the relations between their geometric
parameters, and their mechanical constraints [12,23]. In this sense, this section seeks
to describe such considerations when modeling robots like the smart walkers.

At this point, a key difference between mobile robots and manipulators or robotic
arms arises, the position estimation. As explained in previous sections, the robot
arms in social robots and the exoskeletons have one end that is treated as the fixed
point or ground [12]. In this sense, the end effector’s position can be instantaneously
estimated by following the kinematic equations and measuring the position of each
joint. However, with mobile robots the movement is not fixed, and the robot’s
motion must be integrated over time to estimate its position [12]. Thus, position
estimation is a challenging task that cannot be achieved instantaneously.

With this in mind, understanding mobile robot kinematics addresses the problem
of describing how each wheel contributes to the overall motion, as well as
imposes motion constraints. Moreover, it also addresses the formulation of forward
kinematic models that describe the robots’ movement in terms of their geometry and
wheels’ behavior.

Representing Robot Position
The first step in deriving a kinematic model for a smart walker (or a mobile wheeled
robot) is representing its position in a particular environment. To this end, the
following assumptions are considered:

1. The smart walker is modeled as a rigid body on wheels.
2. The smart walker is only allowed to move in the horizontal plane.
3. The degrees of freedom of the wheels and internal joints of the smart walker are

ignored.
4. The translational friction between the wheels and the ground at the point of

contact is large enough so that the wheels do not experience translational
slippage.

5. The rotational friction between the wheels and the ground at the point of contact
is small so that the wheels can rotate.

6. The center of mass is located at the point of interest.

To set proper coordinate systems, two reference frames are defined, the global
reference frame and the local reference frame. The global or inertial reference frame
is located at the origin O : {XI , YI } of the horizontal plane. The local reference
frame {XR, YR} is located at the robot chassis and defines the point of interest.
According to this, only three elements are required to define the position or local
frame of a smart walker, the XR coordinate, the YR coordinate, and the orientation
ϕ along with the ZR or vertical axis. Thus, the pose (i.e., position and orientation)
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and velocities of a robot at the global reference frame are defined by Eqs. 2.35 and
2.36.

ξI = [
x y ϕ

]T
(2.35)

ξ̇I = [
ẋ ẏ ϕ̇

]T
. (2.36)

Note that in Eqs. 2.35 and 2.36, the robot’s position is defined by x and y,
which represent any position in the global frame. Similarly, the angular difference
between the global and local reference frames is represented by ϕ. As an illustration,
Fig. 2.11 shows a representation of a smart walker in a given environment and the
relationships between the global and local reference frames. In this case, the point
of interest (i.e., local reference frame) is located at the user’s estimated position.

This representation can be generalized employing the concept of homogeneous
transformations. A homogeneous transformation describes the position and ori-
entation of a solid body with respect to the global reference frame using a 4×4
transformation matrix A. This transformation matrix is described by Eq. 2.37.

A =
[

R p
0 1

]
, (2.37)

where p is the position vector and R represents the rotation of the local frame with
respect to the global frame. Rotations might occur along any axis. However, in
mobile robots such as the smart walkers, the motion only occurs on a horizontal

XI

YI

XR
YR

φ

Point of
Interest

Global Reference Frame

Fig. 2.11 Position representation of a smart walker in a given environment
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plane. This also means that the rotations are only with respect to the vertical axis
z. In this sense, the pose of a robot in the global reference frame, which is rotated
about the vertical axis z, can be described as

ξI = Rz ξR

ξI =
⎡
⎣cos(ϕ) − sin(ϕ) 0

sin(ϕ) cos(ϕ) 0
0 0 1

⎤
⎦
⎡
⎣xR

yR

ϕ

⎤
⎦

ξI =
⎡
⎣xR cos(ϕ) −yR sin(ϕ) 0

xR sin(ϕ) yR cos(ϕ) 0
0 0 ϕ

⎤
⎦ .

(2.38)

The orthogonal rotation matrix Rz is also useful to map motion along the axes
of the global reference frame to motion along the axes of the local reference frame
[12]. In particular, this mapping is a function of the pose of the robot as described
in Eq. 2.39

ξ̇R = R−1
z ξ̇I

ξ̇R =
⎡
⎣ cos(ϕ) sin(ϕ) 0

− sin(ϕ) cos(ϕ) 0
0 0 1

⎤
⎦
⎡
⎣ẋR

ẏR

ϕ̇

⎤
⎦ .

(2.39)

Nonholonomic Constraints
As described in [23], and without delving into the strict definition of nonholonomic
constraints, mobile robots are systems that are subject to these constraints as they
are under-actuated robots. When referring to nonholomicity, it is stated that if there
is a difference between the number of degrees of freedom (n) of a robot and the
independent motions (k) that the robot can produce, the nonholomicity exists. For
instance, in smart walkers with differential drive configurations, only two wheels
are actuated, that is, k = 2, whereas three degrees of freedom exist, that is, n = 3.
Thus, there is one nonholonomic constraint (i.e., n − k = 1) [23].

In general, this nonholonomic constraint in mobile robotics often refers to: (1)
the motion constraint of a disk that rolls on a plane without slipping or (2) the speed
restriction in the robot’s traverse direction [23]. This also means that the velocities
ẋ, ẏ, and ϕ̇ cannot take arbitrary values [23], and thus they are constrained as shown
in Eq. 2.40.

ẋ sin(ϕ) − ẏ cos(ϕ) = 0. (2.40)

Unicycle Kinematic Model
One of the most standard and straightforward kinematic models for wheeled mobile
robots refers to the unicycle model. With this model, the robots are analyzed as
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Fig. 2.12 Illustration of the
unicycle kinematic model
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φ(xR, yR)
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ẋ

if they were a simple conventional wheel rolling on a horizontal plane [23]. This
configuration is illustrated in the global reference frame in Fig. 2.12.

The pose of the unicycle configuration can be described using the representation
of Eq. 2.35, which is ξI = [xR, yR, ϕ]T . This representation uses the position
coordinates of the point of interest located at the ground contact of the wheel, and the
orientation with respect to the x-axis [23]. Figure 2.12 also shows the linear velocity
of the wheel μ and the angular velocity about the vertical axis ω. Moreover, from
Fig. 2.12 the motions along x-axis and y-axis can be used to describe the unicycle
model as follows:

ξ̇I =
⎡
⎣ẋR

ẏR

ϕ̇

⎤
⎦ =

⎡
⎣μ cos(ϕ)

μ sin(ϕ)

ω

⎤
⎦ =

⎡
⎣cos(ϕ)

sin(ϕ)

0

⎤
⎦ μ +

⎡
⎣0

0
1

⎤
⎦ ω. (2.41)

Note that the nonholonomic constraint can be derived from ẋR and ẏR by
eliminating μ. Moreover, considering the unicycle model presented in Eq. 2.41,
and assuming that the linear and angular velocities are the joints of the system,
the Jacobian matrix of the system is [23]:

J =
⎡
⎣cos(ϕ) 0

sin(ϕ) 0
0 1

⎤
⎦ . (2.42)

Displaced Kinematic Model
Another interesting kinematic model arises when the point of interest is displaced
to a new point in the robot’s front. This model adds little complexity to the previous
unicycle model, while functional, for instance, in path following tasks. Figure 2.13
illustrates the new location of the point of interest. As described in [24], although
the displaced point of interest can have velocities in any direction, the robot is still
considered as a nonholonomic robot.

Moreover, from Fig. 2.13 it can be observed that the x and y coordinates of the
previous unicycle model are displaced by 
x and 
y, whereas the orientation of
the robot is still about to vertical axis located in the middle of the wheels. In this
sense, the pose of the robot is now defined by Eq. 2.43.
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Fig. 2.13 Illustration of the
displaced kinematic model
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ξI =
⎡
⎣x + 
x

y + 
y

ϕ

⎤
⎦ . (2.43)

Considering that the distance between the middle of the wheels and the new point
of interest is a, the displacements 
x and 
y can be described as follows:

ξI =
⎡
⎣x + a cos(ϕ)

y + a sin(ϕ)

ϕ

⎤
⎦ . (2.44)

To obtain the final displaced kinematic model, the motions along xR and yR are
required. Thus, taking derivatives at both sides of Eq. 2.44, the following model is
obtained:

ξ̇I =
⎡
⎣ ẋ − a ϕ̇ sin(ϕ)

ẏ + a ϕ̇ cos(ϕ)

ϕ̇

⎤
⎦ =

⎡
⎣μ cos(ϕ) − a ω sin(ϕ)

μ sin(ϕ) + a ω cos(ϕ)

ω

⎤
⎦

ξ̇I =
⎡
⎣cos(ϕ)

sin(ϕ)

0

⎤
⎦μ +

⎡
⎣−a sin(ϕ)

a cos(ϕ)

1

⎤
⎦ω.

(2.45)

In this case, assuming the linear and angular velocities as the system’s action
variables, the Jacobian matrix of the system is

J =
⎡
⎣cos(ϕ) −a sin(ϕ)

sin(ϕ) a cos(ϕ)

0 1

⎤
⎦ . (2.46)

Differential Drive Kinematic Model
Considering that the most of smart walkers in the literature employ a differential
drive locomotion, it is of great relevance to obtain a kinematic based on the
independent speed of the actuated wheels. Figure 2.14 illustrates the geometry and
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Fig. 2.14 Illustration of
kinematic and geometrical
parameters for the differential
drive configuration
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kinematic parameters of a differential smart walker with two actuated wheels in the
rear.

As shown in Fig. 2.14, the angular speeds of the left and right wheels are θ̇L and
θ̇R , respectively. Similarly, the linear velocities of the left and right wheels are vL

and vR , respectively. Moreover, the point of interest in this formulation is the same
as in the unicycle, i.e., in the midpoint between the wheels, so that the linear and
angular velocities of the smart walker are also μ and ω, respectively. In this sense,
the velocities of each wheel can be described by Eq. 2.47 [23].

vL = μ − aω̇,

vR = μ + aω̇.
(2.47)

From Eq. 2.47, vR and vL are added and subtracted to obtain

μ = 1

2
(vR + vL),

2aω = vR − vL.

(2.48)

Considering the non-slippage condition previously defined, the linear velocities
of the wheels can also be defined as vR = rθR and vL = rθL, respectively. In this
way, using the definition of ẋR and ẏR described by Eq. 2.41, the kinematic model
for the differential drive configuration can be derived from Eq. 2.48 as follows:

ξ̇I =
⎡
⎣ẋR

ẏR

ϕ̇

⎤
⎦ =

⎡
⎣

r
2 (θ̇R cos(ϕ) + θ̇L cos(ϕ))
r
2 (θ̇R sin(ϕ) + θ̇L sin(ϕ))

r
2a

((θ̇R − (θ̇L)

⎤
⎦

ξ̇I =
⎡
⎣

r
2 cos(ϕ)
r
2 sin(ϕ)

r
2a

⎤
⎦ θ̇R +

⎡
⎣

r
2 cos(ϕ)
r
2 sin(ϕ)

−r
2a

⎤
⎦ θ̇L.

(2.49)

In this case, assuming the linear velocities of the wheels as the system’s joints,
the Jacobian matrix is
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J =
⎡
⎣

r
2 cos(ϕ) r

2 cos(ϕ)
r
2 sin(ϕ) r

2 sin(ϕ)
r

2a
−r
2a

⎤
⎦ . (2.50)

2.3 Robotic Actuation Systems

An actuation system means a system that uses a type of energy at its input.
As a result, it is generated mechanical energy, and the systems that provide this
function are named transducers. These actuation systems are used for various
workspaces and different applications. In this particular case, the rehabilitation
and assistance applied robotics mentioned in Chap. 1 contemplates using actuation
systems in robots whose working environment is shared with humans. Therefore, the
implementation of different actuation systems is conditioned by the collaboration
level that each of these robotic devices provides to the human. For this purpose,
factors such as the interaction of forces presented between the human and the
robotic device, guaranteeing the user’s safety during the interaction with the robotic
device, protecting the robotic device during the development of various tasks, and
evaluating the similarity of the robotic device’s movements compared to the human
movements. In this sense, the purpose of this section is to show the different
actuation systems used in devices designed for clinical environments. This section
will focus on this topic in the following order: (i) actuation systems in lower-limb
exoskeletons; (ii) actuation systems in social robotics; and (iii) actuation systems in
robotic walkers.

2.3.1 Actuation Systems in Lower-Limb Exoskeletons

An essential factor in developing lower-limb exoskeletons is the implementation
of an actuation system to transmit a force to the user’s joints using an energy
source. Currently, several proposals can be found that fulfill this purpose. Some of
these include electric actuation systems, hydraulic actuation systems, and pneumatic
actuation systems. Besides, various power transmission mechanisms complement
these actuation systems. The main purpose of this section is to provide an actuation
system general description mentioned. Additionally, some of the transmission
mechanisms are usually mentioned in the literature and applied in the design and
development of lower-limb exoskeletons.

2.3.1.1 Electric Actuation System
The electric actuation system is one of the most widely used applications related to
the development of lower-limb exoskeletons [25]. This system uses electrical signals
as a power source. In this case, electrical signals are converted into mechanical
energy using DC electric motors. This actuation system can generate the torque
profiles required to generate movement in the user’s joints. However, the use of
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the electric actuation system has some disadvantages. For example, the actuation
system’s size and weight depend on the torque profiles that it can generate [26], the
cost of this system is higher compared to other actuation systems (hydraulic and
pneumatic) [27, 28], and it does not present a low impedance in comparison to the
pneumatic actuators (back drivable device) [29, 30]. Some of these disadvantages
can be compensated by using a sensory interface and various types of mechanical
energy transmission. However, this increases the cost of the system. Finally, this
system is used to implement position and velocity control in the user’s joints [26].
Some examples of the use of this system will be shown in Sect. 2.3.1.4.

2.3.1.2 Hydraulic Actuation System
Other actuation systems have been used to develop active joints in lower-limb
exoskeletons, such as hydraulic actuation systems. These systems are composed of
a fluid or liquid (oil, fuel) with high system viscosity [31, 32]. The primary purpose
of this system is focused on the generation of a force/torque that would generate the
joint’s movement [32]. One of the advantages in its implementation is that it has a
high power-to-weight ratio and the ability to move objects at low speeds and operate
at a constant pressure without requiring large amounts of additional energy [33].
Another property of its use is the zero impedance to the joint. This means that this
actuation system will allow the movement of the joint without increasing the user’s
metabolic cost [34]. Finally, this system does not require that the complete structure
of the actuation system be located in the joint of the device. Therefore, much of
the actuation system can be located in a section where it will not suffer damage
caused by the joint movement [34]. On the other hand, this actuation system is
not efficient for implementing a position controller [32]. As mentioned, this system
is implemented to perform force/torque based control strategies. As an example,
Fig. 2.15 shows a schematic of the location of part of the hydraulic actuation system
in a lower-limb exoskeleton joint.

The implementation of this actuation system in lower-limb exoskeletons has
been relevant in some commercially distributed devices and others that have
demonstrated their effectiveness in various competitions. Exoskeletons such as
BLEEX (University of California Berkeley, USA) [35] apply this principle to
complement hip, knee, and ankle movements in the sagittal plane, this design
contributed to the BLEEX exoskeleton to operate at a speed of 1.3 m/s [36].
CPWalker, a system comprised of a body weight support (BWS), robotic walker,

Fig. 2.15 Part of the
hydraulic actuation system
(hydraulic cylinder) is
coupled between the two
links. Subsequently, a
stiffness variation applied in
the hydraulic cylinder could
allow various movements in
the user’s limbs

joint

Link 1

Link 2

Hydraulic
cylinder

�1�2
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and lower-limb exoskeleton, uses a hydraulic pump in the system used for the BWS
to lift the user’s body [37]. Other exoskeletons such as those mentioned in [38]
apply this actuation system at the hip and knee; thus, thrust force values from 5 N

to 2 KN are obtained. An ElectroHydraulic AFO (EHO) (Université Laval, Canada)
is considered a back drivable system given its implementation of hydraulic actuation
systems.

2.3.1.3 Pneumatic System Actuator
The electrical actuation system has been applied for various applications. However,
the acquisition of these actuation systems requires a high cost. For this reason, other
alternatives are investigated to fulfill the electrical actuation system function. In
this sense, the pneumatic actuation system has been adapted to these applications
related to the exoskeleton design. Its performance is based on compressed air as
an energy source to generate calculated pressures in the system presented in [39].
As a result, calculated force or torque is applied to the exoskeleton’s joints. This
actuation system shares some characteristics of hydraulic actuation systems, such as
low effectiveness in developing a velocity or position control [39,40]. Additionally,
it performs a non-linear response due to the element that it uses to generate energy.
On the other hand, this system provides higher efficiency in implementing control
strategies with force/torque [41]. Some of the advantages of this actuation system
are the low cost, the facility for coupling in the mechanical structure, a lightweight
structure [26, 42], and low difficulty for the system maintenance [42]. Some
disadvantages of the system are the low effectiveness of implementing position or
velocity control [42] and the actuation system not efficient in power transmission
that is not used to generate fast responses [40]. Finally, the actuator behaves like a
damping system that varies the stiffness of the joint and avoids abrupt movements
of the system [40].

Previously, this actuation system was not considered for lower-limb exoskeleton
actuation systems due to limited precision and accuracy in some cases. Therefore,
they were implemented on stationary platforms. On the other hand, the performance
of these systems could depend on the type of control applied on the platforms.
In this sense, several lower-limb exoskeletons can be found that use this type
of actuation system. For example, ALEX (University of Delaware, USA) uses a
Pneumatic Muscle Actuator (PMA) to actuate the sagittal plane’s hip and knee
joints. As a result, an assist-as-needed (AAN) control system was developed, which
adjusts the assist level of the device by evaluating the angular position of the
joint [43]. Lower-limb exoskeletons for activities of daily living assistance such
as WalkOn use pneumatic cylinders for knee joint actuation in the sagittal plane,
obtaining 18 m/min of gait speed [44]. Likewise, these actuators are applied in the
development of soft robots, where pneumatic muscles are placed to complement
the muscle contraction for the generation of dorsi-plantarflexion and inversion–
eversion movements in [45]. On the other hand, using these devices can also reduce
the metabolic cost of a healthy user using an ankle exoskeleton during gait with a
pneumatic actuation system [46].
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2.3.1.4 TransmissionMechanisms
Lower-limb exoskeleton joints have been actuated by various transmission mech-
anisms; these mechanisms fulfill the objective of applying the assistive torques
for the hip, knee, and ankle joints of the lower limb. Several actuation systems
have been developed to support the user’s movements and provide assistance in
the primary movements of the lower limbs of human body. The following are the
main categories:

• Stiff Actuators:
The implementation of electric motors in the center of rotation (CR) of the joints
of a lower-limb exoskeleton has been applied in the development of exoskeletons
focused on activity of daily living assistance. This type of system has been
used to execute predefined trajectories [47] applying a position controller. For
instance, ReWalk (ReWalk Robotics, United Kingdom) [48], Ekso (University of
California Berkeley, USA) [49], and Indego (Vanderbilt University, USA) [50]
use this type of methodology for the execution of various activities of daily
living with predefined trajectories. Usually, this actuation system focuses on
the assistance of the hip, knee, and ankle joints in the sagittal plane, to provide
primary movements of the human body in activities of daily living and walking
activity. Figure 2.16 shows an example of a stiff actuator implemented in the
lower-limb exoskeleton joint.

Fig. 2.16 Stiff actuator
system schematic, the DC
motor is coupled to the
gearbox ratio. Subsequently,
this actuation system is
located directly in the
exoskeleton’s joint

DC
motor

Gear
ratio

Link 1

Link 2

Joint
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This transmission mechanism uses a DC electric motor, and the gearbox
magnifies the torque generated by the motor as follows:

τj = τn × ngr , (2.51)

where τj is the joint torque, τn is equal to the motor nominal torque, and Ngr

is the gearbox ratio. In general, exoskeletons with stiff actuators are developed
for spinal cord injury users. Therefore, these are designed as portable and
wearable devices, for prolonged use. These devices are complemented with a
Graphical User Interface that provides the user with the capability to control
the activities developed using the lower-limb exoskeleton [44, 48, 51]. On the
other hand, this stiff actuator can be used in control strategies aimed in the
physical Human–Robot Interaction (pHRI) using sensors that estimate the user’s
kinetic parameters and simulate a back drivable device. This actuation system
will allow the generation of required torques to the user’s lower-limb movements
[4, 52, 53]. The disadvantage of using gearboxes is based on the reduction of
the angular velocity of the actuation system by dividing the value of the motor
nominal speed by the gearbox ratio. The implementation of DC motors with
gearboxes is adapted to the joints to generate the desired angular positions in the
walking activity, assisting the lower extremities [44, 54, 55]. On the other hand,
the reduction ratio of the gearboxes limits the movements of the joint performed
by the user, so this actuation system is used in lower-limb exoskeletons for
people with spinal cord injury.

• Compliant Actuators
The series elastic actuators (SEAs), for example, are presented to a shock
tolerance actuation system [56]; this main characteristic focuses on uncoupling
the joint to the DC motor and the gearbox ratio using an elastic element
[57]. As a consequence, the SEA properties include a low impedance and low
friction. Generally, it is implemented in the development of force controller;
impedance–admittance controller is applied in devices to take advantage of
the physical Human–Robot Interaction (pHRI) [41]. The SEAs respond to the
replacement of high precision position controllers in manipulator robots that
interact with users according to the workspace [58]. In the last years, various
compliant actuators have been presented in the literature. This section is defined
as a mechanically adjustable compliance and controllable equilibrium position
actuator (MACCEPA) [59]. This actuator was used to develop some lower-limb
exoskeletons [51,60,61] aimed at rehabilitating activities of daily living applying
the pHRI definition.

The MACCEPA is an actuation system focused on including the user’s motion
intention in the control strategies. Its development is based on a system mass–
spring system, which exercises a pretension on the spring varying the stiffness of
the joint for the development of various activities. Figure 2.17 shows the concept
of the MACCEPA system presented in [59]. With radius (r), the disc rotates to
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Fig. 2.17 MACCEPA definition, where L is the length of the starting point of the joint to the point
where the spring is attached; SL is equal to the length of the pretensioned spring; r is equal to the
disc radius that provides the pretension to the system

vary the spring pretension, which provides stiffness to the system according to
the activity to be performed.

The torque generated by this system is expressed by the equation shown
below:

τ = krL × sin α ×
(

1 + P − |L − r|√
r2 + L2 − 2rL × cos α

)
, (2.52)

where k equals to the system’s elasticity constant, r is the disc radius that
changes the pretension of the spring, L is the length from the disc location to the
point where the end of the spring is attached, and P corresponds to the extension
of the spring caused by the pretension [59]. So the MACCEPA actuator adjusts
the rotation of the disc to generate pretension in the joint; this allows generating
different torque profiles depending on the value of α and the elasticity constant
of the spring. The actuation system has been characterized as a back drivable
device. Likewise, the variation of the spring pretension can turn it into a non-
back drivable system, capable of generating 70 Nm for the hip and knee joints
[60].

Exoskeletons such as ALTACRO (Vrije University, Belgium) [60] implement
the MACCEPA for gait rehabilitation by testing different levels of joint stiffness
and the effects that this configuration has on gait [59]. Wearable lower-limb
exoskeletons such as Biomot (Future and Emerging Technologies (FET), Spain)
[61] apply this actuation system to the hip and knee joints. Proposing an
exoskeleton focused on the assistance of these joints in the sagittal plane.

• Cable-Driven Actuators:
The actuation systems presented in the literature for lower-limb exoskeletons
were focused on the generation of the necessary torques for hip, knee, and in
some cases ankle joints. On the other hand, some factors such as the actuation
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system location, dependence on a rigid structure, weight, among others generate
limitations for the movement of these joints. For this reason, some systems were
developed, such as the driven cables, which present an actuation mechanism
focused on the implementation of a mass–spring–damper system.

These actuation systems offer the capability to generate movements in the
hip, knee, and ankle joints, without presenting constraints associated with the
exoskeleton mechanical structure [62]. The implementation of this actuation sys-
tem contributes to the pHRI, where the main objective is the user’s participation
in the development of activities of daily living. Their location is distributed in a
way that they are not located directly in the lower-limb joints. This characteristic
decreases the weight perceived by the user’s joints [26, 63]. Additionally, the
weight of these joints is considered lower than the implementation of electric
motors adapted with gearboxes. Finally, the implementation of these systems
does not require a rigid structure [64].

As an example, LOwer extremity Powered ExoSkeleton (LOPES) (University
of Twente, Netherlands) [62] makes use of this system, proposing a series
elastic actuator system using Bowden cables. The LOPES actuation system
includes the use of Bowden cables, complemented with the implementation of
springs for the lower-limb joints. This system was focused on the variation of
the pretension of the springs, for the generation of assistive torques for the
activity of the march. Factors such as wear and friction of the cables with
the system structure are relevant for developing a closed-loop control [62]. As
an example, Fig. 2.18a shows a schematic of this system. An Exosuit Myosuit
(ETH Zurich, Switzerland) [65] is a wearable device that does not have a rigid
structure, and implements driven cable actuators to assist the sitting-to-standing
activity and walking activity. The Myosuit actuation system allows the user to
generate voluntary movements monitored through loads cells and IMU sensors to
support the motion intention generated by the user who suffers muscle weakness.
Figure 2.18b shows a schematic of this exosuit in the user’s lower limbs.

In conclusion, the actuation systems shown in this section are some of the
relevant actuation mechanisms developed for the lower-limb exoskeletons most
mentioned in the literature. Each of these actuation systems was aimed to use the
pHRI in the control strategies developed according to the robot workspaces. In this
case, the lower-limb exoskeletons mentioned are designed for the rehabilitation and
assistance of the relevant activities of daily living performed by a user who suffers
from a neurological disease. Each of the mentioned actuation systems presents some
advantages and disadvantages depending on the requirements in maximum torque,
maximum angular velocity, actuation system’s weight, usability, and the required
control strategies in developing various activities. Finally, these factors will affect
the support and assist the hip, the knee, and the ankle joint in various primary
movements of the human body.
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Fig. 2.18 Cable-driven actuators schematic of lower-limb exoskeletons developing activities of
daily living; (a) actuation system schematic of the LOPES exoskeleton developed by Bowden
cables located in lower-limb joints; (b) exosuit named Myosuit is considered a wearable exoskele-
ton that applies soft robotics to support various activities of daily living using driven cables
actuation system in the lower-limb joints

2.3.2 Actuation Systems in Social Robots

As mentioned in the previous section (Sect. 2.3.1) there are different types of
actuation for lower-limb exoskeletons, within which are pneumatic, hydraulic, or
electric actuation systems. In Social Assistive Robots (SAR), different actuation
systems based on electric actuation systems have been implemented, as shown in
Table 2.5.

The table shows the most common types of actuation systems on social robots.
In this case, most of the robots are actuated by stiff actuation systems and a few by
an actuation system based on series elastic actuators (SEAs). The stiff actuation
systems are composed of DC motors, and a gearbox that increases the torque
generated by the motor. On the other hand, actuation systems based on SEA consist
of an elastic element between the DC motor and the gearbox. This elastic element
provides benefits such as shock tolerance, lower reflected inertia, and minor damage
to the environment [82].

Most of the SAR contain many degrees of freedom because they attempt to
generate realistic biological movements. The NAO robot is one of the robots with
the most degrees of freedom allowing it to generate movements such as walking
and dancing. Other robots, such as CASTOR, KASPAR, Huggable Bear, and Paro,
have less complex actuation systems but perform limb movements or generate facial
expressions.
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Table 2.5 Actuation systems in Social Assistive Robots

Robot Purpose Actuation system Degrees of freedom

CASTOR [7] Autism spectrum disorder SEA 14

Keepon [66] Autism spectrum disorder Stiff 4

Probo [67, 68] Autism spectrum disorder SEA 20

KASPAR [69, 70] Autism spectrum disorder Stiff 17

Pleo [71, 72] Support for well-being Stiff 14

TIAGo [73] Elderly care Stiff 12

Pepper [74] Elderly care Stiff 19

HOBBIT [75] Elderly care Stiff 5

Huggable Bear [76] Autism spectrum disorder Stiff 8

NAO [77–79] Autism spectrum disorder Stiff 25

Paro [80, 81] Autism spectrum disorder Stiff 7

Flexible Element

DC Motor

Joint

Front View Lateral View

Fig. 2.19 Series elastic actuators (SEAs) in CASTOR robot improve the interaction and safeguard
the structure to provide the ability to interact physically and socially with CwASD during therapy

The robots focused on therapies with children with autism spectrum disorder
(CwASD) such as CASTOR and Probo are the only ones based on a SEA actuation
system. This is for the type of actuation, and SEA allows the execution of therapies
focused on physical interaction, necessary for the development of CwASD, without
representing a risk for both the child and the robot [83]. Figure 2.19 shows the
actuation system in CASTOR Robot, an example of SEA in SAR.
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2.3.3 Actuation Systems in Smart Walkers

In case of mobile wheeled robots such as the smart walkers, the actuation systems
are commonly more straightforward than the actuators employed by social robots
and exoskeletons. In general, the actuation systems in smart walkers can be
categorized according to their purpose: (1) actuation systems for motion and (2)
actuation systems to interact with the user. As shown in Fig. 2.20, there are several
actuation interfaces that can be equipped in smart walkers. Depending on the design
requirements or rehabilitation purpose, these, more than one of these, actuation
systems can be used.

2.3.3.1 Actuation Systems for Motion
Most of the robotic walkers reported in the literature implement differential drive
systems, in which only two motorized wheels are used [15,20,22,84]. Usually, each
of the actuated wheels is equipped with a brushed DC electric motor coupled to a
gearbox to increase the delivered torque by the motor. However, the most current
developments in robotic walkers migrate to brushless DC motors that are directly
integrated into the wheels (i.e., BLDC hub), such as the wheel motors equipped in
electric scooters.

Although the literature lacks in reporting the torque characteristics required for
a walker-assisted gait application, the generated torque should be sufficient to move
the robot chassis, while a person partially supports its weight on it. In this way, when
selecting or designing these types of actuation system, it is helpful to consider that:

Vibration Belts

DC Motors 
& Gears

BLDC Hub
Motors 

Steering Servo
or Stepper

Haptic Handles

Fig. 2.20 Illustration of common actuation interfaces in smart walkers
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1. The smart walker should support an average payload from 60 kg to 90 kg, based
on the average weight of an adult male.1

2. The smart walker should be able to provide an average linear speed of 1.5 m/s,
based on the average walking speed of a healthy adult.2

In the tricycle drive and Ackerman steering configurations, the actuation systems
are frequently located in front to provide the steering of the device [16, 18, 19]. In
such configurations, the actuation is often accomplished by electrical stepper motors
or servomotors. Once again, even though the electrical characteristics have not been
appropriately benchmarked in the literature, the actuation system should be able to
steer the device considering the friction of the wheel and the weight of the smart
walker while supporting a user.

Finally, electromechanical brakes or braking systems are often implemented in
smart walkers. Although these devices do not provide motion during gait assistance,
they are generally used to limit movement in hazardous situations or guidance and
cognitive support tasks.

2.3.3.2 Actuation Systems to Interact with the User
There are several ways to communicate information with the user in rehabilitation
and assistance tasks in smart walkers. One of these communication channels is
achieved using actuators, whether worn by the user or mounted on the device,
to provide haptic feedback to the user [21]. In these scenarios, small DC motors
or vibration motors are often equipped, through which information such as the
presence of obstacles, a dangerous situation, or the path to be followed can be
indicated to the user. For instance, vibration belts and haptic handlebars have been
reported in the literature [21, 85].

2.4 Robotic Sensory Architectures

One of the most important tasks in assistive and rehabilitation robots is the ability
to acquire information about the users and the surrounding environment. This is
commonly accomplished by sensing devices that are capable of measuring physical
magnitudes and converting them into electrical signals. In this section, the most
common sensors used in lower-limb exoskeletons, social robots, and smart walkers
are presented. The particular selection of sensors and input devices in these devices
is referred to as sensory architectures.

1https://www.cdc.gov/nchs/fastats/body-measurements.htm.
2https://www.sciencedirect.com/topics/medicine-and-dentistry/walking-speed.

https://www.cdc.gov/nchs/fastats/body-measurements.htm
https://www.sciencedirect.com/topics/medicine-and-dentistry/walking-speed
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2.4.1 Sensory Architecture of Lower-Limb Exoskeletons

The implementation of various sensory interfaces is developed with many objec-
tives. First, the assessment of kinematic parameters for the gait pattern provides
information to evaluate the development of this task by the health-care professional.
On the other hand, the acquisition of this data is also processed to apply different
control strategies implemented for the rehabilitation or assistance methods for the
walking activity. These methods contribute to the therapy sessions an increase in
patient compliance in developing therapy sessions promoting neural plasticity. This
section mentions various sensors aimed at the acquisition of kinematic and kinetic
parameters; these are relevant for the control strategies implemented in the lower-
limb exoskeletons.

2.4.1.1 Kinematic Parameters
Different parameters are required in developing activities of daily living. As an
example, the displacement, velocities, and acceleration of the exoskeleton joint
are estimated. In this sense, this section shows some sensors that are used in the
estimation of these parameters:

• Magnetic/incremental encoders:
This sensor is used to estimate the number of motor shaft turns. In this case, the
encoders are coupled in the center of rotation of each joint of the exoskeleton. As
a result, the angular position of the joints in various planes of the human body
is obtained. Therefore, this sensor is implemented in rehabilitation and assistive
exoskeletons.

Some examples of their application are presented in lower-limb rehabilitation
exoskeletons such as BioMot (Future and Emerging Technologies (FET), Spain)
[61], ALEX (University of Delaware, USA) [86], and E_ROWA [87] that monitor
the joint angular position in the sagittal plane using it as an input to control
strategies based on activities of daily living rehabilitation. On the other hand,
robotic orthoses are instrumented to observe the behavior of a specific joint in
various planes of the human body. Such is the case of Ankleboot (Massachusetts
Institute of Technology, USA), which monitors ankle plantarflexion–dorsiflexion
and inversion–eversion movements [88]. Finally, lower-limb exoskeletons for
activities of daily living assistance such as ReWalk (ReWalk Robotics, United
Kingdom) [48], REX (REX Bionics, New Zealand) [89], VariLeg (ETH Zurich,
Switzerland) [51], Indego (Vanderbilt University, USA) [50], HAL (Tsukuba
University/Cyberdyne, Japan) exoskeleton [90] use these sensors to measure
the angular position of the hip, knee, and ankle joints in the sagittal plane in
generating control strategies that provide 100% assistance to the user’s joints.

• Inertial Measurement Unit (IMU):
The acquisition of different human body parameters requires the user’s instru-
mentation with non-invasive sensors, where the sensor placement time is a
relevant factor to use with a lower-limb exoskeleton. For these requirements,
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MEMS sensors are used. For instance, the Inertial Measurement Unit (IMU)
sensors are commonly mainly implemented for these applications because of
the size, the patient instrumentation time, and the parameters provided by the
IMU sensor [91]. Generally, the IMU sensor is composed of a gyroscope,
an accelerometer, and a magnetometer that provide angular velocity, linear
acceleration, and magnetic field strength in different axes [92, 93]. The IMU
sensor is located in various parts of the user’s human body for the activity of
daily living recognition using machine learning methods to process the IMU data
[92, 94–96]. Into the IMU implementation advantages is taken into account the
sensor placement time, the sensor size, and the parameters that can be estimated.

2.4.1.2 Kinetic Parameters
The interaction forces between the user and the lower-limb exoskeleton are esti-
mated for the development control strategies focused on the pHRI. On the other
hand, some methodologies to use the human body electrical signal are implemented
to control the voluntary movements of the user’s lower limb using a lower-limb
exoskeleton. The main goal of the acquisition and processing of these parameters
is to increase the patient’s participation in the therapy sessions, where each signal
is rendered in terms of position, velocity, or acceleration values. Subsequently, the
lower-limb actuation system is commanded through these values.

• Force sensor: Currently, several sensors are implemented. Strain gauge sensors
are located in the lower-limb exoskeleton mechanical structure [52, 97]; this
allows to estimate if the interaction is in terms of force/torque. As an example,
AGoRA exoskeleton (Colombian School of Engineering Julio Garavito, Colom-
bia) [4, 53], ALLOR (Federal University of Espirito Santo, Brazil) [97], and
CPWalker [98] apply this method in the estimation of the exerted forces and
the development of different control strategies using this parameter as an input
system.

The acquisition of kinetic and kinematic parameters was aimed to monitor and
use an input signal in various control strategies. Generally, the sensor modules
showed in this section are integrated into lower-limb exoskeletons for rehabilitation
and assistance workspaces. Remarkably, the mentioned sensors are non-invasive
sensors and the acquired outcomes provide various parameters that allow the
healthcare professional to assess the development of activities of daily living.

2.4.2 Sensory Architecture of Social Robots

Sensory systems provide robots with the ability to sense and receive information
from the surrounding environment. Navigation sensors such as lasers or ultrasonic
sensors give the possibility to plan a trajectory or prevent the robot from colliding.
Other robots include pressure sensors, tactile sensors, and microphones that allow
better interaction with the patient/user. Also, robots include cameras that serve as
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Table 2.6 Sensory systems in Social Assistive Robots

Robot Sensors

CASTOR [7] Tactile sensors

Keepon [66] Tactile sensors, cameras, and microphone

Probo [67, 68] Tactile sensors, camera, and microphone

KASPAR [69, 70] Cameras and force sensors

Pleo [71, 72] Tactile sensors, camera, microphones, infrared sensors, temperature sensor,
ground foot sensors, and orientation and motion sensors

TIAGo [73] Microphones, force/torque sensor, laser, RGB-D camera, sonar sensor, and
Inertial Measurement Unit (IMU)

Pepper [74] Tactile sensors, cameras, microphones, 3D sensor, gyroscope, sonar sensors,
lasers, and Bumper sensors

HOBBIT [75] Lasers, depth camera, and RGB-D camera

Huggable Bear [76] Cameras, force sensors, temperature sensors, electric field sensors, and
temperature sensors

NAO [77–79] Tactile sensors, microphones, OmniVision cameras, pressure sensors,
inertial sensor, sonar rangefinder, and infrared sensors

Paro [80, 81] Tactile sensors, microphones, temperature sensors, and light sensors

the robot’s eyes. This provides the ability to detect facial expressions, gestures, and
distances. Table 2.6 shows different sensory systems implemented in social robots.

Most robots feature touch sensors, microphones, and cameras. On the other
hand, more complex robots such as Pleo, TIAGo, Pepper, and NAO implement a
variety of sensors that, as mentioned above, give the robot a better perception of the
environment.

2.4.3 Sensory Architectures of Smart Walkers

As in mobile robots, the sensing devices equipped in smart walkers cover a wide
range of sensors, ranging from devices to acquire information from the environment
to devices to obtain information from the user. In this sense, this section briefly
describes the most common sensors employed to extract information about the
user’s state and intentions. Moreover, considering that the smart walkers move
around indoor environments, they require sensing devices to estimate their motion
and global position, as well as sensors to overcome unforeseen environmental
characteristics [5, 22].

2.4.3.1 Sensing Loops in Smart Walkers
The sensors mounted in the smart walkers and the sensors worn by the users can be
classified in terms of the source of information delivered by the sensing devices.

• Proprioceptive Sensors: These devices include those sensors that estimate
information related to the internal systems of the smart walker. Commonly,
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proprioceptive sensors in smart walkers are used to estimate the velocity,
position, and orientation in a given environment, as well as, to estimate the
battery level, internal temperature, brake’s state, among others.

• Exteroceptive Sensors: These sensors are used to obtain information related
to the environment and the user, and thus they are further classified into two
categories or sensing interfaces:

1. Human–Robot Interface (HRi): This interface refers to the communication
channel between the user and the robot, and therefore to the sensors that
acquire information from the user. With the proper implementation of this
interface, the smart walker is capable of: (1) the recognition of the interaction
forces between the user and the platform, (2) the estimation of the user’s
navigation commands or intentions of movement, (3) the detection of the
user’s presence and proper support on the walker, (4) the estimation of the
user’s gait parameters and biomechanical indicators, and (5) the monitoring
of the user’s overall health state [22].

2. Robot–Environment Interface (REi): This interface refers to the sensing
devices that provide information from the environment and surrounding
objects. The sensors for environment sensing allow: (1) the building and
autonomous update of the environment map, (2) the autonomous localization
of the device in the environment, (3) the detection of surrounding obstacles
and people, and (4) the detection of hazardous situations.

2.4.3.2 Common Sensors in Smart Walkers
The smart walkers can be equipped with a wide range of sensors for multiple pur-
poses. For instance, Table 2.7 describes some of the sensors found in smart walkers,
classifying them by typical use and classification. Regarding the classification of
these sensors, they can be whether proprioceptive or exteroceptive. Those sensors
classified only as exteroceptive are devices that can be used in both HRi or REi. An
extensive description of some of the sensors presented in Table 2.7 can be found in
[12].

In addition to the above, to analyze the sensory interfaces of smart walkers
reported in the literature, Table 2.8 summarizes some of the most notable smart
walkers, describing their main functionalities and sensory interfaces. For instance,
the CO-Operative Locomotion Aide (COOL Aide) is a three-wheeled passive
SW intended to assist the elderly with routine walking tasks [103]. It includes
mapping and obstacle detection systems, as well as navigation and guidance
algorithms. Additionally, it is equipped with force sensors on its handlebars and
a laser rangefinder (LRF) to estimate the user’s desired direction to turn [5]. Other
passive walkers, such as those presented in [16,21], include navigation and guidance
algorithms based on haptic feedback systems and laser-based mapping.

Regarding active smart walkers, multiple sensory interfaces have been imple-
mented [15,17,18,20,99–101,104]. These interfaces are equipped with sensors such
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Table 2.7 Classification of
common sensors used in
mobile robotics applications,
focusing on walker-assisted
gait

Typical use Sensor Classification

Tactile or physical Bumpers Exteroceptive—REi

interaction
sensors

Contact switches Exteroceptive—REi

User estimation Joysticks Exteroceptive—HRi

Potentiometers Exteroceptive—HRi

Microphones Exteroceptive—HRi

Temperature
sensors

Exteroceptive—HRi

Hearth rate sensors Exteroceptive—HRi

Laser rangefinders Exteroceptive—HRi

Ultrasonic sensors Exteroceptive—HRi

Force sensors or
load cells

Exteroceptive—HRi

Plastic optical fiber
(POF) sensors

Exteroceptive—HRi

Inertial
Measurement Units
(IMUs)

Exteroceptive—HRi

Foot and hand
pressure sensors

Exteroceptive—HRi

Wheels and
motors sensors

Encoders (all
classes)

Proprioceptive

Potentiometers Proprioceptive

Orientation or
localization
sensors

IMUs Proprioceptive

Gyroscopes Proprioceptive

RFID readers Exteroceptive—REi

Motion sensors Accelerometers Proprioceptive

Encoders (all
classes)

Proprioceptive

Ranging and
obstacle sensing

Laser rangefinders Exteroceptive—REi

2D Light Detection
and Ranging
(LiDAR)

Exteroceptive—REi

3D LiDAR Exteroceptive—REi

Ultrasonic sensors Exteroceptive—REi

Reflective sensors Exteroceptive—REi

Vision sensors CCD/CMOS
cameras

Exteroceptive

Depth cameras Exteroceptive
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Table 2.8 Related works involving smart walkers that integrate interfaces for Human–Robot–
Environment Interaction

Walker Sensory interface Main functionalities

GUIDO [18] – Force sensors

– LRF – Autonomous navigation

– Sonars – Detection of user’s intentions

– Encoders – Sound feedback

XR4000 [99] – Force sensors

– LRF – Autonomous navigation

– Sonars – Detection of user’s intentions

– Infrared sensors

– Encoders

ASBGo++ [20] – Force sensors

– LRF – Autonomous navigation

– Sonar – Detection of user’s intentions

– Infrared sensors – Gait monitoring

– Camera – User position feedback

– Encoders

JARoW [17] – Infrared sensors

– Encoders – User’s position estimation and prediction

– LRFs – Obstacle avoidance

UFES [15] – Force sensors – Path following

– LRF – Obstacle avoidance

– IMUs – Detection of user’s intentions

– Encoders – Gait monitoring

PAMM [100] – Force sensors

– Sonars – Autonomous navigation

– Camera – Health monitoring

– Encoders

MOBOT – Force sensors – Autonomous navigation

– LRFs – Detection of user’s intentions

– Cameras – Speech and gesture recognition

– Kinect sensors – Body pose estimation

– Microphones – Gait Analyzer

CAIROW [101] – Environment analyzer

– Force sensors – Force analyzer

– LRFs – Gait analyzer

ISR-AIWALKER [102] – Force sensors – Detection of user’s intention

– Kinect sensor – Gripping recognition

– Encoders – Gait analyzer

– RGB-D Camera – Autonomous navigation

(continued)
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Table 2.8 (continued)

Walker Sensory interface Main functionalities

COOL Aide [103] – Force sensors

– LRF – Autonomous navigation

– Encoders – Detection of user’s intentions

Wachaja et al. [21] – 3D Mapping and localization

– LRF – Obstacle avoidance

– Tilting LRF – Vibrotactile feedback

MARC [16] – Sonars – Path following

– Infrared sensors – Obstacle avoidance

– Encoders

c-Walker [19] – Kinect like sensor

– RFID reader – Autonomous navigation

– IMU – People detection and tracking

– Camera – Guidance

– Encoders

as encoders, IMUs, and LRFs to provide navigation, guidance, and user interaction.
Moreover, these smart walkers are also equipped with sensing technologies to
estimate the user’s intentions to move, based on gait analysis systems and rule-
based algorithms.

2.5 Conclusions

Several aspects define a gait rehabilitation and assistance device. In this sense, this
chapter introduced concepts about the kinematic modeling, actuation systems, and
sensing architectures of lower-limb exoskeletons, social robots, and smart walkers.
Different methodologies, such as forward and inverse kinematics, DH convention,
and homogeneous transformations were explained, regarding the kinematic model-
ing.

In terms of the actuation mechanisms of these rehabilitation robots, a concise
description of the actuators employed was presented. In particular, several insights
were given to make an optimal selection of an appropriate actuation system
depending on the task to be performed with the devices. Additionally, factors such
as the actuation system cost, sensory interface for the implementation of control
strategies, weight, and mechatronic integration must be considered.

Finally, the third aspect corresponds to the sensory interface that estimates
the kinematic and kinetic parameters of the devices, and allows them to acquire
internal and external information. Those presented in this chapter provide the input
parameters for various control strategies and the required information to guarantee
a safe and natural interaction in clinical and everyday scenarios.
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3Fundamentals for the Design of Lower-Limb
Exoskeletons

Felipe Ballen-Moreno, Daniel Gomez-Vargas, Kevin Langlois,
Jan Veneman, Carlos A. Cifuentes , and Marcela Múnera

3.1 Introduction

The development of gait rehabilitation devices intends to enhance user’s well-being,
involving multiple engineering disciplines such as, mechanical, biomedical, and
electronic engineering. Across these fields, the design process entailed common
questions (i.e., what, who, where, when, why, how) along each step to achieve a
device’s prototype [1]. Each question provides meaningful information to discern
the device’s features, materials, functionalities, and geometry shape. Moreover, it
helps to define the application’s scope, including the design features that will be
further addressed [2]. This chapter will be focused on the development of lower-
limb exoskeletons and its design features. In this sense, design questions ease
establishing the device’s guidelines that are defined and addressed among the lower-
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Fig. 3.1 Features to consider in the design process of a lower-limb exoskeleton. The design
features are divided into two groups: user-centered features and device-centered features, showing
the principal features per group

limb exoskeleton’s design features, shown in Fig. 3.1. Each one is interlinked to
ensure the lower-limb exoskeleton’s main objectives for the user, either clinical or
work-related.

As shown in Fig. 3.1, the design process presented in this chapter has two
principal groups of device features such as features centered on the user and features
focused on the device. User-centered features are the first step to consider along
the design process. These features are separated into anatomic concepts and the
targeted goal. On the one hand, the anatomic concepts determine the joint and limb
characteristics used for the exoskeleton’s design. On the other hand, the targeted
goal is defined as the device’s activity or activities to perform using the exoskeleton,
delimiting different features’ capabilities. Other design features have a bearing
on the targeted goal, defining technical and aesthetic outcomes. At this point, the
previous design features are related to the goal and features of the user. According
to this information, the remaining features are aimed at the lower-limb exoskeleton.

The user-centered features define the device’s attributes through four devices’
features which are divided into mechanical structure, joints, physical interfaces, and
actuation and control strategies. In this part of the design process, the mechanical
design determines three out of four of the device-centered features, as is shown
in Fig. 3.1. The device’s design process could be addressed by a bioinspired or
biomimetic approach to ensure these attributes.

These design processes are applied in two robotic fields divided into rigid and
soft robotics [3]. A rigid or soft device’s prototype can be achieved by an inno-
vative design process known as bioinspired and biomimetic design. The difference
between them relies on the materials and modeling applied to the prototype. Each
process addresses the design features by understanding the inspiration source and
how it is deployed. Nagel et al. [4] established an equivalence between engineering-
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to-biology functions, which can solve a specific problem through bioinspired design.
Similarly, the biomimetic design also understands that biological functions through
the design’s prototype emulate biological behavior [5].

In this sense, this chapter describes each design feature involved in a lower-limb
exoskeleton, focusing on user-centered and device-centered features. The primary
source of information to establish multiple parameters for the exoskeleton relies
on the user’s features divided into the targeted goal (i.e., applications) and the
anatomic concepts (i.e., anthropometric measurements, human body planes, and
joint kinematics). The lower-limb exoskeleton’s applications are addressed to ana-
lyze different scenarios and primary user’s objectives providing the targeted goals.
The anatomic concepts (e.g., anthropometric measurements and joint kinematics)
aimed at hip, knee, and ankle joints. Then, device-based features are explained
through developments presented in the literature.

3.2 User-Centered Features

The needs and anatomic concepts of the users are the principal sources to answer the
design process’s common questions. These sources are divided into targeted goals
or applications of the lower-limb exoskeleton, and the anatomic concepts in that
detail the principal human features to design a lower-limb exoskeleton. As shown
in Fig. 3.1, the targeted goal defined the areas in which the lower-limb exoskeletons
are deployed such as, augmentation, rehabilitation, and assistance. Moreover, the
anatomic concepts will provide the human guidelines for the exoskeleton.

3.2.1 Targeted Goal Focused on the Applications

As mentioned before, the applications for lower-limb exoskeletons are mainly
oriented to augmentation, rehabilitation, and assistance. Augmentation exoskeletons
are commonly deployed in military and industry scenarios to enhance soldiers’
or workers’ capabilities (e.g., strength, fatigue, load carrying) [6]. On the other
hand, rehabilitation and assistive devices focus on populations that suffer from
neurological injuries or work-related accidents (i.e., spinal cord injury, stroke,
cerebral palsy) [7]. Robotic aid has been divided into execution scenarios, such as
overground tasks or treadmill-based training [8]. The lower-limb exoskeleton can
include different functionalities and approaches to interact with the clinician and
the user (i.e., patient, soldier, or worker), according to its scenario’s execution. In
this sense, populations’ needs and activities lead to guidelines defined as design
features for the robotic devices [2].

According to the application, these exoskeletons rely on multiple components
that provide energy to the user [9]. In terms of energy, each application requires an
amount of energy to perform a specific task. For instance, augmentation deploys
more energy to the user than other applications (e.g., robot-assisted therapy or
robotic aid for activities of daily living) where the user’s enhancement is several
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times greater than the user’s baseline. These other applications, as the rehabilitation
and assistance, requires near to the user’s baseline, considering the device’s and
user’s weight.

3.2.1.1 Exoskeletons for Human Augmentation
The lower-limb exoskeleton’s development for augmentation applications has been
widely used in different scenarios such as, military, industry, and health to provide
sufficient support and induce a reduction in user effort [10]. In this application,
lower-limb exoskeletons are deployed to improve the user’s walking capacities, or
support a high load of military equipment. One of the main recognized exoskeletons
is the Berkeley Lower-Extremity Exoskeleton (BLEEX, University of California,
USA), which combines robotic force capabilities through two motorized anthropo-
morphic legs and a backpack frame-like in which heavy loads, up to 75 Kg, can
be added. Without pre-programmed movements, the study results show that the
kinematics and dynamics of BLEEX do not entirely match the user. Besides, its
weight and size are aspects that limit its efficiency [11]. Another primary device
is known as HULC (Human Universal Load Carrier, Ekso Bionics, USA), a full-
body exoskeleton developed by Lockheed Martin for the military field, which
provides, as BLEEX, a feature of increased strength and endurance. This device
features a hydraulic drive system that allows it to have the highest maneuvering
speed among other existing portable robots. Besides, it carries loads up to 90 Kg
without hindering the user and lowering the user’s metabolic cost [6]. For this
application, the device’s capabilities are high enough to assist the user and carry
loads. Furthermore applications also carried the user’s weight although they aimed
to ease the user to perform specific task.

3.2.1.2 Exoskeletons for Rehabilitation
Rehabilitation implementation includes a clinical insight, adding functionalities
needed for the rehabilitation process of the patients [12]. Clinicians’ needs are aimed
to support physical therapy tasks. These tasks require demanding training to provoke
neural plasticity [13]. They are also focused on building muscle strength, balance,
and regain healthy patterns. In this application, the principal goal is aimed to reduce
the burden of the clinicians. Simultaneously, robotic aid eases repetitive motor tasks
ensuring patient recovery and reduced locomotor dysfunctions [14].

This overall goal supports multiple steps along with physical therapy, where each
step defines main functionalities to improve a specific activity of the daily living.
Focusing on gait, many gait rehabilitation systems have been deployed and designed
for a clinical environment, known as treadmill-based lower-limb exoskeletons [15].
These exoskeletons have a standard functionality known as body weight support,
widely used in early locomotion training, reducing the user’s weight sensation [16,
17]. Besides, the body weight support eases the pelvis aid to mend asymmetric
changes among the gait, either passive or active approaches [8, 18].

One of the treadmill-based lower-limb exoskeletons widely deployed in clinical
scenarios is the Lokomat (Hocoma, Switzerland) and it has been extended around
the world with one thousand devices within 646 facilities [19]. Other treadmill-
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based lower-limb exoskeletons have been developed to research purposes such as
ALEX (University of Delaware, USA) [20] or LOPES (Institute for Biomedical
Technology, Netherlands) [21]. Treadmill-based lower-limb exoskeletons are only
applicable in clinical scenarios due to their enormous dimensions, either for clinical
or for research purposes. However, those devices provide helpful functionalities in
people who suffered a neurological injury [22].

Another type of exoskeleton also provides aid to perform specific tasks or daily
living activities, which are known as exoskeletons for assistance. They could be
used to rehabilitation purposes, although its design process changes.

3.2.1.3 Exoskeletons for Assistance
Other devices have been designed to assist activities of daily living, which are also
required by the patient, such as stand to sit, sit to stand, and walking up/downstairs,
among others [7]. The execution of activities of daily living could pursue a
therapeutic objective, as mentioned before, through gait rehabilitation. Nevertheless,
those devices have also been targeted to increase the ability to perform activities
of daily living and the user’s quality of life [23, 24]. In some cases, these devices
are used to cope several activities of daily living due to the user’s neurological
injury (e.g., spinal cord injury, cerebral palsy) [25]. In this sense, the lower-limb
exoskeleton’s layout is known as overground exoskeletons, which most of them
are designed as a wearable and portable device. Contrary to treadmill-based lower-
limb exoskeleton, overground exoskeletons can be used in home-setting scenarios.
Therefore, lower-limb exoskeleton’s requirements are related to assistive tasks for
the user’s activities of daily living.

Overground lower-limb exoskeletons have been arranged as portable devices
such as Indego (Vanderbilt University, USA) [26], HAL (University of Tsukuba,
Japan) [27], and MINDWALKER (University of Twente, The Netherlands) [28].
These portable devices can be deployed for home-setting such as the ReWalk
exoskeleton [29]. Similarly, overground lower-limb exoskeleton can also be applied
for clinical purposes known as H2 or Indergo [26, 30]. In particular, robotic
functionalities have been mainly focused on the user’s daily independence within
these scenarios. These functionalities required a suitable arrangement of sensors and
actuators to perform a proper aid, which will be addressed in the following sections.

As mentioned in this section, the exoskeletons are applied for the three principal
applications, and each one provides information to the device’s design. However, the
user’s anatomic features are also involved and complement the design parameters.

3.2.2 Anatomic Concepts

The second part of the user-centered features is the anatomic concepts involved in
the design process. As shown in Fig. 3.1, this part is also related to the targeted
goal delimiting the forward device’s features. The targeted population defines the
anatomic concepts, usually remarked through gender (e.g., male or female) and
age group (e.g., infant, child, adolescent, young adult, adults, and older adults)
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[31]. The human joint kinematics are also defined by an underlying range or
approximation that follows the gender and age group. Moreover, the human joints
are described emphasizing hip, knee, and ankle biological components and their
degrees of freedom (DOFs).

Anthropometric measurements are at the forefront for different design features
for lower-limb exoskeleton. They can be estimated using three approaches: (1)
ergonomic information of the targeted population, (2) cadaver studies, and (3) user’s
height. The ergonomic approach has been used to determine user measurements.
Focusing on lower limbs, these values are highly related to the targeted population’s
region, and they have been estimated under specific postures (i.e., standing and sit-
down) [32]. In addition to these measurements, other user features contribute to
the lower-limb exoskeleton’s design process. The understanding and definition of
the body planes and human joints, which are also the center of attention along the
design process, aim for the following subsections.

3.2.2.1 Body Planes and Human Joints
To ease the understanding of joints’ movements, the human body is divided into
three principal body planes: the sagittal plane, transversal plane, and frontal plane
[33], as shown in Fig. 3.2. The body planes’ definition is essential for the following
joints’ definitions, which are established on these planes. Besides, kinematic and
kinetic variables will also be described through each body plane.

The anatomical composition of human joints allows different patterns of move-
ments. They provide intricate functionalities, while they collaborate independently.
Most human joints’ biological behavior is not straightforward due to their intrinsic
geometry [34]. Besides, the constituent elements have non-linearities (i.e., con-
figuration, or arrangement, and mechanical properties), increasing the modeling
difficulty. These anatomical elements are bones, ligaments, tendons, and muscles.
According to the anatomical configuration and bones’ geometry, human joints often
exhibit several DOFs allowing for complex movements [35].

To correctly interpret the motion generated by human joints, scientists and
researchers have been addressed joints’ definition through several methods. One of
them describes the human joints’ as a mathematical approximation where a model
resembles their kinematic outcome. Another approach is joint modeling in which
its definition is made through 2D and 3D registration techniques such as X-ray
fluoroscopy [36,37]. On the other hand, joint dissection has been aimed at the same
problem through a 3D digital electrogoniometer [38]. Although previous approaches
could deliver a precise outcome, they require expensive equipment and their results
are exclusive to a particular user.

Despite these limitations, joint models are applicable input models as an
arrangement of theoretical joints. In this sense, joint’s representation could be
through n-joints in which each one is a 1-DOF joint (e.g., rotational degree of
freedom known as a revolute joint or linear displacement degree of freedom known
as prismatic joint), shown in Fig. 3.3a and b, respectively. Depending on their
configuration (e.g., series or parallel), it might resemble the joint model [39].
The joints’ representation is widely analyzed in several devices through theoretical
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Fig. 3.2 Human body planes. (a) Human sagittal plane. (b) Human transversal plane. (c) Human
frontal plane

joints. Besides, the arrangement of joints types and configurations are often referred
to as the device’s kinematic chain, as shown in Fig. 3.3c.

The human joint and theoretical joint are also delimited by targeted activities
addressed in the previous section. These activities establish principal planes of
operation, together with the range of motion (ROM), the principal DOF of each
joint, and kinematic and kinetic of the user’s joints. Each variable establishes a
particular waveform compared with gait percentage according to the task. The hip,
knee, and ankle joints will be described in this context, highlighting their DOF,
muscles and bones involved, and their kinematic outcome during gait.
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Fig. 3.3 Basic types of theoretical joints. (a) A diagram of the kinematic chain represented by the
gray zone can be placed in various joint arrangements. Within this zone, the kinematic chain can
be built. (b) Two types of theoretical joints divided into one degree of freedom revolute joint that
allows rotational movement and one degree of freedom prismatic joint that allows translational
movement

3.2.2.2 Human Hip Joint
The hip joint articulates between the femoral head and the acetabulum of the
pelvis [40]. It has three DOFs, which permit motion in the three planes: sagittal
(flexion and extension), frontal (abduction and adduction), and transverse (internal
and external rotation) as shown in Fig. 3.4. The bones, as mentioned earlier, are
articulated by a set of ligaments (iliofemoral, pubofmeoral, and ischiofemoral) and
various muscle groups that ensure hip movements in the different planes and restrict
them to a specific range of motion (ROM) [40, 41].

The biomechanics of walking at a natural pace is well established and was
presented in the previous chapters. The hip joint angles while walking in all three
planes of motion are given in Fig.3.5 [42].

Along the sagittal plane, the hip’s maximum flexion and extension angles are,
respectively, around 40°and 0°as shown in Fig. 3.5a, for a total ROM of around 40°.
Within the coronal plane, the maximal adduction angle is approximately 6°and the
maximal abduction angle is nearly 4°as shown in Fig. 3.5b, for a total ROM of 10°.
Finally, the hip’s maximal internal and external rotation angles are approximately
4°, as presented in Fig. 3.5c, for a total ROM of 8°. A summary of the gait ROMs is
presented in Table 3.1.

To achieve the hip angles showed previously, multiple groups of muscles are
in charge to perform different motions, as presented in Table 3.1, using between
two muscles (e.g., hip extension) and five muscles (e.g., hip external rotation).
Through those muscles, the kinetic outcomes are commonly presented through the
hip moment (i.e., Nm · Kg−1) and hip power (i.e., W · Kg−1). Focusing on gait,



3 Fundamentals for the Design of Lower-Limb Exoskeletons 101

Flexion / 
Extension

Internal / External
Rotation

Femoral
head

Acetabulum of 
the pelvis

Transverse plane

Sagitta
l plan

e

(a)

Abduction /
Adduction

Femoral
head

Acetabulum of 
the pelvis

Coronal plane

(b)

al

Fig. 3.4 A descriptive scheme of the hip joint degrees of freedom. (a) Sagittal and transverse
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Fig. 3.5 Hip angles behavior along the three principal planes of motion during gait. (a) Flexion
and extension motion. (b) Abd/adduction motion. (c) Internal and external rotation motion
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Table 3.1 Anatomical features and range of motion of the human hip joint [40,41]. The gait ROM
is presented in degrees

Plane Hip motion Gait ROM [deg] Muscles

Sagittal Flexion 40 Psoas major, iliacus pectineus, rectus
femoris, and sartorius.

Extension Gluteus maximus and hamstring mus-
cles.

Frontal Abduction 10 Gluteus medius, gluteus minimus, tensor
fascia latae, and sartorius.

Adduction Adductor longus, brevis, magnus, gra-
cilis, and pectineus.

Transverse Internal rotation 8 Tensor fascia, fibers of the gluteus
medius, and minimus.

External rotation Obturator muscles, quadrutus femoris,
gemelli, gluteus maximus, sartorius, and
piriformis.

(a) (b)

Fig. 3.6 A descriptive scheme of the knee joint’s degrees of freedom illustrates its principal planes
of motion. (a) Coronal and transverse planes. (b) Sagittal plane

the hip extensor moment varies between 0.7 and −1.2 Nm · Kg−1 for flexion and
extension, respectively. Following this, the hip power fluctuates between −0.9 and
1.4 W · Kg−1 [43].

3.2.2.3 Human Knee Joint
Several approaches are introduced to understand the knee’s kinematic behavior
through the methodologies mentioned above. These approaches provided mean-
ingful details of the biological components of the knee. This joint is composed of
the patella, the tibial plateau, and femoral condyles, as shown in Fig. 3.6. It has a
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Fig. 3.7 Knee angles behavior along the three principal planes of motion during gait. (a) Flexion
and extension motion. (b) Abd/adduction motion. (c) Internal and external rotation motion

joint capsule to provide strength and lubrication, an intricate group of ligaments,
and fluids that empower the weight-bearing, such as intracapsular and extracapsular
ligaments [44].

Knee kinematics might change according to the task performed by the user. For
instance, knee motion during gait has a specific waveform for each plane, as is
shown in Fig. 3.7 [42]. The sagittal plane presented in Fig. 3.7a, starts with the knee
flexion at the initial contact (i.e., 0% of the gait percentage) to the loading response
(i.e., 10% of the gait percentage). During these events, the knee absorbs the energy
of the load weight. Then, the knee extends during the mid-stand (i.e., 10% to 30%
of the gait percentage) and starts flexing at the terminal stance (i.e., 50% of the gait
percentage) to the initial swing. After the initial swing, the knee produces energy to
extend the end of the gait cycle [33,45]. Most of the knee motion within the coronal
plane relies on the terminal stance and the swing period, as shown in Fig. 3.7b.
Finally, the knee motion along the transverse plane varies at the initial contact and
the initial swing, as is shown in Fig. 3.7c [42].

Similarly, as presented in the human hip joint, the knee joint’s kinetic outcomes
are commonly presented through the knee moment (i.e., Nm · Kg−1) and knee
power (i.e., W · Kg−1). Focusing on gait, the knee extensor moment varies between
0.7 and −0.4 Nm · Kg−1 for flexion and extension, respectively. Following this,
the knee power fluctuates between 1.1 and −1.9 W · Kg−1 [46]. To achieve this,
a predominant group of muscles is involved in each knee motion, as seen in
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Table 3.2 Anatomical features and range of motion of the human knee joint [44]

Plane Knee motion Gait ROM [deg] Muscles

Sagittal Flexion 55–60 Articularis genus, rectus femoris, vastus
lateralis, vastus intermedius, and vastus
medialis.

Extension Biceps femoris, semitendinosus,
semimembranosus, gastrocnemius,
plantaris, gracilis, and popliteus

Frontal Abduction 8 Gluteus medius and minimus, obturator
externus, gemelli, and sartorius.

Adduction Adductor group of muscles.

Transverse Internal rotation 8 Biceps femoris.

External rotation Semimembranosus, semitendinosus,
gracilis, sartorius, and popliteus.

Table 3.2. Each group of muscles assists during the user’s tasks, and these motions
are delimited by four DOF, as is shown in Fig. 3.6. Compared with the hip joint,
the knee’s muscles and ligaments arrangement absorbs energy and has one less
DOF due to the bones and ligaments’ coupling. Besides, the gait ROM along the
sagittal plane is also greater, contrary to the transverse plane in which the gait ROM
is similar for both joints. Additionally, the hip joint has a higher gait ROM along
the frontal plane than the knee joint. In kinetic terms, the knee absorbs energy as
mentioned before, and as a result of this behavior, the knee moment is lower than
the hip moment and ankle moment. Similarly, the knee power is also lower than the
hip and ankle power.

3.2.2.4 Human Ankle–Foot Complex
The ankle–foot complex consists of 28 bones divided into the distal tibia and
distal fibula, seven tarsals, five metatarsals, and 14 phalangeal bones [47]. These
joints, formed by the bones, work synchronously to accomplish distinctive functions
in activities of daily living’s execution [47]. Like other lower joints, the ankle–
foot complex movements involve several motion planes [47, 48]. For instance,
supination requires plantarflexion, inversion, and adduction movements, while
pronation includes dorsiflexion, eversion, and abduction [48], as is shown in Fig. 3.8.

The foot progression angle (FPA) is defined as the angle between the line from
the calcaneus to the second metatarsal and the line of progression averaged from
heel strike to toe-off during the stance phase of walking for each step (toe-in angle
is positive and toe-out angle is negative).

Regarding the range of motion (ROM), the ankle has variations concerning
geographical and cultural differences [48]. Specifically, for the main movements on
the ankle, studies estimate standardized ranges between 65 and 75°in the sagittal
plane (i.e., 10 to 20°covers the dorsiflexion and 40 to 55°the plantarflexion),
−8 to −17°in the transverse plane (i.e., foot progression), and 35°in the frontal
plane (i.e., 23°during eversion and 12°in inversion) [33, 48]. However, activities
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Fig. 3.8 A descriptive scheme of the ankle–foot joint’s degrees of freedom. (a) Frontal plane. (b)
Sagittal and transverse planes

Table 3.3 Anatomical features and range of motion of the human ankle joint [48]

Plane Ankle–Foot Gait ROM [deg] Muscles

Sagittal Dorsiflexion 30 Tibialis anterior, extensor hallucis,
peroneus tertius, digitorum longus,
peroneus longus, and peroneus brevis.

Plantarflexion Gastrocnemius, soleus, plantaris,
tibialis posterior, flexor digitorum
longus, and flexor hallucis longus

Frontal Inversion 15 Extensor hallucis longus, tibialis
posterior, flexor digitorum longus, and
flexor hallucis longus.

Eversion Peroneus tertius, peroneus longus, and
peroneus brevis.

of daily living’s execution require reduced ROM values. For instance, the dorsi–
plantarflexion movements need 30°for walking and 37 and 56°for ascending and
descending stairs, respectively [47, 48]. Those ankle’s movements are achieved
through a bigger group of muscles and manage more energy along gait compared
to the hip and knee joints. Table 3.3 only presents sagittal and frontal planes due
to the dorsi/plantarflexion movements involving multiple movements along sagittal
and transverse planes compared to the hip and knee joints. Besides, inversion and
eversion movements also require frontal and transverse planes. Hence, anatomical
features of the ankle–foot complex can be defined along these two planes [48].

The ankle joint angles while walking in all three planes of motion are given in
Fig. 3.9. In the kinetic context, the ankle–foot complex works as a power dissipater,
bearing approximately five times body weight during stance in normal walking and
up to thirteen times body weight during other activities of daily living (e.g., running)
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Fig. 3.9 Ankle–foot complex angles behavior along the principal planes of motion during gait.
(a) Dorsi–plantarflexion motion. (b) Inversion–eversion motion. (c) Foot progression angle

[48, 49]. Nevertheless, the ankle also can work as a generator, providing enough
torque to execute propulsion tasks. This way, to accomplish activities of daily living
properly (e.g., walking), this complex joint needs to generate a torque per kilogram
of 1.6 Nm · Kg−1 approximately [33, 48]. According to previous kinetic outcome,
the ankle and the hip joints produce energy during the gait because of the amount of
torque generated per kilogram. In addition, the ankle also absorbs energy similarly
to knee joint.

As mentioned in this section, the user-centered features are forefronts at the
beginning of the lower-limb exoskeleton’s design process. The targeted goal and
anatomic concepts delimited this process, gathering information for the device
characteristics and design parameters. This information is defined as device-
centered features, explaining multiple features to consider.

3.3 Device-Centered Features

A lower-limb exoskeleton’s design process uses user-centered features to establish
multiple parameters, limitations, and functionalities to be deployed for the user.
Bearing on these features, the device-centered features are organized into four
principal characteristic structure’s design, joint’s design, actuation and control
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strategies, and physical interfaces. As is shown in Fig. 3.1, each feature is inter-
related and co-dependent to ensure proper performance.

3.3.1 Mechanical Design

The understanding of biological processes allows enhancing designs and mech-
anisms that are deployed for a lower-limb exoskeleton. The bioinspired design
implements biological models to provide energetic advantages or maximize a
specific function (e.g., weight, torque, shock absorption) [50]. These biological
models could come from animals, plants, or humans, and they could be applied
along the design process. Following the biological model source, several approaches
have been proposed to resemble human lower limbs, aiming to enhance ergonomics
and comfort [51]. Most of the solutions deployed for the lower-limb exoskeleton are
bioinspired pursuing the user-centered features. In this sense, some design process
has an underlying approach or outcome to follow, such as the distribution of energy
during gait, the shape of the mechanical structure, or the joints’ arrangement.

The human’s semblance of the lower-limb exoskeleton is achieved by multiple
mechanical features related to the mechanical structure, joints’ design, and the
physical interfaces, further defined in this section.

3.3.1.1 Structure’s Design
As was addressed in the previous sections, the user-centered features are paramount
to design the lower-limb exoskeleton, which are used in each device’s features.
In this context, the structure’s design involves the anatomic concepts defined in
Sect. 2.2. To do this, the design approach (e.g., bioinspired or biomimetic) allows
distinguishing two types of structures that could be used in robotic devices. They
have been classified as nonanthropomorphic structures (NS) and anthropomorphic
structures (AS) [52]. Even though both types of structures have the same goal, they
can be differentiated if they emulate the user’s body.

The most common method is the AS, in which the structure’s shape follows the
assisted limb by placing the actuators near the user’s joints. This approach is the
most commonly used in active lower-limb exoskeletons, such as BLEEX, HAL-3,
and ALEX [20, 53, 54]. In contrast, NS differs from the human shape extending
the design possibilities. Although these structures provide several mechanical
advantages, the design process’s complexity may increase [52].

One of the advantages is the back drivability provided by NS, because of the
actuator’s location along with the structure. Besides, the load transfer to the ground
may be easier than AS, as it is presented by Van Dijk et al. [55] through the Exobuddy
(Intespring BV, Netherlands). This approach allows to overcome misalignment
between the user and the exoskeleton and reduces the kinematic constraints. Another
advantage is the proper distribution of masses, which reduces the risk of falls and
allows a suitable balance for the user. These two design approaches are described as
is shown in Fig. 3.10.
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(a)

Human body

Exoskeleton

(b)

Fig. 3.10 Types of the mechanical structure for lower-limb exoskeletons. (a) A descriptive
diagram of an anthropomorphic exoskeleton. (b) A descriptive diagram that presents one example
of a nonanthropomorphic exoskeleton

The definition of the structure’s type establishes the foundations of the joints’
design. The following section will discuss the kinematic compatibility involved in
this feature and the approach to design exoskeleton joints.

3.3.1.2 Joints’ Design
The exoskeleton joints have been widely addressed within the structure design. A
suitable design can be achieved by mimicking or simplifying the joint structure of
interest, according to the type of structure mentioned before. Moreover, the joint
structure simplification involves an additional adjustment, causing a misalignment
between the user and the device. Focusing on AS, joint proposals are targeted to
adjust the alignment through (1) manual adjustment, (2) compliant mechanisms
or joints, or (3) kinematic redundancy [10]. The manual adjustment has been
deployed in many commercial lower-limb exoskeletons such as Lokomat [22], HAL
[27], ReWalk (Argo Medical Technologies Ltd., Israel) [29], and Indergo [26].
Nevertheless, their manual adjustment may be exhaustive and requires considerable
practice to reduce the time to install the device. Hence, compliant mechanisms and
kinematic redundancy approaches are intended to overcome previous limitations.

Two principles are used in compliant joints, which consider (1) the material’s
mechanical behavior and (2) the represented linkage through the joint’s geometry
[56]. Regardless of their intricate design, it allows motion in the central plane and
multiple differed motions. These joints have a degree of flexibility among other
planes, due to the geometry and material’s compliance (e.g., low compliance equals
rubber, and high compliance equals steel). An example of these types of joints
is shown in Fig. 3.11. The geometry allowed multiple displacements. Using these
characteristics, a compliant joint allows the misalignment caused between the device
and the user, while the device assists or enhances the user’s movements.
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Fig. 3.11 Descriptive example of a spherical compliant joint. The three degrees of freedom of the
spherical joint are represented through the rotations X, Y, and Z and their locations illustrated in
gray

Another joint proposal approach is the kinematic redundancy by adding DOF
for the same joint through revolute (i.e., rotational joint) or prismatic (i.e., linear
displacement joint) joints. Both of them have one degree of freedom [57]. Using
these joints, the kinematic redundancy can be achieved at different levels. Näf
et al. [10] proposed multiple joints in series such as three revolute joints (RRR)
as presented in Fig. 3.12a, two revolute joints and one prismatic joint (RRP) as
seen in Fig. 3.12b, one revolute joint and two prismatic joints (RPP) as shown
in Fig. 3.12c, and three prismatic joints (PPP) as represented in Fig. 3.12d. ESA
exoskeleton presented by Schiele et al. [34] displays RRR and RRP arrangements
that ease the interaction of the wrist and elbow, respectively. Following this, the RPP
arrangement is deployed for a shoulder exoskeleton. In addition, the joint has to be
improved by including passive DOFs [58]. Finally, PPP joints are closely related to
a parallelogram setup presented by Li et al. [59] to ease the knee alignment.

Each configuration could add advantages and disadvantages to the joint’s volume,
mass, angle relation, expandability, ability to compensate for misalignment, or
transmitting forces. Even though these arrangements enhance the kinematic com-
patibility [34], the kinematic redundancy will increase the device’s volume, mass,
and complexity [10].

To this point, the structure and joint design are addressed leaving one last part
within the mechanical design of lower-limb exoskeleton. The last part is known
as the physical interfaces which will be detailed its functionality, importance,
manufacture, material, and layout.
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(a) (b) (c) (d)

Fig. 3.12 Kinematic redundancy. Proposal kinematic chains using three joints in series to enhance
the kinematic compatibility. These kinematic chains could be deployed along with the structure
and within the physical interfaces. Adapted from [10]. (a) Series of three revolute joints (RRR).
(b) Series of two revolute joints and one prismatic joint (RRP). (c) Series of one revolute joint and
two prismatic joints (RPP). (d) Series of three prismatic joints (PPP)

3.3.1.3 Physical Interfaces
The last device-centered feature related to the mechanical design of the lower-limb
exoskeleton is the physical interface. The interfaces fulfill three functions: first, the
transmission of forces between human and robot, second, the correct placement of
the exoskeleton relative to the body, and third, a comfortable physical interaction.

These elements ensure the transmission of energy from the device to the user. In
other words, they are the attachment between them. The importance of the physical
interfaces relies upon the end of the process that transfers energy. The real progress
in generating motion begins at the actuators’ energy and is then transferred to the
mechanical structure. The physical interfaces are attached and carry the energy to
human joints [60, 61]. This is challenging as shown in [62], where it was observed
that up to 50% of the mechanical power generated by their lower-limb exoskeleton
was lost due to soft tissue compression and harness compliance.

Thus, the design and development of physical interfaces must consider the overall
features to provide a suitable solution. Moreover, they have to ensure comfort and
ergonomics to the user. Within this framework, diverse materials and arrangements
have been deployed to secure the lower-limb exoskeleton to the user.

Physical interfaces should promote comfort to the user along with the function
related to the targeted goal. From an ergonomic perspective, critically, avoid safety
hazards such as skin injuries or pressure points [63]. This is still a major challenge
in the field, since soft tissue-related injuries are frequent and repetitive even with
commercial devices [64, 65].
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Since excessive pressure is known to cause skin injuries and discomfort [66],
researchers have developed physical interfaces with integrated pressure sensors [67,
68]. This way clinicians can collect and report sustained wounds related to pressure,
which could further help the community to develop safety standards.

In this context, the interaction between the user’s skin and the physical interfaces
must be compliant and secure its safety against pain and lesions. Moreover, it also
has to be strong enough to transfer energy as efficiently as possible. Hence, the
physical interfaces’ materials are one of the main aspects to enhance the device’s
performance.

Many approaches include orthopedic components integrating commercial solu-
tions for lower-limb exoskeleton’s applications (e.g., Ottobock). These solutions
can combine compliant materials (i.e., foams, fabrics, thermoplastics) to leverage
ergonomics and comfort [69, 70]. These components embrace a broader population
through an adjustable design, and they could reduce the costs of the physical
interfaces. They have also been tailored based on user-centered features [51].
However, the design process to achieve a suitable physical interface can be done
in different ways.

One of these design approaches is the most common, and the physical interfaces
are designed in two sections: (1) rigid interface to transfer the actuators’ energy and
(2) flexible or soft interface to adapt to user limb geometry and provide comfort. The
ratio of each section depends on the material selection. For instance, the proposed
exoskeleton by Asbeck et al. [71] uses fabrics for the physical interfaces under their
Bowden cable actuation. Hence, most of the material used in this case was mainly
flexible due to the design’s physical interfaces to fit different users. Another option
is the development of inflatable interfaces [72, 73]. This type of interface, shown
in Fig. 3.13, comprises an inflatable bladder that regulates the pressure applied on
the soft tissues. Hereby a truly adaptable design is achieved with the benefits of
pressure-monitoring capabilities.

Fig. 3.13 An inflatable interface to adapt to multiple users and to set an exact strapping pressure
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Fig. 3.14 Design and manufacture scheme for customized physical interface for an ankle–foot
orthosis

The second approach established a rigid physical interface that can be deployed
using a composite material to fix the user’s actuator. Langlois et al. [74] presented
an active ankle–foot exoskeleton (Robotics & Multibody Mechanics Research
Group, Vrije Universiteit Brussel, Belgium) that uses this approach. It is made of
PLA and carbon fiber reinforcement. The interface was designed through the use
of a 3D scanner and was 3D printed using commercially available technologies
[51, 74], as is shown in Fig. 3.14. This technique can be applied to develop a
customized solution for each individual, allowing clinicians to address user-specific
requirements. Furthermore, customization enhance comfort and reduce relative
motions while the exoskeleton interact with the user.

Despite the extensive development of lower-limb exoskeleton, physical interfaces
have been overlooked compared to other design features. Consequently, several
layouts have been defined to the same application (e.g., number of physical
interfaces per body segment, best material aimed at a rehabilitation or assistance
task) [75]. These layouts involved an ergonomic, kinematic, and kinetic cost,
affecting the device’s performance. Within the physical interface layout, the user’s
limb location plays an essential role in ensuring comfort.

As previously addressed, the overall mechanical features allow continuing with
actuation and control features, involving the actuator classification and control
strategies.

3.3.2 Actuation and Control Strategies

The last device-centered feature is defined by the actuation and control, as shown in
Fig. 3.1. The actuators provide energy for the user’s joints, and the control strategies
command the device according to the user’s intention. Over the design process, the
user-centered features and previous device’s features detailed the main requirements
for the actuators and control schemes deployed on the device. This section will
address the classification of actuators and the control strategies commonly used
for lower-limb exoskeleton, highlighting the main aspects of these topics. Detailed
information on each topic is described in Chap. 2, regarding actuation, and Chaps. 5
and 8 expand control strategies.
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The energy applied to the lower-limb exoskeleton’s joints can be derived from
multiple sources to generate motion and assist with the targeted goal. These
energy sources delimit lower-limb exoskeleton’s response features (i.e., device
bandwidth, weight, power) affected by the actuator type and the relation between the
supplied torque and the user device’s weight [51]. Therefore, more robust or more
straightforward actuators may be suitable for different scenarios. These actuators
obey different types of control strategies, which ensure proper physical Human–
Robot Interaction (pHRI).

3.3.2.1 Actuator Classification
As explained in Chap. 2, the lower-limb exoskeletons have been used in a wide
range of actuators. These actuators have been frequently coupled in rehabilitation
or assistance lower-limb exoskeletons [76]. The motor drive has been deployed
in most commercial exoskeletons because of its ease of implementation contrary
to pneumatic actuators, which have a heavyweight energy source, restricting the
faculty of deployment. However, as a linear actuator, it has to be outweighed by a
control strategy.

Throughout the years, novel actuators emerged in lower-limb exoskeleton appli-
cations, and they have been widely used in treadmill-based (e.g., LOPES [21],
ALEX [20,77], MINDWALKER [28]) and overground exoskeletons (e.g., Soft exosuit
(The Wyss Institute for Biologically Inspired Engineering, Harvard University,
MA, USA) [71], Rex (Rex Bionics Ltd., New Zealand) [78]). These actuators use
passive elements coupled to motors (i.e., series or parallel elastic actuators, variable
stiffness actuator), giving back drivability to the joint, in which they are capable
of uncoupling the shaft [15]. Moreover, their kinematic and kinetic outcome can be
specifically designed to joint requirements for mechanical leverage by configuration
of springs or dampers [79].

Three main characteristics are summarized in Table 3.4 according to six different
kinds of actuators used in lower-limb exoskeleton (detailed information on actuators
for lower-limb exoskeleton is provided in Chaps. 2 and 7). The first characteristic
presents a general configuration, highlighting the main components according to
the type of actuator. These components define the actuator’s back drivability,
which is related to the characteristic impedance, in other words, the capability
of response against a contrary motion [9]. Although this capability depends on
their components, as shown in Table 3.4. Another central aspect is the trade-off
between power and weight. The actuators showed that electric-based actuators (e.g.,
series elastic actuator (SEA), variable stiffness actuator (VSA)) weight double than
hydraulic or pneumatic actuators (e.g., pneumatic artificial muscle (PAM)), defining
the power/weight ratio as low for electric-based actuators and high for hydraulic or
pneumatic [80]. However, hydraulic and pneumatic actuators rely on a rich source.

According to the task or activity, these actuators deployed on lower-limb
exoskeletons’ distributed energy for the user’s joints. To do this, the actuators are
commanded through control strategies further addressed.
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Table 3.4 Type of actuators commonly used in lower-limb exoskeleton. The most common
actuators are described according to their generalized configuration, power/weight ratio, and back
drivability [80]

Type Configuration Power/weight ratio Back drivability

Electric Motor—Gearbox—Load Low No

SEA Motor—Spring—Load Low Yes

VSA Motor—Nonlinear spring—Load Low Yes

Pneumatic Air source—Linear or rotatory
transfer—Load

High No

PAM Air source—Artificial
muscle—Load

High Yes

Hydraulic Fluid source—Linear or rotatory
transfer—Load

High No

3.3.2.2 Control Strategies
Designers have incorporated mechanical statements or properties (e.g., joints mod-
eling, dynamic constraints, type of actuator) into several control strategies to achieve
the targeted main goal based on the features mentioned above. These strategies are
defined as high-level control strategies focusing on the user’s intention or targeted
task that achieves the device [80], in contrast to the low-level control strategies,
which handle the response of the actuators directly, either position, velocity, torque,
or force.

The control strategies could be based on multiple signals from the user or
the device to acquire the user’s intention. On the one hand, electromyographic
(EMG) signals have been used in a single-joint lower-limb exoskeleton, selecting
the principal muscle or muscle group during the task [9]. On the other hand, the
device has been used as an input to the control strategies through the actuators or
other sensors attached to the structure [80].

Many control strategies have been intended for specific rehabilitation tasks or to
improve the interaction regarding the source of the control signals. Moreover, they
have been divided into two categories: (1) trajectory tracking control (TTC) and
(2) assist-as-needed (AAN) control [81, 82]. The first approach was adapted from
industrial robots [82]. Trajectory tracking control is a conventional method used
in the initial stages of the rehabilitation process for gait training. This approach
has developed several kinds of trajectory tracking control (e.g., reference trajectory,
model-based stability, predefined motion, sensitivity magnification control strate-
gies), which predominately guide the user to perform a specific movement [81].
However, these approaches provided a fixed amount of assistance during the tasks.

Current approaches vary the level of assistance according to the user leading
to assist-as-needed control strategy, enhancing the patient’s neuroplasticity within
rehabilitation scenarios. To fully detect the human effort and addition to the control
strategies, compensation systems have been defined, which are intrinsical to the
device, such as friction and gravity compensation [81]. Considering compensation
systems, one of the many approaches is based on bioinspired control that addressed
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AAN through impedance controllers [83]. Other control strategies are known as
path control algorithms included in compliant virtual walls to amend gait patterns,
which could be based on position or force fields [81].

3.4 Design Remarks to Bring Exoskeletons to theMarket

Considering that the final goal is to bring novel designs as products to the market,
careful consideration has to be paid to the regulatory pathways in place for the
planned product. Especially, for start-up companies, obtaining a comprehensive
understanding of what is required to legally market a lower-limb exoskeleton as
a certified medical device can be a costly challenge, considering the general amount
of work and possible late awareness of safety standards and regulations that have to
be dealt with. Such late awareness of what is needed often requires implementing
technical adaptations to a product (too) late in the development process, which may
be costly and lead to a suboptimal result.

To avoid costly technical adaptations at a late stage of product development
and avoid discovering that documentation was not generated as required, it is
always advisable to be informed on the regulatory pathways and their requirements
as soon as the path towards a marketable product is initiated. For a medical
device, extensive documentation is typically required for the hardware and software
development process, the usability engineering process including user-involved
testing, the risk management process, and the clinical reasoning and evidence behind
the product. Starting too late with documenting may exponentially increase the work
needed to generate it. Work will have to be repeated, or documentation generated
retrospectively, which usually involves having to close gaps of information.

The overall work required to achieve a wearable robot or exoskeleton (i.e., imple-
menting safety according to regulations, and documenting a product, a considerable
part of the development process in general, the state of the start of safety) is in
development and expanding. This is caused by the fact that it is a new emerging
technology and that the safety of robots is traditionally regulated by keeping them
away from humans, regulated by the ISO. Although it considers close contact with
a patient, the safety of medical electrical equipment traditionally does not deal with
moving that patient around through an environment and is regulated by the [84].
The overlap between different bodies of standards may confuse or even inconsistent
requirements, which is produced by various entities and working groups. Recently a
joint working group of ISO and IEC has published the standard IEC 80601-2-78, as
a particular standard in the IEC 60601 series of standards, which applies explicitly
to medical robots that are used for rehabilitation or associated functions such as the
assistance of patients or assessment of function [85]. This could be a starting point
to understand what requirements apply to the electrical, mechanical, and software
aspects of the safety of an exoskeleton.
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3.5 Conclusions

The design process for lower-limb exoskeletons considers multiple features, which
are divided into user-centered and device-centered features. The user-centered
features provide the primary information and parameters, establishing the device’s
guidelines through, the anatomic concepts of the population who will use the lower-
limb exoskeleton and the targeted goal of the device. Given the user-centered
features addressed along with the chapter, the mechanical design embraces three
features related to the structure’s design, joints’ design, and the physical interfaces.
Defining these features, the last device-centered feature is the actuation and control
strategies that command the lower-limb exoskeleton. Taking into account these
features into global guidelines (i.e., ISO) will ease the deployment of lower-limb
devices to the market. These overall features defined the fundamental concepts for
the design of a lower-limb exoskeleton.
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4Fundamentals for the Design of Smart Walkers

Julián Aristizabal-Aristizabal, Rubén Ferro-Rugeles,
María Lancheros-Vega, Sergio D. Sierra M. , Marcela Múnera,
and Carlos A. Cifuentes

4.1 Introduction

Advances in technology, especially in mobile robotics, have grown exponentially in
recent years. One of these advances relates to mobile robots for gait rehabilitation
and assistance, leading to the emergence of intelligent walkers or robotic walkers.
These devices contain electronic components, control systems, and sensory archi-
tectures built into their conventional mechanical structure (see Chap. 2) [1]. These
improvements have provided a better driving experience for users when controlling
the devices, regarding their integrated sensory feedback, physical support, and
cognitive support. Another advantage is minimizing the risk for falling and the
possibility that users can experience a smoother and more natural gait (see Chap. 1)
[2].

Several communication channels took place in walker-assisted gait. As described
by Sierra et al., the robotic walkers equip sensors and actuators that allow them to
interact with the users and acquire information from them [1]. This concept refers to
Human–Robot Interaction (HRI), which comprises strategies that provide cognitive
and physical communication between the device and the user [2]. Similarly, the
robotic walkers frequently move within complex and dynamic environments, such
as clinical and rehabilitation settings. In this sense, the walkers employ sensory
architectures and actuation interfaces to acquire information about the environment
[2]. This concept refers to Robot–Environment Interaction (REI), which comprises
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control strategies that provide guidance, autonomous navigation, and safe movement
within a particular environment [1].

In addition, recent studies in robotic walkers have coined the term Human–
Robot–Environment Interaction (HREI) [1–3]. This concept refers to the communi-
cation loop that involves the user, the device, the environment, and the healthcare
professional. In this way, the HREI strategies provide natural and compliant user
interaction, and effective environment sensing while maintaining safety require-
ments [1]. As an illustration, Fig. 4.1 shows the communication loops that took place
during walker-assisted gait.

The design process of an intelligent walker involves several considerations and
parameters. It focuses on the user requirements and analyzes their locomotion
impairments and their cognitive and sensory affectations. Moreover, the design
process requires the continuous assessment of the user perception to guarantee daily
living acceptance [4].

This chapter covers some of the main developments related to intelligent walkers,
focusing on: (1) the assistance functionalities, (2) the employed control strategies,
and (3) the mechanical structure. This chapter also details fundamentals notions for
the design of robotic walkers based on a literature review.

4.2 State of the Art About Smart Walkers

There is a wide variety of robotic walkers reported in the literature, which offer
multiple functionalities for gait assistance and rehabilitation. On the one hand,
these devices provide natural gait patterns, lateral stability, and weight support.
On the other hand, they offer fall prevention, obstacle avoidance, intuitive control

Smart WalkerUser
Environment

Human-Robot 
Interaction (HRI)

Robot-Environment
Interaction (REI)

Human-Robot -Environment Interaction (HREI)

Smart Walker

Fig. 4.1 Communication channels during a walker-assisted application
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strategies, and comfortable interaction. This section describes the conduction of
a literature review to categorize and analyze the most relevant functionalities and
control strategies of the robotic walkers.

This literature review followed the PICO search strategy to obtain an evidence-
based classification. PICO is an acronym for Patient, Intervention, Comparison, and
Outcome. It aims at formulating an appropriate research question to find the most
relevant information, using previous experience and reported outcomes [5]. In this
chapter, the following constructs yielded the PICO strategy:

• (P): Patients with motor limitation and healthcare professionals who use smart
walkers in rehabilitation processes.

• (I): Interventions and validations of a specific control strategy and assistance
functionalities, conducted in laboratories or clinical settings.

• (C): Studies comparing the performance of the walker-assisted trials with
unassisted gait or passive device such as conventional rollators.

• (O): Research outputs about the operation and performance of the control
strategies in smart walkers.

According to the above, the following equation based on Boolean logic was used:

(“Smart Walker*” OR “Robotic Walker*”) AND

(“Gait Assistance” OR “Assistive Gait” OR

“Walker-assisted Gait” OR “Gait Rehabilitation” OR

“Walker functionalities” OR “Walking Assistance”) AND

(“Control systems”)

The inclusion criteria were as follows: (1) articles that described the walker
functionality and internal systems, (2) articles reporting smart walkers targeted at
individuals with gait impairments, (3) articles in English. The exclusion criteria
were as follows: (1) articles reporting rehabilitation robots for different conditions,
(2) non-intelligent assistive devices, (3) publications before 1998. The search
strategy was implemented in the following databases: IEEE Xplore, PUBMED, and
Google Scholar.

The PICO search methodology resulted in 407 articles found at Google Scholar,
48 at IEEE Xplore, and one at PUBMED. A total of 65 articles were selected based
on the inclusion and exclusion criteria. Table 4.1 describes a summary of the robotic
walkers found from the literature review. From these walkers, the following sections
explain an analysis of their main characteristics.
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Table 4.1 Summary of smart walkers with their purpose and configuration

Year Name Main purpose Configuration

2000 PAMM [6] Biomechanical monitoring Active + Caster/Orientable wheels

2003 VA-PAMAID [7] Safety provision Active + Caster/Orientable wheels

2003 NOMAD [8] Guidance and navigation Active + Fixed/Swedish wheels

2005 MONIMAD [9] Safety provision Active + Fixed/Orientable wheels

2008 GUIDO [10] Safety provision Active + Caster/Orientable wheels

2008 I-WALKER [11] Safety provision Active + Orientable wheels

2010 JARoW [12] Biomechanical monitoring Active + Omni-d. wheels

2011 I-GO [13] Estimation of movement’s intention Active + Fixed/Omni-d. wheels

2011 SIMBIOSIS [14] Estimation of Movement’s Intention Active + Caster/orientable wheels

2011 ODW [15] Guidance and navigation Active + Omni-d. wheels

2012 UFES [16] Biomechanical monitoring Active + Fixed/Caster wheels

2012 WCIWAR [17] Estimation of movement’s intention Active + Omni-d. wheels

2012 CAIROW [18] Remote control Active + Fixed/Caster wheels

2013 ASBGo [19] Guidance and navigation Active + Fixed/ASOC wheels

2015 EYE WALK [20] Guidance and navigation Passive + Orientable/Fixed wheels

2017 MOBOT [21] Estimation of movement’s intention Active + Fixed/Caster wheels

2017 WACHAJA [22] Guidance and navigation Passive + Caster/Orientable wheels

2019 AGoRA [1] Guidance and navigation Active + Fixed/Caster wheels

4.3 Physical Structures

This section will provide insights into the structural differences in the construction
of robotic walkers and their advantages and disadvantages. Moreover, this section
will describe several safety structures that aim at providing additional physical
support and balance to the users.

4.3.1 Definition of Physical Structure

At first glance, several factors influence the mechanical structure of a robotic walker.
For instance, it involves factors such as the shape, the number and configuration of
the wheels, the type of grip, and the locomotion type. The most common structures
in robotic walkers involve three or four-wheeled devices. Similarly, depending on
the locomotion type, the walkers can be passive, active, or hybrid. More specifically,
the active and hybrid configurations employ electric motors such as DC motors,
brushless hubs (i.e., motors embedded in wheels), servomotors, and steppers (see
Chap. 2).

The physical structure of a robotic walker influences the ability to provide
assistance, rehabilitation, stability, and balance during mobility [23, 24]. On the
one hand, passive structures introduce mechanical enhancements to improving gait
stability without employing traction actuators. Some of these improvements include
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increasing the base size or distributing weightier elements in the lower part of the
structure. Similarly, passive approaches have also reported replacing of conventional
handlebars with forearm support platforms [2].

On the other hand, the walkers offer active physical structures by installing
traction or steering motors in the wheels and employing electrical braking systems.
These actuators aim at compensating the user locomotion requirements, the device
kinematics, and the environmental demands (e.g., slopes). The actuators also
provide the necessary energy to move the device [2].

4.3.2 Examples of Physical Structures

According to the findings of the search strategy, these are some of the physical
structures:

• Circular shape: The JARoW smart walker (School of Information Science,
Japan Advanced Institute of Science and Technology, Japan) is an active device
with three structural parts, the base frame, the upper frame, and the connecting
rods. This smart walker provides forearm support and offers help during gait
by reducing the weight load on the joints of the lower extremities [12]. The
JARoW has two semi-circular frames that engage with vertical poles, three
omnidirectional wheels, and the frame allows forearm support and joint grip [12].
Overall, the JARoW smart walker has a circular shape, reducing collisions with
obstacles [24].

• U-Shape and square shape: The i-go smart walker (Chyao Shiunn Electronic
Industrial Ltd., Shanghai, China) comprises an U-shaped frame and a regulating
rod to adjust the height of the handles [24]. Similarly, the AGoRA (Department
of Biomedical Engineering, Colombian School of Engineering Julio Garavito,
Colombia) is an active device with a small square shape, six wheels, and long
handles [1]. The CAIROW robotic walker (Department of Electrical Engineering,
National Taiwan University, Taiwan) is an active device with a medium-sized
cubic frame, motorized and steerable wheels, and u-shaped handles that provide
support and firmness [18].

• Adjustable shape: The WCIWAR smart walker (Centre of Neural Interface &
Rehabilitation Technology, Huazhong University of Science and Technology,
China) is a Width Changeable Intelligent Walking Aid Robot. It integrates a
support frame, a mobile base with three servo-driven castor wheels, and two
wheels in the middle for weight support. This walker has an array of sensors
placed in the armrest to measure the interaction forces, a signal processing
system, a rechargeable battery, and a control system for the servo motors to move
the base in all directions. The WCIWAR also has an electric cylinder aimed at
stretching the rods positioned at both sides of the walker. With this system, the
walker can vary its width to confer the ability to pass through narrow corridors
or give more stability in spacious environments [17].
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Another device with an adjustable shape is the ASBGo robotic walker
(Center for MicroElectroMechanical Systems, University of Minho, Guimarães,
Portugal). This device equips electric lifting columns to adjust the device height.
Moreover, this walker can also perform lateral adjustments of the handles to
meet the patient shoulder width. In addition to this, the ASBGo walker includes
a handle to assist sit-to-stand transfers [24].

As reported by the ABSGo walker, another essential physical feature of the
robotic walkers is their ability to assist in sit-to-stand and stand-to-sit transfers.
This feature reduces the patient effort and decreases the workload of the healthcare
professional [25]. The MONIMAD walker (Institut des Systemes Intelligents et de
Robotique, Universit e Pierre et Marie Currie, France) also offers this feature. It is
an assistive device that combines sit-to-stand transfers with walking assistance for
older adults and people with locomotion impairments. In this way, the MONIMAD
walker allows rehabilitation and mobility assistance and postural stabilization [9].
Particularly, postural stabilization has become a significant characteristic in walkers,
as it is an essential step in the rehabilitation process of neurological patients and
older adults [13].

4.4 Safety Provisions

Safety is one of the main features of assistive devices such as robotic walkers. In
general, walkers can provide safety strategies with physical equipment or through
software and sensing architectures. The following sections describe these two
approaches.

4.4.1 Safety Physical Provisions

In gait rehabilitation and assistance, the patients commonly exhibit stability and
balance impairments. In this sense, walkers often equip safety equipment such as
belts and suspension systems. This type of equipment is mainly required at the early
stages of rehabilitation or in neurological patients. It provides partial body weight
support and increased stability [25]. For instance, the CPWalker is a combined
platform (i.e., exoskeleton and walker) that provides gait rehabilitation to children
with cerebral palsy. This device equips a suspension system that lifts the patients
during training sessions [26].

Some solutions help the users during sit-to-stand and stand-to-sit transfers. They
include special handlebars attached to the walker structural frame. For instance, the
MOBOT platform and the walker proposed by Chugo et al. are active walkers with
this functionality [27, 28]. These implementations are of great relevance, as they
reduce the risk for falls during these transfers.

Other safety approaches employ braking and emergency stop systems. These
systems aim at stopping the device when the user needs it [2]. For instance,



4 Fundamentals for the Design of Smart Walkers 127

some walkers like the Wachaja et al. walker (University of Freiburg, Freiburg,
Germany), and the I-walker (Technical University of Catalonia, Spain), equip
braking systems on the handles [11, 22]. The I-walker also uses a vibration alarm
system interconnected to the brakes. This system warns the users about nearby
obstacles. Thus, they can activate the brakes, avoiding possible falls and injuries
[11].

4.4.2 Sensory Provisions for Safety

In addition to the physical approaches, some solutions employ the walker sensory
interface. For instance, walkers provide using fall prevention systems and speed
limiters. Likewise, other devices also equip modules for detecting obstacles, slopes,
and stairs [2, 4]. To this end, the walkers exploit the information retrieved from
laser rangefinders, ultrasonic sensors, proximity sensors, force and pressure sensors,
infrared sensors, inertial sensors, among others [2, 25].

4.4.2.1 Fall Prevention
Fall prevention systems are essential modules that detect hazardous conditions that
could lead to falls. In most cases, these systems employ vision systems and inertial
sensors to monitor the users [29].

For instance, the ASBGo walker includes a safety strategy that continuously
monitors the user center of mass and performs a trajectory and orientation change
when an abnormality is detected [30]. Likewise, this walker detects dangerous
situations such as excessive separation between the user and the device, abnormal
gait patterns, and asymmetrical supporting forces on the handles [30]. These
situations are detected to reduce the risk for falls.

Another concept to prevent falls is the Zero Moment Point (ZMP) recognition.
This concept is essential for bipedal modeling and consists of detecting the vertical
projection of the user center of gravity [31]. A polygon within the walker is defined,
and the user center of gravity must lie inside it [31]. Exceeding the limits could mean
an imminent fall, and the position of the center of gravity determines the type of fall
(e.g., backward, lateral, or frontal) [31]. This strategy combines the information
from force sensors and a laser rangefinder. The SIMBIOSIS walker (Bioengineering
Group, CSIC, Spain) has reported implementation of this strategy [14].

There are several sensors useful to detect and prevent falls. For instance, Fig. 4.2
illustrates a particular sensory architecture for this purpose. Implementations in the
literature also report alarm systems to advise when the user is about to fall [32].

4.4.2.2 Obstacle Detection and Avoidance
Detecting surrounding obstacles in robotic walkers is essential to guarantee security
in patients with visual, balance, and coordination impairments [2]. These systems
help users to avoid obstacles through sound or vibration alerts. Several walkers
offer this sensory system employing multiple sensory interfaces as shown in Fig. 4.3
[4, 33].
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Fig. 4.2 Fall detection
systems employ several
sensor modalities. Force and
pressure sensors measure
physical interaction applied to
the forearm supports by the
user. Laser rangefinders
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Fig. 4.3 Obstacle detection
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The PAMM (Department of Mechanical Engineering Massachusetts Institute of
Technology Cambridge, USA) and CAIROW walker provide support on unstable
terrains because it has a camera and laser to detect obstacles [18, 34]. This walker
uses a camera and a sonar to detect possible obstacles [6]. Similarly, the AGoRA
walker, the CAIROW, the i-Walker and the Width Changeable Intelligent Walking
Aid Robot (WCIWAR) are designed for obstacle detection [17]. These robots slow
down when the sensors detect an obstacle, ignoring the impulse force of the user.
Finally, the platform stops at a short distance no matter how large the force is the
force that the user exerts [11].

These systems employ ranging sensors (e.g., laser rangefinders and ultrasonic
sensors) to detect the obstacles around the walker [1, 2]. A particular shortcoming
of these strategies refers to the inability to sense low-rise obstacles. Likewise, light-
based sensors exhibit problems detecting reflecting objects and glass-like surfaces.

Other platforms with obstacle detection systems are the NOMAD XR4000 walker
(School of Computer Science Carnegie Mellon University Pittsburgh, USA) and
the GUIDO (University of Pittsburgh, USA) walker. Given that visually impaired
populations are the target population of these walkers, they employ laser scanners,
ultrasonic sensors, and infrared sensors to detect obstacles [8]. Also, the WACHAJA
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walker equips an obstacle detection system with a haptic alarm system. It has a
vibration belt and two vibration motors on the handles. These motors send haptic
warnings when an obstacle is nearby [22].

4.4.2.3 Stairs and Slopes Detection
The detection of slopes and stairs differs from the detection of obstacles because
horizontally placed sensors cannot detect changes in the ground slope [35]. The
presence of stairs also requires a different approach based on specific programming,
sensors, and functions. Figure 4.4 illustrates a sensory architecture for stairs and
slope detection.

As shown in Fig. 4.4, inclination sensors allow sensing significant changes in
the ground slope. Cameras can feed video processing algorithms to estimate the
presence of stairs. Ranging sensors detect changes in surfaces and detect stairs by
sensing distances in the environment [14].

4.4.2.4 Speed Detection
Speed detection systems seek to implement safety measures when the walker moves
at high speed. If the users exceed the speed limits, the robot takes action and slows
down. Moreover, speed detection systems also aim at adjusting the walker’s speed to
meet the user walking pattern. To this end, the walker requires odometry sensors to
estimate its velocity. Likewise, the speed calculation also requires ranging sensors
to locate the lower limbs of the user [12, 15].

For instance, the JARoW walker can autonomously adjust the direction and speed
of its movement according to the walking behavior of the user. To this end, it equips
a rotating infrared system to estimate the current location of the lower limbs of the
user. A control algorithm is in charge of sending actuation commands to the motors
and matches the user speed [12].

Similarly, the PAMM walker automatically adjusts its motion to the user behav-
ior. It monitors the walking direction, gait speed, and grip strength of the walker.
This robotic walker has an adaptive shared control system that allows the patient to
modulate the speed and direction of movement. If a hazardous condition occurs, the
platform takes control of the speed [34]. Figure 4.5 shows sensors related to speed
detection on robotic walkers.

Fig. 4.4 Stairs and slope
detection systems require
several sensory interfaces.
They include cameras to
detecting slopes and stairs
from images. Laser
rangefinders allow to detect
stairs. Inclinometers measure
displacements in the ground
and inclinations of the
walkers

Inclinometer
LRF

Camera

3D sensors
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Fig. 4.5 Speed detection
require several sensors such
as cameras, infrared sensors,
laser rangefinders, encoders,
and accelerometers. They
allow to measuring the speed
of the user and the smart
walker

Wheel encoder
Accelerometer

Infrared sensor
LRF

CCD camera

4.5 Human–Robot Interaction Strategies

There is evidence in several fields of society about the need for human–robot
interaction to reduce human workload, increase productivity, reduce costs, and
reduce fatigue-associated factors [36]. In walker-assisted gait also occurs a human–
robot interaction loop between the user and the device (see Fig. 4.1). This interaction
can be whether cognitive or physical, and the device sensors, actuators, and physical
structure facilitate it [23]. Multiple robotic walkers employ human–robot interfaces
to provide compliant, safe, and natural interaction [1]. The following sections will
describe the main functionalities of such interfaces and the used sensors.

4.5.1 Estimation of Movement’s Intention

Making the robot understand the motion intention of the user is a critical problem
in human–robot interaction. It allows the robot to actuate compliantly. There are
several ways to achieve this interaction. On the one hand, admittance controllers
employ information about the force exerted by the user to generate linear and
angular velocities from the interaction force and torque (see Chap. 9). These
strategies should guarantee that the device is easy to maneuver and does not add
additional load to the user. On the other hand, other approaches employ cognitive or
non-physical interaction between the user and the robotic walker. These strategies
commonly apply touch-less follow-in-front controllers that use the orientation and
distance between the user and the device.

In general, the estimation of motion intention facilitates the control of the walker
by the user. These controllers are present in multiple robotic walkers reported in the
literature. For instance, the UFES walker (Electrical Engineering Department at the
Universidade Federal do Espírito Santo, Brazil) employs a sensor fusion strategy to
extract the force and torque signals. An adaptive admittance controller uses these
signals to generate motion on the device, while a modulation strategy sets the gains
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to make the user follow a specific path [23]. Other developments with the UFES
walker have proposed follow-in-front controllers based on an inertial sensor and a
laser rangefinder [23]. Likewise, the ODW (Department of Intelligent Mechanical
Systems Engineering, Kochi University of Technology, Japan) robotic walker and
the AGoRA walker also equip force and torque sensors that measure the intention
and intensity of the user support [1, 3].

On the one hand, to identify the directional motion intention, the walkers use
force sensors and pressure sensors [1, 2, 23]. On the other hand, cognitive strategies
employ cameras and sensors to detect user intention [37]. In some cases, these
sensors can be expensive. Therefore, recent studies proposed variants based on
optical fiber, dynamometers, or instruments to transfer the force pattern [38].

The estimation of motion intention ensures the safety of the walker and offers
an intuitive walker-user interaction. This functionality requires several sensor
modalities, as shown in Fig. 4.6.

4.5.2 Biomechanical and Health Monitoring

Biomechanical monitoring aims at obtaining physiological measurements of the
user through multiple sensory modalities. For this, the robotic walkers employ
heart rate sensors, inertial sensors, SpO2 sensors, thermometers, laser rangefinders,
infrared sensors, among others [2]. Non-wearable technologies such as motion
analysis laboratories (e.g., VICON and BTS) are also helpful to extract kinematic
information of the human-walker interaction [39].

On the one hand, these sensors monitor the users and make them feel more
secure. Monitoring also has a direct impact on the walker acceptability and helps the
users get used to it. On the other hand, these sensors provide the physiotherapists
with data from the user gait pattern and rehabilitation progress [1, 25].

Fig. 4.6 The estimation of
motion intention employs
force sensors, pressure
sensors, laser rangefinders,
and tilt sensors to detect the
user’s motivational demands

Force sensor
Pressure sensor

LRF

Tilt angle sensor
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4.5.2.1 Gait Parameters Monitoring
Gait monitoring system detects and records the movements, characteristics, and
events of human walking. These parameters are of great importance to recognize
pathological gait patterns in patients with neuromusculoskeletal diseases [4, 40].
These elements provide safety and assistance to the user because it allows the
assessment of alignment and plantar support imbalances that can trigger the
appearance of overloads and possible injuries [41, 42].

As previously explained in Chap. 5, these systems detect gait phases such as
heel strike, toe-off, heel-rise, and toe contact events [4]. To this end, the walkers
require several sensors, as shown in Fig. 4.7. For instance, the PAMM walker and
the AGoRA walker can track the user speed, calculate the step-by-step variability,
the gait symmetry, the step length, and estimate the user’s frequency stride [6, 34].

To this end, these systems require the implementation of ultrasonic sensors, laser
rangefinders, inertial sensors, force sensors, among others [34]. In some cases,
the detection of human gait requires additional devices worn on the human body,
e.g., belts and inertial sensors. However, this can cause difficulties in outdoor
environments.

For instance, the JARoW walker uses rotating infrared sensors to detect the user’s
lower limbs [12]. The SIMBIOSIS walker includes a monitoring system that tracks
the gait trajectory [43]. The CAIROW walker utilizes a laser to monitor the gait
pattern, especially for the Parkinsonian gait [18]. The device employs an advanced
gait analysis system, two integrated lasers, and an arrangement of sensors on the
handles.

4.5.2.2 Health Monitoring
This concept refers to the detection and analysis of physiological parameters related
to the user-health. Similarly, health monitoring also seeks to support the therapist
in monitoring the user’s motor skills and supervising daily exercises [4]. The
user-related information is often processed and analyzed by medical partners for
rehabilitation purposes [11].

Fig. 4.7 Gait monitoring
requires laser rangefinders,
cameras, ultrasonic sensors,
proximity sensors, inertial
sensors, and infrared sensors
to measure the lower-limb’s
kinematics

Camera

Proximity sensor
Ultrasonic sensor

LRF
Infrared sensor



4 Fundamentals for the Design of Smart Walkers 133

Continuous monitoring of patients is a challenging task in physical rehabilitation.
Moreover, patient self-assessments are often unreliable, either because of poor
memory or to avoid therapeutic interventions. Therefore, the walkers can help
therapists obtain a complete and valid assessment of the user-health condition. To
do this, the walker must have the ability to collect and recognize the user activity
[2, 25]. These types of systems include several sensors as shown in Fig. 4.8.

For instance, the VA-PAMAID walker (Human Engineering Research Laborato-
ries, University of Pittsburgh, USA) includes an application that collects relevant
data taken through physiological sensors. It employs a heart rate sensor, a SpO2
sensor, a blood pressure sensor, and thermometers that display vital signs. The
system is also externally supervised via Wi-Fi, allowing therapists to obtain real-
time information on the user-health [7]. In addition, research with the UFES walker
shows that this technology can store emergency reports and patient medical history
[7]. In the case of the PAMM walker, it incorporates an ECG-based monitor intended
to detect short-term changes and long-term health trends [34].

4.5.3 Guidance and Navigation

Guidance and navigation require odometry sensors and ranging sensors. For
instance, encoders, GPS, compasses, and inertial sensors provide the position
and orientation information of the walker. Similarly, laser rangefinders, cameras,
and ultrasonic sensors provide environmental data. These navigation systems use
software that allows a shared control between the user and the walker. Studies
with the AGoRA walker report that when walkers provide this type of control, users
feel more comfortable and natural when interacting with the environment [1]. This
shared control is helpful in crowded navigation environments because the device
has a general map of the environment, while the user controls the decisions on the
local navigation [22].

The navigation system commonly requires path monitoring modules that handle
discrete and continuous planning, providing unobstructed routes. This feature also

Fig. 4.8 User-health
monitoring require sensors
such as heart rate sensors,
Sp02 sensors to measure the
oxygen saturation, blood
pressure sensor, and
thermometers

ECG-pulse monitor
SPO2 sensor
Blood pressure sensor
Thermometer
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allows the dynamic detection of obstacles and the safe locomotion of the robot while
guiding the human. These systems help users walking more naturally as they reduce
their cognitive load [1, 44]. It requires several sensors, as shown in Fig. 4.9.

For instance, the GUIDO robotic walker is a healthcare robot that serves as a
support and navigation aid for the fragile and visually impaired population. Many
technologies are implemented in GUIDO to let it achieve its tasks: simultaneous
localization and map building, pose tracking, path planning, and human–robot
interaction [10].

Likewise, the Nomad XR4000 walker is for people with cognitive impairments.
This walker provides navigation and global orientation through robot localization
and navigation software combined with a shared control interface [45]. This robot
has an omnidirectional drive. It provides physical support to users and is ideal for
navigating in corridors, similar to the WCIWAR walker. It uses a motion model of
the user, combining force data with navigation. The force sensor records the reading
and logs it to the trajectory commands [17].

4.5.3.1 Autopilot System
Autopilot systems intend to allow a robot that navigates by itself following the
desired route while avoiding obstacles. They also comprise systems like GPS,
infrared sensors, cameras, magnetometer, and onboard microcontrollers to help
route following processes [46].

The C-walker walker developed by Siemens has this system, and the target
population is people with cognitive impairments. The walker equips a Kinect sensor
(see Fig. 4.10) that enables the system to monitor its spatial surroundings in real-
time [47].

Fig. 4.9 Path monitoring
requires sensors such as
digital compasses, cameras,
laser rangefinders,
inclinometers, and inertial
sensors (IMU)

Inclinometer

LRF

Digital compass

Camera
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Fig. 4.10 For the autopilot
system the smart walker
comprises a Kinect sensor
that enables the device to
determine obstacles, the
direction in which people are
moving and warning signals
on buildings [47]

Kinect 

4.6 Control Strategies

A control strategy is in charge of executing the corresponding actuation commands
to achieve a desired functionality or objective. The robotic walkers employ different
control strategies for multiple purposes. This chapter describes several controllers
such as (1) fuzzy logic controllers, (2) kinematic controllers, (3) admittance
controllers, (4) follow-in-front controllers, among others. These control strategies
aim at providing motion intention detection, safe and natural interaction, obstacle
detection, and gait monitoring.

4.6.1 Fuzzy Logic Controller

Fuzzy logic is a concept that uses expressions that are neither true nor false. It
applies to statements that can take any value within a set of values that oscillate
between absolute truth and total falsehood. This term allows treating imprecise
information in terms of fuzzy sets to define actions [48].

Many walkers use fuzzy logic controllers since they can infer environmental data
even under motion uncertainties. These receive as inputs distances obtained from
sensors, and their output is differential velocities for the walker [14]. The idea of
these drivers is that they employ information obtained from experimental situations
(see Fig. 4.11). New ways of developing fuzzy controlled systems include neuro-
fuzzy systems that allow the programmer to obtain more data from prediction [49].

The ODW and the SIMBIOSIS walkers employ fuzzy logic to develop their
control system. These devices establish relationships between forearm pressure
and directional intention extracted from fuzzy logic [15]. The measurements used
to carry out fuzzy reasoning were forearm pressure while turning right/left while
moving forward/backward and going right/left from the start. Finally, the knowledge
from fuzzy reasoning has its basis on the compatibility grade between the fact and
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Fig. 4.11 Block diagram of an application from a fuzzy controller in a smart walker

the antecedent [50]. In this case, the fact is the force exerted by users with walking
impairments on the sensors. The antecedent is the force exerted by healthy users on
the sensors [15].

4.6.2 Admittance Controller

The admittance control transforms the forces and torques to the desired velocities
for the walker. When the admittance control is in the task space needs the Jacobian
matrix, while the joint space requires inverse kinematics [51]. In robotic walkers,
these controllers generate reference speeds from movement intention [1, 3].

The admittance controller allows driving the walker from the forces and torsions
exerted on the handles. The controller gains can be constant or periodically
re-configured to give users the feeling of ease and naturalness during physical
interaction with the walker [1]. Admittance controllers model robotic walkers as
first-order mass damping systems. The inputs are force (F) and torque (t) applied to
the device by the user, and the outputs of these controllers are linear (v) and angular
(w) velocities [1, 3].

Robotic walkers such as the UFES walker, AGoRA walker, and the PAMM walker
extract force and torque signals and feed admittance controllers for motion control
[1, 3, 34]. Figure 4.12 shows the block diagram of an admittance controller.

4.6.3 Kinematic Controller

The kinematic models of a mobile robot are used within the design of controllers
when the robot performs tasks or missions at low speed and with little load about
its structure. Path tracking is possible to achieve using a control law, in which the
mobile robot reaches and follows with zero error desired states that vary with time.
This trajectory control uses two subsystems in cascade: (1) kinematic control is in
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charge of fulfilling the objective of the task; (2) dynamic compensation control is
the one in charge of compensating the robot dynamics [52].

The diagram shown in Fig. 4.13 shows the general scheme of a kinematic
controller used in an intelligent walker application. The system broadly indicates
the interaction between the sensors and the movement angles of the user’s knees. In
this interaction, the controller ensures correct and harmonic movement [53].

A device developed from the frontal tracking of the user is the Rollator, which
proposes a virtual push approach through a kinematic controller. An equilibrium
distance is defined when the system is at rest. If the user passes the balance point
and approaches the robot, the robot starts moving depending on the human–robot
distance [54].

The iReGo walker is a rehabilitation platform designed to facilitate lower
extremity rehabilitation training based on movement intention recognition. The
walker first identifies the user’s intention to move from the interaction forces on the
left and right sides of the pelvis. Then it uses the kinematic model to generate the
appropriate riding speeds to support the weight of the body and improve mobility.
For this device, the workspace, dexterity, and force field are analyzed based on a
Jacobian system [55].



138 J. Aristizabal-Aristizabal et al.

4.7 Conclusions

This chapter analyzed a total of 18 relevant robotic walkers from the literature.
At first, it described several physical structures according to some of the found
walkers. Then, it presented an overall description of the sensors, functionalities,
and interfaces of these walkers. Similarly, this chapter described some of the most
common interaction strategies for robotic walkers. The information described in this
chapter provides fundamental concepts in the design process of new smart walkers.
Chapter 9 delves into the mathematical formulation and implementation of multiple
control strategies for human–robot interaction, robot–environment interaction, and
human–robot–environment interaction.
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5SensingMethodologies for Gait Parameters
Estimation and Control

Maria J. Pinto-Bernal , Sergio D. Sierra M. , Marcela Múnera,
and Carlos A. Cifuentes

5.1 Introduction

Mobility is one of the essential faculties and can be defined as the ability of an
individual to freely move through multiple environments and perform activities
of daily living with ease [1, 2]. Following a neurological dysfunction, such as
stroke, mobility may be affected and only a short period might remain to take
advantage of the inherent adaptability and plasticity of the central nervous system
[3]. Reestablishing adequate mobility for individuals with lower-limb impairments
is often a complex challenge and frequently involves the interdisciplinary efforts
of many medical, surgical, and rehabilitative specialists [4]. Thus, robotics-based
training is considered a potential aid, not only for patients but also for healthcare
professionals.

Although these diseases that compromise mobility are well identified and
studied, just a small group of individuals can be entirely reversed by surgical
or rehabilitation procedures [5]. In other words, most of the patients who suffer
disorders of gait are left with consequences. In this context, it is paramount to
mitigate disability and the deterioration of the quality of life of these individuals.
It is necessary to develop techniques that enhance the rehabilitation processes to
improve patient mobility safely and efficiently [6]. Therefore, gait analysis has
been used to help therapists who wish to monitor the recovery of patients going
through rehabilitation processes [7]. Within clinical settings, gait classification
can be implemented as part of the control parameters for functional electrical
stimulation [8, 9], estimation of the risk of older adults fall [10], the detection of
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abnormal gait pattern in patients with paretic limbs, and their classification based
on known pathologies [11]. Besides, an atypical gait pattern can be an indicator of
the progression of neurological disorders. For instance, atypical gait patterns have
been proven to predict if seniors will develop dementia or cognitive decline [12].

Regarding the field of robotics, researchers have managed to program humanoid
robots to use human-based gait trajectories generated via gait classification [13], as
well as consistently control wearable assistive devices such as robotic prostheses
[14] and orthoses [15] for the recovery of lower-limb mobility. In particular, gait
phase detection methods have been used in robotic lower-limb orthoses to command
force-field behaviors according to the detected gait sub-phase. Due to the recent
rise in lower-limb exoskeletons as an alternative for gait rehabilitation, gait phase
detection has become an increasingly important feature in controlling these devices.

This chapter aims to present strategies for the automatic identification of gait
phases and their applications. To this end, firstly, it is essential to identify the
importance of gait parameters to have a successful gait analysis in rehabilitation
scenarios; and secondly, it is necessary to recognize the most commonly used
portable devices for gait analysis with their advantages and disadvantages. The
main content of this chapter is organized into five thematic sections, addressing
relevant aspects regarding gait phase estimation and essential aspects covering their
applications in rehabilitation settings. Section 5.2 begins with the definition of the
spatiotemporal parameters that describe the gait pattern. Section 5.3 presents the
most commonly used wearable gait analysis devices. Section 5.4 describes two
methodologies to automatically classify and detect the gait phases for assistive and
rehabilitation applications. Section 5.5 illustrates a walker-assisted gait case study,
where an online methodology is presented to estimate gait parameters. Finally,
Sect. 5.6 presents the conclusions and recommendations for future works in this
field and the challenges of gait phases estimation in the rehabilitation context.

5.2 Spatiotemporal Gait Parameters

Spatial and temporal parameters or indicators characterize the gait cycle (presented
in Chap. 1). These indicators commonly refer to the step time (seconds), stride time
(seconds), step length (meters), stride length (meters), cadence (steps per minute),
walking speed (meters per second), foot angle (grades), single limb support time
(seconds), double limb support time (seconds), and stance-to-swing ratio. These
time and distance parameters provide an index of an individual’s walking patterns.
It is essential to highlight that these parameters are dependent on an individual’s
walking speed. Therefore, it is recommended that individuals walk and their freely
selected cadence during a gait analysis exam. On the other hand, although temporal
gait parameters are often helpful when diagnosing pathological conditions and
evaluating treatment efficacy, these parameters rarely provide sufficient insight into
the origin of gait abnormalities [16].

Step length is the longitudinal distance from heel strike (HS) of one foot to
contralateral HS. Step time is the elapsed time associated with the step length.
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Stride length is the longitudinal distance between the occurrences of the same event
(e.g., HS) with the same foot. Normal gait is symmetrical; hence, stride length is
equal to twice the step length. Stride time is the elapsed time associated with the
stride length. Cadence is defined as the rate at which an individual ambulates and is
measured in steps per minute. The rate at which an individual ambulates at a self-
selected comfortable speed is termed natural cadence. Walking speed represents
the overall performance of walking. It is the rate of displacement change along
the predefined direction of progression per unit time. Walking speed is also the
product of step length and cadence. Foot angle is the angle between the line of
progression and the foot axis. Foot angle is positive when the axis points lateral
to the line of progression. Foot angle is zero when the foot axis is parallel to the
line of progression. Foot angle is negative when the foot axis points medially to the
line of progression. Single limb support is the elapsed time of the gait cycle during
which one foot contacts the ground. Double limb support is the elapsed time of the
gait cycle during which both feet are in contact with the ground. Single and double
limb support may also be expressed as a percentage of the overall gait cycle. The
stance-to-swing ratio is the stance interval divided by the swing interval [16–19].

5.3 Wearable Gait Analysis Devices

Gait analysis has become an essential task in clinical and rehabilitation programs,
as it provides powerful insights into the individual’s gait quality, the behavior of
the gait pattern, and other dynamic factors [20]. Moreover, the output from a gait
analysis process can offer information that is characteristic of a particular gait
pathology or impairment. Thus, individualized treatments can be proposed.

Nowadays, the applications of gait analysis are divided into two main categories:
clinical gait assessment and gait research purposes. Despite both seek to improve
the human quality of life, clinical gait assessment (addressed in Chap. 10) has
the purpose of helping individual patients directly, whereas gait research aims to
improve medical diagnosis or treatment by improving the understanding of gait
[21]. For instance, the gait spatiotemporal parameters are widely used in control
algorithms for robotic applications and several rehabilitation programs [2, 22]. The
smart walkers use gait information to provide natural and safe control strategies
[2,23]. Similarly, estimating users’ gait speed is useful to implement follow-in-front
controllers or intention-based strategies in smart walkers [24–26]. Furthermore, it
has been demonstrated that the tracking of gait parameters during rehabilitation
processes may offer an overall indicator of patients’ gait health [27].

Several gait analysis methods have been used and employed in these applications
according to: (1) the nature of the clinical condition, (2) the individual’s skills, (3)
the available facilities in the clinic or laboratory, and (4) the purpose for which
the analysis is being performed [21]. In general terms, the analysis methodology
strongly relies on the type of sensor used. Among the most common wearable
sensors are: inertial sensors, ultrasonic sensors, laser rangefinder systems, and force
sensors.
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5.3.1 Inertial Sensors

Inertial sensors are gaining increasing popularity in human motion analysis, as
they are commonly worn by the user, provide motion data directly, and do not
require external sources or devices. Using inertial sensors can typically achieve
high accuracy at moderate to high walking speeds or in self-paced walking.
However, their performance noticeably degrades at lower speeds, usually the pace
for individuals with walking difficulties [28, 29].

The typical inertial sensor is the Inertial Measurement Unit (IMU), a combination
of three components: accelerometers, gyroscopes, and magnetometers. This device
can measure gravitational force, speed, and orientation. With these parameters it is
possible to make estimations of the gait phases, as well as spatiotemporal parameters
[30]. The implementation of different sources of information in IMUs makes them
a very robust sensor, and they often require complex fusion algorithms to get
improved estimations [27].

Accelerometers are the most widely used option if an outpatient gait analysis is
required; these have certain advantages such as reduced size, highly mobile, low
cost, and power consumption [30]. Accelerometers are transducers used to measure
linear and angular accelerations. They can be arranged in either uni- or multi-axial
configurations. These devices are designed according to Newton’s second law of
motion and Hooke’s law [31]. Displacement and velocity sensors can be used in
combination with derivative circuits to measure acceleration. Direct measurement
of acceleration can also be obtained with the use of compact accelerometers
[31]. However, its use carries several factors such as: (1) the need for gravity
compensations, (2) increased computational load in the post-processing stage,
(3) the occurrence of drift error in position data, and (4) the need for system’s
calibration to properly locate the sensors in the required application [30].

Gyroscopes are angular velocity sensors. This velocity is a factor whose signal is
not influenced by the vibrations that occur when hitting the heel, and additionally,
this variable is not affected by the force of gravity. In gyroscope, the output is the
obtained periodic results whose patterns are repeated during the gait cycle [30].
To get the references to the framework to these sensors as it is the orientation of
the axis are commonly used the Direction Cosine Matrix (DCM) and Kalman filter
[32]. Today, commercially available inertial sensors measure both linear and angular
accelerations with six degrees of freedom.

Finally, magnetometers provide information related to changes in magnetic
fields. By definition, these devices measure the air’s magnetic flux density and detect
fluctuations in Earth’s magnetic field. With this information, the magnetometers
offer the possibility to find the vector towards Earth’s magnetic North. This is
often used to improve the accuracy of the measurement system through the use of
data from the magnetometer, accelerometer, and gyroscope. Commercially available
inertial sensors with these three types of sensors are considered as nine degrees of
freedom IMUs. They provide a more robust estimation of orientation angles (i.e.,
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yaw, pitch, roll), as well as linear and angular accelerations, and employ better drift
correction strategies [33].

5.3.2 Ultrasonic Sensors

An ultrasonic sensor is an electronic device that measures the distance of a target
object using ultrasonic sound waves and converts the reflected sound into an
electrical signal [34]. An ultrasonic sensor uses a transducer to send and receive
ultrasonic pulses that relay back information about an object’s proximity. These
sensors, for instance, estimate the gait parameters by measuring the distance
between the user’s feet and the floor [27]. In general, these measure kinematic
variables such as the stride length, step length, the distance separating the two feet,
and the distance separating the swinging foot from the ground.

5.3.3 Laser Rangefinders (LRFs)

Laser-based systems or laser rangefinders are optical sensors that use infrared laser
beams for distance measurement in two dimensions. In general, these systems
consist of a transmitter of light pulses arranged on a rotation system that allows
distance measurements at different angles. Most common LRFs are based on the
time-of-flight principle. Under this method, the time it takes for the light beam to
travel to a target and return is measured [35, 36].

The data delivered by the laser sensors can be organized as an ordered sequence
of points in polar coordinates (S), as shown in Eq. 5.1, where ρ corresponds to the
measured distance and θ to the angle.

S = [s1, s2, . . . , sn], si = (ρ, θ). (5.1)

In some applications it is helpful to express the points acquired by the laser in
Cartesian coordinates. Considering that the plane of laser readings corresponds to
the XY plane, Eq. 5.2 illustrates this conversion.

P = [(x1, y1), (x2, y2), . . . , (xn, yn)], : xi = ρ sin(θ), ρ cos(θ). (5.2)

For instance, in walker-assisted gait applications, these sensors track the user’s
legs position and are placed in front of the user at approximately the knee height
[2, 22–24, 37]. Clustering algorithms then process the information retrieved from
the LRFs to estimate the average position of each leg.
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5.3.4 Foot Pressure Sensors

The ground reaction force is an external force acting on the sole during standing,
walking, or running activities. In this sense, the ground reaction force has also
been of interest in human motion analysis [38]. To date, numerous measurement
techniques have been utilized in the study of this type of force. For instance, the
ground reaction force can be measured by sensors placed on the floor [27, 39] or
foot pressure sensors that measure the foot contact with the ground [40]. Other
techniques include floor-mounted transducer matrices, pressure mats, instrumented
shoes, force plates, insole-based pressure systems, and glass plates using the critical
light reflection technique [27].

Studies utilizing floor-mounted force sensing resistors (FSR) or transducers
illustrate barefoot, isolated steps, and insole systems that allow investigation of step-
to-step alterations in gait. Their output requires a straightforward processing, but
they do not provide any information regarding the swing phase of the gait [41].
Specifically, an FSR is a sensor whose electrical resistance changes in proportion
to an applied pressure; as applied to gait phase detection, these sensors are located
in shoe soles so that changes in the plantar pressure can be directly correlated to
the gait phase, since each gait phase can be related to a specific pressure pattern
[42–45]. Flexible pressure sensors experience changing resistances as a function of
pressure. These sensors are inexpensive and have a convenient input composition
[42]. Nevertheless, their use in everyday activities is not recommended as they need
to be placed at optimal locations to accurately detect gait phases, thus requiring an
experienced professional to determine their optimal placement [46]. Additionally,
pressure insoles must be tailored for each subject’s foot, which incurs higher
research costs, and are continuously exposed to tear and friction, which results in a
shorter lifetime [47].

Overall, although these sensors provide essential real-time information correlated
to locomotion, they are low-cost and small size enabling applications in both clinical
settings and home environment applications [41]. Besides, in plantar pressure
studies consideration should be given to possible sources of error. These include
sensor hysteresis, non-linearity, bending, humidity and temperature changes, and
stress shielding secondary to sensor–tissue or sensor–insole interface mechanics
[38].

5.4 Classification of Gait Phases: Exoskeletons’ Case Study

The evolution of technology allows using more sophisticated tools such as pattern
analysis and artificial intelligence to analyze and interpret the motion and gait
analysis. These models allow accurate biomechanical analysis and precise analysis
of the biomechanical effects of orthotics, prosthetics, and assistive devices. This
section will show the theoretical approach, implementation methodology, and
applications of two classification strategies that have been implemented in this book



5 Sensing Methodologies for Gait Parameters Estimation and Control 149

Lower-limb
Exoskeleton

Ankle Exoskeleton
Variable Stiffness

IMU

2

3

4

1 Heel
Strike

Flat
Foot

Heel
Off

Swing
Phase

Dissipate
Energy

Provide
Stability

Provide
Energy

Transparency
Control

Fig. 5.1 Illustration of an assisted gait application using a lower-limb exoskeleton and a variable
stiffness ankle exoskeleton. Gait phases’ information is used to determine the behavior of the
assistive devices

for the automatic identification of gait cycle.1 As an illustration, Fig. 5.1 describes
an example of a lower-limb exoskeleton and a variable stiffness ankle exoskeleton
in a gait assisted application. The assistive devices employ the information extracted
from an IMU to determine the most appropriate control strategy at each gait phase.

First, it is essential to note that several computational methods have been
previously proposed for the automatic segmentation of the gait cycle, which fall into
two main categories. The first category is comprised of algorithms, which divide the
gait phases based on the threshold selection of either raw or processed data [44,48].
Second, some machine learning approaches have emerged in recent years to sub-
stitute the techniques mentioned above that rely on hand-crafted feature extraction.
These adaptive methods extract patterns based on Support Vector Machines (SVM)
[11], Artificial Neural Network (ANN) [43, 49, 50], hybrid algorithms [51], hidden
Markov model (HMM) [52–58], among others.

This chapter implements two classification strategies for the automatic identifi-
cation of four gait phases, drawn from inertial data coming from a single Inertial
Measurement Unit (IMU) located at the foot instep. This sensor is used as means
of gait phase detection thanks to its cost-effectiveness [59] and the fact that inertial
quantities present typical waveform features during a gait cycle [60]. Studies have
been conducted positioning IMUs on the waist [61], thigh [62], shank [63], and foot
instep [8,64]. The IMU placed at the foot instead was because scalar classifiers have

1The implementation of the two classification strategies and the dataset are available at: https://
github.com/midasama3124/hmm_gait_phase_classifier.

https://github.com/midasama3124/hmm_gait_phase_classifier
https://github.com/midasama3124/hmm_gait_phase_classifier
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shown better performance with the sensor placed at this location, even compared to
other vector classifiers involving more inertial sensors placed at different locations
on the lower limb [53].

Regarding the two classification strategies implemented, the first and most easily
implemented strategy is a threshold-based algorithm that determines the gait phases
of interest by establishing specific decision rules and thresholds, which must be
met to jump from one gait phase to another. The other partitioning method may
be viewed as a machine learning algorithm since it requires a training stage and a
posterior testing stage [52]. Specifically, the implemented algorithm is based on a
continuous HMM.

5.4.1 Threshold-Based Detection Algorithm (TB)

A Threshold-Based Detection Algorithm is based on a finite state machine (FSM),
which consists of a set of states si and a set of transitions between pairs of states
si, sj . A transition is labeled condition/action: a condition that causes the transition
to be taken and action that is performed when the transition is taken [65]. State
machines are a method of modeling systems whose output depends on the entire
history of their inputs and not just on the most recent input, compared to purely
functional systems, in which the input purely determines the output. State machines
have a performance determined by their history [66] and provide means to control
decisions.

The developed Threshold-Based Detection (TB) Algorithm is based on the
mediolateral axis rotation component of the foot accelerometer (Ay) and gyroscope
(Gy) signals as input, since the lower-limb joints movement occurs mainly along
the sagittal plane. Timestamps are also used as algorithm inputs, since this detection
algorithm uses spatial thresholds and temporal limits. This means that each gait
phase can be associated with a sequence of wave-related features without any
complex processing that would result in a high computational load [67]. For more
information on the TB’s feature extraction process, the author recommends to read
the publication associated with this chapter [68]. Figure 5.2 illustrates the feature-
based conditions for the transitions between gait phases. Similar strategies based on
curve characteristics could be carried out in different inertial signals drawn from
different locations in the human body (i.e., waist, shank, thigh).

To be more precise, the flowchart in Fig. 5.3 summarizes the main detection
features for the transition between gait phases and their extraction process. First,
feature extraction from linear acceleration and angular velocity signals begins with
creating a feature list, since several features must be found before any gait phase is
claimed as detected. Each time a new gait phase is updated, this list is emptied. The
input data (D(i) in Fig. 5.3: Gy or Ay as appropriate) are updated at a sampling rate
of 100 Hz, which matches the inertial sensor sampling rate. Each feature should
meet certain conditions to be included in the list. These conditions are evaluated
sequentially as follows:
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Fig. 5.2 State machine of the threshold-based algorithm. The transition conditions are based on
features found in the angular velocity (Gy ) and linear acceleration (Ay ) signals

START
Update input 
data: D(i), t(i)
Feature: None

D(i) > Dhigh_threshold
t(i) ≥ t(i-1) + 150ms

D(i) < Dlow_threshold
t(i) ≥ t(i-1) + 150ms

D(i) < Dcrest_threshold
t(i) ≥ t(i-1) + 150ms

Create 
feature

list
NO NO

YES

NO

D(i) < Dtrough_threshold
t(i) ≥ t(i-1) + 150ms

Save new feature and ∆t into list:
CROSSED HIGH THRESHOLD

Save new feature and ∆t into list:
CROSSED LOW THRESHOLD

YES

Dneutral_min_threshold
 

≤ D(i) ≤ Dneutral_max_threshold

∆t ≥ tneutral_threshold

NO

Save new feature and ∆t into list:
NEUTRAL YES

Save new feature and ∆t into list:
TROUGH MIDDLE

Save new feature and ∆t into list:
CREST MIDDLE

Save new feature and ∆t into list:
TROUGH

YES

D(i) < Dtrough_threshold
t(i) ≥ trough_threshold

NO

Save new feature and ∆t into list:
CREST

YES

D(i) < Dcrest_threshold
t(i) ≥ tcrest_threshold

YES

Update gait
phase, clean
feature list

Are conditions
fot next gait
phase met?

YES

NO

NO

NO

Ref. 1 Ref. 2

Ref. 3

Ref. 5

Ref. 7

Ref. 6

Ref. 4

YES

Fig. 5.3 Flowchart of feature extraction of the threshold-based algorithm from inertial motion
data. This chart shows how a feature list is updated based on the fulfillment of certain conditions.
The occurrence of each feature and their corresponding conditions are sequentially assessed in the
following manner: crossed high threshold (Ref. 1), crossed low threshold (Ref. 2), Crest Middle
(Ref. 3), crest (Ref. 4), Trough Middle (Ref. 5), Trough (Ref. 6), and neutral (Ref. 7). When a new
gait phase is detected, the feature list is emptied for further searches. Adapted from [68]
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• Crossed High Threshold (Ref. 1 in Fig. 5.3): Current data (D(i)) must be
above a pre-established threshold (Dhigh_threshold) and at least 150 ms should have
elapsed since the last saved feature. The time difference between features (
t)
and the spotted feature is saved into the feature list.

• Crossed Low Threshold (Ref. 2 in Fig. 5.3): Current data (D(i)) must be below
a pre-specified threshold (Dlow_threshold) and at least 150 ms should have elapsed
since the last saved feature. Also 
t is saved into the feature list.

• Crest Middle (Ref. 3 in Fig. 5.3): Current data (D(i)) must be above a pre-
established threshold (Dcrest_threshold), and at least 150 ms should have elapsed
since the last saved feature. Also, 
t is saved into the feature list.

• Crest (Ref. 4 in Fig. 5.3): This feature is only assessed if Crest Middle has been
saved into the list. Hence, the current data (D(i)) must have crossed the already
exceeded pre-specified threshold (Dcrest_threshold), and a certain amount of time
(tcrest_threshold), which differs between acquired signals (Ay , Gy), should have
elapsed since the last saved feature. Therefore, a crest may be reported. Also, 
t

is saved into the feature list.
• Trough Middle (Ref. 5 in Fig. 5.3): Current data (D(i)) must be below a pre-

specified threshold (Dtrough_threshold) and at least 150 ms should have elapsed
since the last saved feature. Also, 
t is saved into the feature list.

• Trough (Ref. 6 in Fig. 5.3): This feature is only assessed if Trough Middle has
been saved into the list. Hence, the current data (D(i)) should again be above the
already crossed pre-specified threshold (Dtrough_threshold), and a certain amount of
time (ttrough_threshold), which differs between acquired signals (Ay , Gy), should
have elapsed since the last saved feature. Therefore, a crest may be reported.
Also, 
t is saved into the feature list.

• Neutral (Ref. 7 in Fig. 5.3): A neutral region is only reported as long as the
current data (D(i)) remains within the range between Dneutral_min_threshold and
Dneutral_max_threshold, and if a certain amount of time (tneutral_threshold), which
differs between acquired signals (Ay , Gy), has elapsed since the last saved
feature. Also, 
t is saved into the feature list.

The selection of correct threshold values used in this classifier was carried out
as reported in Kotiadis et al. [69], whose research validated all possible thresholds
within a range, and whose limits were determined visually from the signals captured
in a preliminary analysis. After checking each condition included in the feature
extraction process (as evidenced above), the feature list is reviewed to determine if
a new gait phase has been found. The following is a summary of the feature-based
rules governing the various transitions between gait phases.

• Heel Strike (HS) → Flat Foot (FF): To detect the FF onset, the current angular
velocity signal must have exhibited a crest, while the linear acceleration data
must be right in the middle of a trough, after entering the crest corresponding to
the HS in the feature list (see Fig. 5.4).
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Fig. 5.4 Threshold-based gait phase detection using an inertial detection system over two gait
cycles. Feature-based decisions are made to identify the onset of each gait phase: heel strike (first
dashed line), Flat Foot (second dashed line), heel off (third dashed line), and swing phase (fourth
complete line). Adapted from [68]

• Flat Foot (FF) → Heel Off (HO): To detect the HO onset, the current angular
velocity signal has a neutral region, since linear acceleration data also must
remain within a neutral region, followed by a high cross threshold (see Fig. 5.4).

• Heel Off (HO) → Swing Phase (SP): To detect the SP onset, the current angular
velocity signal must have shown a crest, while the linear acceleration data must
have crossed a predefined threshold (see Fig. 5.4).

• Swing Phase (SP) → Heel Strike (HS): To detect the HS onset, the current
velocity signal should have shown a trough and a crossed high threshold, while
the linear acceleration data should be in the middle of a crest, and after another
crest, a trough and a crossed high threshold have been sequentially entered in the
feature list (see Fig. 5.4).

5.4.2 Classification Using a HiddenMarkovModel (HMM)

A Markov process is a stochastic extension of a finite state automaton. It provides
a way to model the dependencies of current information with previous information.
In a Markov process, state transitions are probabilistic and there is in contrast to
a finite state automaton no input to the system: besides, it is composed of states,
transitions, scheme between states, and emission of outputs (discrete or continuous)
[70,71]. The following can be achieved with Markov’s models: Learning sequential
data statistics, making predictions or estimates, and recognizing patterns.
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An HMM is a double stochastic process in which the existence of a set of
discrete states is assumed for a given system. The first stochastic process describes
how the system may jump from one state to another (transition probability), under
the hypothesis that the next state depends only on the state at present (Markov
property). It means that this process has N underlying discrete states that are not
observable, i.e., its state sequence is hidden to the observer who only has access to
the emissions of each state [72]. In this case, this first stochastic process refers to
the gait cycle, which was divided into four phases (this division is the most used as
illustrated in Chap. 1). On the other hand, the second stochastic process yields the
statistical description governing the emissions of each observed variable (emission
probability). It means that the second embedded stochastic process describes the
emissions from Y observations, i.e., either the sensor readout or feature vectors
extracted from them (in this case they were the signals given by the IMU sensor),
in terms of discrete probabilities or Probability Density Functions [54]. HMM is
a statistical model widely used to estimate a sequence of hidden states in a time
series [52], which for the case of gait phase detection corresponds to the gait events
(N = 4), i.e., Flat Foot, Toe Off, Swing, and heel strike.

The HMM can be expressed as a function, as presented in Eq. 5.3 as a set λ

characterized of three parameters A,B, and π .

λ = (A,B, π), (5.3)

which includes the probability distribution matrix of state transition A, the proba-
bility distribution matrix of observation symbols B, and the initial state distribution
vector π .

The typical gait pattern repeats itself indefinitely with a known sequence of gait
events, which in terms of probability means that it can either remain in the current
state or eventually transition to the consecutive state. This behavior has recently
been modeled using a left–right model [53, 54], whose main feature is to limit
transitions to consecutive states of the Markov chain. Since transitions represent
a narrow fraction of the gait cycle, their associated probabilities assume lower
values than those related to permanence in the same state. Thus, diagonal elements
assume a higher value than the others. Therefore, the transition matrix A may be
implemented as shown in Eq. 5.4 [53].

A = {
aij

} =

⎡
⎢⎢⎣

0.9 0.1 0 0
0 0.9 0.1 0
0 0 0.9 0.1

0.1 0 0 0.9

⎤
⎥⎥⎦ , (5.4)

where aij denotes the transition probability from state Si to state Sj . The possible
transitions among gait phases are reported in Fig. 5.5. The state S1 was paired to the
gait phase delimited by swing phase and heel strike events. Further pairings were:
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S2 S3 S4S1

a₁₁ a₂₂ a₃₃ a₄₄

a₁₂ a₂₃ a₃₄

a₄₁

Fig. 5.5 Possible transitions (aij ) among four states (Si) of a continuous HMM according to
a left–right model. Each model state is paired to a gait phase, whose borders are identified by
corresponding gait events and whose emissions are modeled using a Gaussian Mixture Model with
three components: aij denotes the transition probability from state Si to state Sj

S2: Heel Strike—Stance Phase; S3: Stance Phase—Toe Off; S4: Toe Off—Swing of
the next stride.

Because the initial state t0 of the model is unknown, an initial state distribution
vector π allocates the same probability to all states (see Eq. 5.5), i.e., each state has
the same probability of being the first in a chosen state sequence.

π = {t0}Qx1 =

⎛
⎜⎜⎝

1
N
1
N
1
N
1
N

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

0.25
0.25
0.25
0.25

⎞
⎟⎟⎠ . (5.5)

Finally, a Bivariate Gaussian Mixture Model with three components was utilized
to describe the emissions from each state. These emissions allude to feature vectors
that include the angular velocity measured at any sampling time, and its time
derivative computed employing a first-order finite difference approximation, i.e., the
angular acceleration [55]. This particular stochastic model yields the best trade-off
between complexity and accuracy for gyroscope signals [54, 62].

It is essential to highlight that to develop an HMM is necessary to consider the
three problems learning/interference and three algorithms to help to solve these
problems: the Baum–Welch (BW) algorithm computes the Maximum Likelihood
(ML) estimates of model parameters; the Viterbi algorithm estimates the most likely
sequence of hidden states; the forward–backward algorithm [72].

The continuous HMM development involves two main procedures: a training
phase and a test phase. The first stage concerns the adjustment of model parameters
λ to optimally fit them to an observed training dataset [72]. In the present classifier,
the Baum–Welch algorithm, which is the most common solution to this problem,
is implemented. This training procedure starts with a set of initial parameters (first-
phase training in Fig. 5.6), based on which it extracts probabilistically weighted
state sequences. The initial model is repeatedly updated with these new transition
and emission probabilities until a desired level of convergence is reached [62].
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Fig. 5.6 Flowchart that illustrates the validation methodology of HMM. A model is trained to
employ the Baum–Welch algorithm after applying feature extraction to the acquired dataset. The
optimal state sequence is then computed through the Viterbi algorithm by using feature vectors
from the test dataset, and the performance evaluation is conducted concerning gait phase labels
drawn from the reference system. Adapted from [68]

Afterward, the testing stage allows the classification of features based on the
trained model reached in the training phase, i.e., the search for the optimal state
sequence is carried out. The Viterbi algorithm uses a common optimality criterion
to find the most likely/probable state sequence [72]. Despite its computational
efficiency, this algorithm is not suitable for real-time application, since the indicators
it uses are computed based on a whole observation dataset. Therefore, the validation
of the classifier outputs is compared offline concerning an FSR-based reference
system that provides the actual gait phase labels. The reference system should
be matched with each subject’s shoe size and equipped with four force-sensitive
resistors (FSRs) on the foot sole. The first sensor is located at the hallux (toe), two
more sensors are located at the first and fifth metatarsophalangeal articulation, and
one more is located at the heel.
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5.5 Estimation of Gait Parameters: Smart Walkers’ Case Study

As previously described, gait characterization is often accomplished by calculating
spatiotemporal parameters, such as speed, cadence, stride length, step length, among
others. Some of these features are referred to as the general gait parameters (GGPs)
and have been widely used as standard indicators for gait assessment [73]. Among
the GGPs, three spatial and temporal parameters are found: (1) the stride cadence
(SC), (2) the stride length (STL), which is composed of two step lengths (SPL); and
(3) the gait speed (GS) [73, 74].

To estimate the GGPs, many studies have proposed and assessed sensing
technologies comprising wearable and non-wearable sensors [37]. However, most
of them have been developed within laboratory conditions, with non-wearable
constraints, and do not allow online estimations [75]. Therefore, an accurate online
estimation of these parameters with ambulatory technologies for practical scenarios
is described in the following sections [37].

5.5.1 Gait Data Acquisition

The first step in estimating gait parameters is acquiring data from the patient or user
of an assistive device. For this description, a walker-assisted gait application was
proposed, in which a laser rangefinder (LRF) sensor is used to detect and track the
user’s legs relative position. Figure 5.7a shows an example of the LRF’s location
and orientation in a passive rollator application.

In ambulatory applications employing LRF sensors and mobile assistive devices,
such as smart walkers, it is essential to place the sensor at an appropriate height
guaranteeing that the laser’s field of view is not occluded and the user’s legs are
always visible. Given the variability in gait patterns from one individual to another,
a proper recommendation on the LRFs location is to place them approximately at
the user’s knees height [37]. This location provides a clear field of view, even in self
occlusions during walking (i.e., the legs are too close or one in front of the other).
Figure 5.7b and c illustrates examples of LRF’s readings during walker-assisted gait.

In addition to the above, to avoid noisy readings with objects not related to users’
legs, the measurement area is often constrained to a narrow polygon. Notably, the
LRF’s field of view is constrained between 45◦ and 135◦ and between 1 m and
1.5 m.

5.5.2 Clustering of Legs’ Data

Once data are obtained from the LRF sensor, it is essential to label the laser
readings, to identify which leg they are from. To this end, different machine learning
algorithms are often used for classification purposes. One of the most common
techniques relies on an unsupervised learning classifier that returns clusters of laser
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Fig. 5.7 (a) Illustration of an assisted gait application with a passive rollator, equipped with a
laser rangefinder (LRF) to detect and track the user’s legs. (b) Example of LRF scan where one leg
is covering part of the other leg. (c) Example of LRF scan where legs are enough separated

points [24, 37]. For instance, density-based spatial clustering of applications with
noise (DBSCAN) is one of the most used data clustering algorithms that, in this
case, allows the classification of laser points either as legs or as noise [24].

These clustering algorithms require two parameters to be executed. The first one
refers to the minimum distance to group two consecutive points. The second one
defines the minimum number of grouped points to save a cluster [24]. After that, the
position of each leg and relative distance to the walker can be defined by calculating
the center of each cluster and the mean distance between them [24].

5.5.3 Legs’ Distance Difference (LDD) Signal

During gait, the human trunk exhibits oscillatory behavior, and so does the
movement of the legs. In particular, the distance between the legs is characterized by
a sinusoidal behavior. Therefore, to estimate the GGPs, this signal can be used. The
frequency and amplitude of the principal component of the signal obtained from a
distance between each leg correspond to the stride cadence (SC) and the step length
(SPL), respectively [2]. Moreover, it is possible to estimate the gait speed (GS), by
multiplying the SC and the SPL [76]. Using the LRF readings, the LDD signal can
be calculated as described in Eq. 5.6.

LDD = dR ∗ sin(θR) − dL ∗ sin(θL), (5.6)
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Fig. 5.8 Illustration of the legs’ distance difference (LDD) signal, obtained from the readings of
the LRF sensor

where dR and dL are the distances to the right and left legs, respectively; θR and
θL are the angles of the right and left legs. Each cycle of the LDD signal illustrates
the behavior of a stride cycle composed of two steps. The right step (RSP ) can be
seen as a decrease in the LDD signal and the left step (LSP ) can be seen as an
increase in the LDD signal. Moreover, the length of each step can be calculated
by the maximum value (MaxLDD) and minimum values (MinLDD) of each cycle.
Thus, the stride length (STL) can be estimated as the sum of both step lengths.

To extract every cycle of the LDD signal, the zero crossings with positive slopes
(ZCP) provide the starting and ending points of each stride. With this information,
the SC can be calculated as the inverted value of the period of each cycle [2].
Figure 5.8 illustrates the LDD signal, describing the left and right steps (RSP ,
LSP ), the zero crossings with positive slopes (ZCP), and the maximum values
(Max_LDD) and the minimum values (Min_LDD) of each cycle.

5.5.4 Adaptive Filters for LDD Processing

A simple approach to estimate the GGPs would use the MaxLDD , MinLDD , and
ZCP values to calculate the frequency and amplitude of the LDD signal. However,
this method might be affected by sudden objects sensed by the LRF or noisy
readings. Therefore, a robust methodology based on two adaptive filters has been
proposed to estimate the GGPs [37]. In particular, the Weighted Frequency Fourier
Linear Combiner (WFLC) and the Fourier Linear Combiner (FLC) are filters that
allow a smooth online estimation of the frequency and amplitude of the principal
Fourier component of the LDD signal [37]. In this sense, the WFLC takes the LDD
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signal as input and estimates the stride cadence, while the FLC takes the LDD
signal and the stride cadence to estimate the step length. According to the literature
evidence, these filters have proven to be valuable and efficient in several real-time
applications [2, 22, 77, 78].

5.5.4.1 Weighted Frequency Fourier Linear Combiner (WFLC)
In general terms, the WFLC filter is a powerful tool capable of calculating the
frequency, amplitude, and phase of the Fourier components from a real-time signal
[79]. The WFLC filter uses the least mean square algorithm to reduce the error
between the actual signal and the estimated signal conformed by the Fourier
components. The process of the WFLC filter can be described as follows in Eqs. 5.7,
5.8, 5.9, and 5.10 [37]:

xrk =
⎧⎨
⎩

sin(r
∑M

t=1 ω0t ), 1 ≤ r ≤ M

cos(r
∑M

t=1 ω0t ), M + 1 ≤ r ≤ 2M

(5.7)

εk = Sk − μb − WT
k Xk (5.8)

ω0k+1 = ω0k
+ 2μ0εk

M∑
r=1

r(WrkXm+rk − Wm+rkXrk) (5.9)

Wk+1 = 2μ1εkXk + Wk. (5.10)

Equation 5.7 describes the estimation of the Fourier components with an initial
guess of the frequency ω0t . Equation 5.8 illustrates the calculation of the error
between the input signal (Sk) and the estimated signal conformed by the Fourier
components (Wk represents a matrix containing the weights of each Fourier
component, and Xk represents a matrix with each Fourier component value).
Equations 5.9 and 5.10 show the implementation of the least mean square algorithm
to update the frequency (ω0k+1 ) and the amplitudes (Wk+1) [37].

It is worth mentioning that the WFLC formulation requires four parameters to be
set or tuned: (1) M , the number of required harmonics to estimate the input signal
(set to 1); (2) μ0, the gain used to adapt the frequency estimation (set to 0.14); (3)
μ1, the gain used to adapt the amplitude estimation (set to 0.4); and (4) μb, the
gain used to compensate low-frequency errors (set to 0) [80]. A normalization value
(NV ) of 1000 was used to set the signal between −1 and 1 [37, 79].

As an illustration of a walker-assisted gait application, Fig. 5.9 shows a compari-
son between the stride cadence obtained by the WFLC (SCWFLC) and the estimated



5 Sensing Methodologies for Gait Parameters Estimation and Control 161

250 

500 

-250 

-500 

0 

LD
D

 [m
m

]
ZCP

(a)

50 

0.75

0.25

0.5 

Ca
de

nc
e 

[s
tri

de
s/s

]

10 20 30 40 0 
Time [s]

SCWFLC SCLRF

(b)

Fig. 5.9 Example of the Weighted Fourier Linear Combiner (WFLC) behavior in a walker-
assisted gait application at a speed of 1.8 km/h. (a) Illustration of the legs’ distance difference
signal (LDD) and the zero crossings with positive values (ZCP). Illustration of the stride cadence
obtained with the WFLC filter and the ZCP values

one with the period of each cycle (SCLRF ). The WFLC filter generates the SCWFLC

by taking the LDD signal as input, whereas the SCLRF is obtained with the ZCP
values of the LDD signal. The WFLC returns the SC value as soon as a sample of
the input signal appears. For this example, the Hokuyo URG-04LX-UG01 was used,
which works at a sample rate of 10 Hz. In this sense, the SCWFLC was updated every
0.1 s. Similarly, the SCLRF was only updated every time a new ZCP was detected
[37]. Figure 5.9a shows the LDD signal and ZCP values obtained with the LRF at
a walking speed of 1.8 km/h. Moreover, Fig. 5.9b shows the cadence obtained with
the WFLC and with the ZCP values.

5.5.4.2 Fourier Linear Combiner (FLC)
The FLC is an adaptive algorithm used to achieve a continuous estimation of quasi-
periodical signals based on the M harmonics dynamic Fourier mode [81]. Using a
frequency and number of harmonics as inputs, the FLC can estimate the amplitudes
and phases of the Fourier components. In this application, the algorithm requires the
frequency (ω0) of the signal produced by the WFLC as an input parameter [37].

Even though the WFLC also estimates the Fourier components’ amplitudes, these
calculations can be affected by the frequency estimation. Therefore, it is better to
estimate such amplitudes employing the FLC [2]. The formulation of this filter uses
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Fig. 5.10 Example of the Fourier Linear Combiner (FLC) behavior in a walker-assisted gait
application at a speed of 1.8 km/h. The step length (SPF LC, in black) is estimated from the legs’
distance difference (LDD, in gray) signal. The left and right step lengths (LSPL_LRF , RSPL_LRF )
are also shown for comparison purposes

two parameters: (1) M , the number of harmonics to estimate the input signal (set to
1) and (2) μ, the gain used to calculate the harmonics weights (set to 0.2). Similar
to WFLC, the FLC also employs the least mean square recursion to update the
estimations of the amplitude and phase. This algorithm is described as follows by
Eqs. 5.11, 5.12, and 5.13 [37, 81].

xrk =
⎧⎨
⎩

sin(rω0k
), 1 ≤ r ≤ M

cos((r − M)ω0k
), M + 1 ≤ r ≤ 2M

(5.11)

εk = Yk − WT
k Xk (5.12)

Wk+1 = 2μεkXk + Wk, (5.13)

where Yk is the input signal, W and X matrices are the weights and values of the
Fourier components, and εk is the error between the input signal and the estimated
one. The FLC also requires a normalization value for setting the input values,
between −1 and 1.

As previously described, with the amplitude estimated by the FLC, the step
length values can be directly computed. Following the walker-assisted gait example
used for the WFLC illustration, the step length was estimated using the FLC output
(SPLFLC). This estimation was compared with the left step length, (LSPL_LRF )
and the right step length (RSPL_LRF ) calculated with maximum value MaxLDD

and minimum value MinLDD of each LDD signal’s cycle. Figure 5.10 illustrates
these estimations.

Finally, to obtain the gait speed (GS), the stride cadence (SC) and the step length
(SPL) calculated with the WFLC and FLC are multiplied as shown in Eq. 5.14 [37].
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Table 5.1 Comparison of estimation errors between multiple technologies reported in the
literature and the online methodology using an LRF sensor and adaptive filters

Ultrasonic Accelerometers Gyroscopes IMUs LRF

SC 4.1 [82] % 5% [59] 10% [39] 2.3% [83] 4.9%

SPL – 7% [59] – 7% [83] 4.1%

GS = 2(SC)(SPL). (5.14)

This process is not a heavy computational task and it is also carried out with
every scan reading. Thus all the GGPs are computed every 0.1 s for this scenario.

5.5.5 Online Estimation

This methodology can be easily extended to an online version with simple mathe-
matical correction. In Aguirre et al., the authors found that the stride cadence does
not exhibit significant differences at any speed, when comparing this methodology
with an automated motion tracking system (e.g., VICON, BTS) [37]. In contrast, the
step length presented significant differences with a reference system (i.e., motion
tracking system). To fix this discrepancy, the authors proposed a linear model was
to adjust the step length measurements.

In particular, the error between the estimation of this methodology and a
reference system increases when the stride cadence does. By comparing the GGPs
measurement in ten volunteers at four different speeds, the authors found the linear
model presented in Eq. 5.15.

K = 0.157(SC) + 1.069. (5.15)

In this way, the online estimation process goes as follows: (1) the user’s legs are
detected and tracked with the LRF sensor, (2) a clustering algorithm is applied to
estimate the distance difference between legs (i.e., the LDD signal), (3) the WFLC
estimates the frequency of the LDD’s Fourier principal component (i.e., the SC),
(4) the FLC uses the SC as input to estimate the amplitude of the LDD’s Fourier
principal component (i.e., the SPL), (5) the linear model described in Eq. 5.15 is
used to adjust the SPL, and finally (vi) the GS is obtained using Eq. 5.14.

As reported by the authors in Aguirre et al. [37], this methodology was
able to attain very accurate estimations compared to the literature evidence. In
particular, Table 5.1 summarizes the estimation errors of real-time technologies,
and the estimation errors for the SC and the SPL, using this online methodology.
Considering that LRF sensors are commonly used to control robotic devices, such
as smart walkers, rather than to do gait assessment, an average error of 5% can be
considered as a good accuracy [2, 23, 24, 37].

According to the collected data in [37], it was reported that a scanning frequency
of at least ten times the stride cadence is required to ensure the proper performance
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of the WFLC and FLC filters. This means that to obtain an online GGPs estimation
system at walking speeds of 5 km/h to 6 km/h (i.e., the average speed of healthy
individuals), an LRF working at frequencies from 10 Hz to 20 Hz would be required.

5.6 Conclusions

The analysis of gait patterns, indicators, and phases is a fundamental aspect
when evaluating assistive technologies, both conventional and robotic. In general,
gait evaluation techniques allow to: (1) track and report a patient’s rehabilitation
progress, (2) detect anomalies in the gait pattern, and (3) obtain reference inputs for
high-level controllers in mobile and wearable robotic devices.

According to evidence in the literature, multiple sensing technologies have been
developed to acquire information about an individual’s gait. In this sense, this
chapter presented a brief description of the most relevant spatial and temporal
indicators used to characterize human gait, and some wearable sensors that allow
their acquisition for rehabilitation and daily living scenarios. Finally, multiple
methodologies that allow the concise description of the different gait characteris-
tics, including their classification by phases and calculation of the most relevant
indicators, were also presented.
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6Experimental Characterization of Flexible and
Soft Actuators for Rehabilitation and Assistive
Devices

Daniel Gomez-Vargas, Felipe Ballen-Moreno, Orion Ramos,
Marcela Múnera, and Carlos A. Cifuentes

6.1 Introduction

Several actuators have been developed for robotic devices, focused on assisting or
enhancing the human limbs or joints. In this sense, considering both (1) the human
limb or joint to assist and (2) the goal task, the actuators’ energy should be efficiently
provided to the user during the assistance process [1]. Therefore, to guarantee a
proper human–robot interaction, multiple tests aimed at measuring and delimiting
the device’s functional capabilities should be carried out. Currently, this assessment
has been commonly accomplished through experimental studies applied directly on
subjects, either healthy or pathological. Notwithstanding, the test benches’ inclusion
in the characterization process could provide a general understanding related to (1)
how the device interacts with the user and (2) what are its maximum capabilities.

Regarding the actuator type implemented on the device, the characterization
process can evidence different techniques and the assessed variables. However, the
goal of those processes remains focused on measuring the device’s performance in
the assisted activity. This way, characteristics such as the system response, stability,
and device’s limitations, among others can be measured to improve the robot
behavior. Likewise, this characterization allows estimating accurate experimental
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models, starting from the actuator or the device coupled in the application, which
can be used to enhance the control strategies and consequently the human–robot
interaction.

As mentioned before, the methodologies to measure the device’s capabilities
commonly have been divided into experimental tests (1) within the goal application
(i.e., involving users) and (2) through test bench setups. Furthermore, depending
on the stage of the actuator’s development, this assessment could include different
previous tests. For instance, in Fang et al., the initial phases of a pneumatic bending
actuator were focused on determining an analytical model and building an actuator’s
prototype [2]. Subsequently, the actuator was characterized using a test bench
structure based on the device’s application, and then it was assessed in the goal
users. In the same line, another study presented the characterization of an ankle
exoskeleton based on a variable stiffness actuator, focusing on measuring the device
capabilities in terms of bandwidth, system response, assisted torque, and saturation
non-linearities for different stiffness values [3].

On the other hand, the characterization process can also include complex
variables aimed at the device’s specific application. For instance, Yandell et al. [4]
defined an analytical kinetic model to estimate the energy losses of a powered ankle–
foot orthosis based on cable-driven actuators. For this case, the proposed assessment
included experiments applied directly to subjects.

In this context, this chapter presents the characterization of two types of actuators
focused on rehabilitation scenarios, showing the trends and essential variables
measured in the experiments. The first actuator consists of an ankle exoskeleton
based on variable stiffness’ concepts detailed in Chap. 7, and the second actuator
describes a soft hand exoskeleton based on pneumatic actuation concepts.

6.2 Characterization of Actuators

The importance of understanding the actuators’ capabilities arises from the motiva-
tion to enhance the device’s performance and improve the human–robot interaction.
However, considering the goal user and the desired scenario, the assessed variables
change depending on the actuator type. In this sense, the following sections present
the trends and essential variables according to the actuator principle, addressing
an experimental characterization of a variable stiffness actuator and a soft actuator
based on pneumatic principles.

6.2.1 Characterization of a Variable Stiffness Actuator in Gait
Rehabilitation

Different actuators for assistive scenarios (e.g., pneumatic, hydraulic, electric
actuators) were presented in Chap. 2. This way, aspects such as the actuator type
and the assisted joint involve determining (1) what should be the proper amount
of energy provided to the user during the task and (2) how this energy should be
provided [3]. Concerning the variable stiffness actuators, devices based on this
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actuation type allow changing the system behavior to be adapted to the user’s
physical conditions, as Chap. 7 shows. Therefore, those devices could exhibit
multiple responses affecting the control performance.

In this sense, this actuation type requires a complete dynamic and static model
that describes the system behavior under the goal application. Nevertheless, some
devices could have complex mechanical designs, resulting in intricate models.
Hence, a characterization process could simplify the model being delimited within
the conditions where the device should operate. Moreover, this process could also
provide information about the device performance and physical interaction in those
scenarios.

6.2.1.1 Trends and Essential Variables
In general terms, robotics aimed at gait rehabilitation integrate principles applied in
passive orthotic structures, although incorporating benefits such as the capacity of
providing torque, feedback during the assistive process, modification of the device
performance, consistency during the exercise, and support for the therapists, among
others [5]. From the motivation to enhance the physical interaction during the
assistance, compliant actuators are emerging as a solution to preserve the device’s
actuation system and improve the transparency effect during an interaction forces
scenario. Particularly, series elastic actuators and variable stiffness actuators are
being exhibited as potential principles.

Robotic devices based on variable stiffness actuators are widely recommended
in applications where the robot interacts intensively with the human [6, 7] because
of advantages evidenced by this principle under rehabilitation scenarios, as Chap. 7
presents. Specifically, a variable stiffness effect enables the device to modify its
behavior considering the desired physical interaction. Moreover, from the bioin-
spired concepts applied in assistive robots, variable stiffness resembles the motor
human functions. Those devices aim at assisting the lower limb joints’ sagittal plane
(i.e., hip, knee, and ankle). However, each one of these joints has challenges related
to the required torque, movements on the other planes (e.g., add–abduction and
internal–external rotation), reaction forces, and torque transmission, among others.

In the ankle rehabilitation context, powered ankle–foot orthoses have applied
this actuation type, exploiting the spring’s inclusion characteristics, i.e., shock loads
and backdrivability. This way, kinematic and kinetic models for control purposes
could be complex, and additionally, they could not provide information related
to the environmental constraints and users’ requirements. Thus, an experimental
characterization, using a test bench either static or dynamic, or through human trials,
is exhibited as an alternative to determine these aspects [1, 8]. For a static setup,
the structure fixes the actuators’ output (see Fig. 6.1), restricting their motions and
coupling sensors to measure the interaction forces and the device performance [8].
The actuators execute the set-point values resembling the device’s application and
inducing a physical effect in the output (i.e., torque, force, pressure, angular or linear
position). This way, it can be understood the actuator capabilities (i.e., apparent
bandwidth, peak, and continuous torque), adjusting different controllers to reduce
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Fig. 6.1 Descriptive scheme of the principal components for a static bench

Fig. 6.2 Descriptive scheme of the principal components for a dynamic bench

position or torque errors, increase the time of response. Nevertheless, it does not
represent its actual performance during operation [9].

On the other hand, a dynamic test bench intends to closely assess the actuator in
the application, including the user’s external forces. In contrast to a static test bench,
the actuators’ output is coupled to a dynamic load [10] (see Fig. 6.2). This way, the
trials could recreate a realistic scenario, including the user’s dynamic that affects the
device’s performance (i.e., bandwidth and temporal response).

6.2.1.2 T-FLEX Design and Test Bench Structure
T-FLEX is a wearable and portable ankle exoskeleton based on variable stiffness
actuators (see Chap. 7) to assist the dorsi–plantarflexion movements without restrict-
ing the other ankle motions [11]. This ankle exoskeleton comprises two servomotors
attached to bioinspired tendons (see Fig. 6.3) whose mechanical behavior is similar
to the human Achilles tendon [12]. T-FLEX integrates a bidirectional system of stiff
filaments to (1) involve both actuators during the assistance process and (2) correct
the foot pathological postures. Additionally, this device is manually adjustable and
usable for both limbs.

For the variable stiffness effect, passive elements resemble the stiffness of a
human tendon as a spring-like component. Thus, T-FLEX integrates a braided mate-
rial formed by (1) elastic filament (Filaflex, 2.85 mm, Recreus, Spain) and (2) fishing
rod (eight filaments, Sufix 832, USA). These filaments were intertwined following a
volumetric fraction of 14% to accomplish a variable stiffness performance regarding
the elongation.
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Fig. 6.3 Wearable and portable ankle exoskeleton T-FLEX. The remarked elements refer to the
main parts of the device

In terms of functionality, T-FLEX includes two operational modes, i.e., (1) sta-
tionary therapy and (2) gait assistance, which employ a calibration stage customized
for each user. For the first modality, the exoskeleton executes dorsi–plantarflexion
repetitions, integrating an inertial sensor placed on the foot tip to detect the user
movement intention. The implemented therapy model allows varying parameters
such as the repetition number, repetition frequency, and movement speed. This
modality has exhibited promising outcomes in a rehabilitation context with a stroke
patient [13].

For the gait assistance, T-FLEX assists the user’s gait phases (i.e., mid-stance,
heel-off swing, and heel strike), providing dorsi–plantarflexion movements and
increasing the system stiffness, following the actuators’ combination shown in
Fig. 6.4. In this sense, the device incorporates a gait phase detector based on a
hidden Markov model and machine learning [14], detailed in Chap. 5. A preliminary
study focused on assessing the T-FLEX’s actuation system in a walking application
evidenced significant potential for the lower-limb kinematics of patients who
suffered a stroke [15].

From the T-FLEX’s design and goal applications presented above, the test bench
structure employed to characterize the device should consider different conditions
that affect the device response and performance. Thus, the user’s anthropometric
measurements play a significant role in the torque provided by the exoskeleton.
Specifically, the distance between the ankle and the fixation points of the tendons
(i.e., plastic part placed on the foot tip and the structure adapted to the heel), the
shank’s length, and the user’s body composition modify the torque provided to this
joint (see Fig. 6.5). Additionally, the ankle torque, tendon force, and the electrical
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Fig. 6.4 Descriptive scheme of the mechanical configuration of the T-FLEX’s functionalities

Fig. 6.5 Description of the
test bench showing the
principal components of the
test bench, illustrating
sensors, actuators, and
principal dimensions that
represent the human shank
and ankle joint

Torque sensor

Artificial foot

Strain gauges

Composite tendon

Dynamixel motors
MX106T

and physical characteristics of the T-FLEX’s actuators are the main variables in an
experimental process that could assess the device’s performance.

In this context, a mechanical structure composed of aluminum frames was
developed to adjust the variable distances mentioned above, applying the T-FLEX’s
operation concept in an actual application (see Fig. 6.5). This test bench structure
included a torque sensor FY01 (Forsentek, China) coupled on the artificial ankle
and a set of strain gauges (RS PRO, UK) placed on the tendons’ fixation points.
For the actuators, 3D printed pieces fixed the smart servomotors to the mechanical
structure, resembling the shape of a human shank.

6.2.1.3 Experimental Procedure
Firstly, the experimental procedure intended to analyze the tendon behavior resem-
bling the T-FLEX operation principle. For this purpose, a tensile test was carried
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Fig. 6.6 Tensile test experimental setup to measure the T-FLEX’s tendons behavior

out through a universal machine, fixing a specimen between two jaws, as shown in
Fig. 6.6. Besides, the tensile tests followed the ASTM C1557-14 [16].

On the other hand, considering the T-FLEX variability, the second part of this
characterization analyzed the tendon effect under a pretension level of 10 N in
an assistance process. The selected force level corresponds to the medium force
concerning the maximum value that induces actuator saturation. From this value, the
study included two signals to measure the device response and estimate the device
capabilities (i.e., step and chirp). These signals were sent to the actuators as position
commands with an amplitude between 3 and 15 degrees, which is a common value
applied in an actual application. Likewise, the set-points resembled the T-FLEX
operation in a gait assistance application, following the movements presented in
Fig. 6.4.

6.2.1.4 Results
From the tendon trials, stress–strain tests estimated two elastic zones and their
Young’s modulus, as Fig. 6.7 shows. A range of strain defines each zone: zone A
between 0 and 0.10 mm/mm and zone B between 0.1 and 0.15 mm/mm. Neverthe-
less, zone C presented inconsistent stress values and rupture point. However, this
last zone is not taken into account in the analysis because the bioinspired tendons
will be loaded with forces smaller than the required for the rupture point.

On the other hand, considering the assistance application in the proposed test
bench structure, the step function measured both the response of the T-FLEX’s actu-
ation system and the behavior of the composite tendons under tension. Figure 6.8
shows the curve obtained during the dorsi–plantarflexion movements in terms of
the assisted torque and tendons force. The first set-point (i.e., segmented black line)
describes the dorsiflexion command. In this movement, the anterior motor turns
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Fig. 6.7 Tensile results of the bioinspired tendons. The stress–strain curve presents the Young’s
modulus for the A and B zones

to pull the foot, and the posterior actuator works reversely. This way, the system
transmits positive torque to assist the ankle. For the second set-point, the actuators
operate in opposite directions concerning the movement mentioned above. Thus T-
FLEX assists the plantarflexion, providing negative torque on the ankle joint.

The chirp signal measured the system response to frequency changes and the
maximum values of torque on the ankle for the different amplitude values. Figure 6.9
shows the system behavior in terms of torque on the ankle, the tendons force, and
T-FLEX’s actuators. The responses illustrated in Fig. 6.9 occurred in the tendons-
alone configuration for the dorsi–plantarflexion movements with a force level of
10 N.

Considering the obtained responses, the trials reported that T-FLEX exhibits
a bandwidth close to 6.8 Hz for the measured amplitude range. This value was
estimated using the system identification toolbox of MATLAB (MathWorks, US).
Likewise, the maximum provided torque measured on the ankle was 12 Nm for
propulsion and 20 Nm for the dorsiflexion movement. In terms of the system
response, the trials evidenced (1) a delay related to the tendon elasticity (i.e., close
to 45 ms) and (2) a stabilization time less than 284 ms. In general terms, T-FLEX
can assist the human gait under this configuration. However, the control architecture
should include an adaptive stage that accelerates the device response concerning the
set-point value and the pretension level. This way, the device could anticipate the
stabilization time and the tendon delay, ensuring the maximum torque transmission
in the specific gait phase.
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6.2.2 Characterization of a Soft Actuator Based on Pneumatic
Actuation in Hand Rehabilitation

New technologies in the engineering field have raised new design paradigms such as
soft robotics strategies. These technologies are differentiated by using soft materials
such as elastomers or flexible fabrics such as lycra. These techniques facilitate
assistive or rehabilitative devices by eliminating mechanisms that require exact
alignment of the limb joints with the degrees of freedom of the device [17]. This
is possible because these types of soft actuators do not have defined degrees of
freedom; on the contrary, they are considered to have infinite degrees of freedom
[18].

Another advantage proposed by this new technology is the separation of the
actuation source from the device attached to the person. This is to reduce the
weight that the limb to be assisted or rehabilitated must support. Usually, systems
are built to be stored in a backpack or control box apart from the device. These
properties of systems built using soft robotics make it possible to reduce the
device’s weight concerning rigid technologies considerably. However, modeling
and mathematically characterizing actuators based on pneumatic actuation are
considerably more complex than performing this procedure on electric actuators
or DC motors due to the non-linearities that pneumatic systems can generate and
their infinite degrees of freedom.

6.2.2.1 Trends and Essential Variables
As seen in Chap. 2, the amount and form of motion of each degree of freedom
of a robot allow finding the kinematic model to the robot. However, in actuators
based on soft robotics techniques, it is impossible to perform these calculations due
to their high deformation properties. In these cases, it is usual to characterize the
relevant variables of the problem to be solved with the actuator through experimental
techniques [19, 20]. In other cases, computational models based on finite element
analysis [21, 22] are used. In this section, characterization methodology of soft
actuators to be used in an upper-limb exoskeleton will be explained. Therefore, the
relevant variables must be related to this problem.

Since a hand exoskeleton developed for assistance or rehabilitation is a wearable
system that must be comfortable for the user, the most relevant variables in this
application will be those that achieve the assistance of the human hand. These
variables are the range of motion and the forces needed to intervene in the
movements of the fingers without affecting comfort and efficiency. Specifically, the
requirements for the design of a hand rehabilitation or assistive device according
to the state-of-the-art review are divided into different categories. One of these is
practical considerations, such as the number of fingers to be assisted, the device’s
weight, and its dimensions.

The other category focuses on the kinematic requirements necessary for the
device to be considered functional in clinical rehabilitation or assistive applications.
This category defines the ranges of motion and forces required for each actuator
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of the exoskeleton, as mentioned above. Finally, the control category specifies
actuator response speed, system bandwidth, and device sensing. For each of the
categories, values and requirements are defined based on engineering studies and
clinical recommendations.

In the category of general considerations, the wearable device’s total weight
should not exceed 3 kg. The weight supported in hand should be around 0.5 kg
[23], and the actuator dimensions should be in the range of human fingers’ size.
In terms of kinematic requirements, each actuator must bend at least 250° to be
considered capable of assisting in human finger flexion [23]. The force to be exerted
by the actuators establishes that forces higher than 7 N allow any assistance in daily
life tasks [23]. However, only 3 N is enough to generate practical assistance for
rehabilitation cases [17]. In the control section, the sampling rate should be at least
20 times faster than the response speed of the actuators [23]. The actuators’ speed
should be around the human hand’s average values, which is 0.3 m/s [24]. Finally,
the system must be powered by a small power supply and air supply while avoiding
exceeding the total allowable weight.

Since the general considerations and control category’s characterization are usual
in engineering fields, they will not be explained in detail. Measuring the device’s
weight and actuators does not involve any complexity, although it gives relevant
information. Similarly, calculating the system’s sample time is not part of the
actuator characterization and becomes a requirement of the complete device; in
this case, only the actuators will be studied. The kinematic requirements category
is the one that will be detailed in this section. In this category, variables such as
the pressure required to generate the maximum bending and the force that the soft
actuators can generate are mentioned.

To evaluate the necessary pressure required to generate actuator bending, a test
is performed that relates air pressure measured with air pressure sensors to the
maximum actuator tip bending angle measured by video processing. A comparative
test of actuator tip pressure versus actuator tip angle reported that it is possible to
achieve mean bending at pressures in the range of 42 kPa to 52 kPa depending on
actuator length. In that study, silicon actuators built using the PneuNets technique
were compared. The values were rectified with finite element analysis simulations
specializing in this type of actuator [25]. Another comparison of silicone actuators
was performed. It was found that the fiber reinforced-type actuator of Elastosil
M4601 material with a length of 16 cm achieves full bending at 243 kPa [26].

Moreover, a study was conducted to identify how construction parameters, such
as actuator length, internal air chamber inner radius, and actuator wall thickness,
affect the pressure required to achieve full bending. It was concluded that the smaller
the actuator length and internal radius, the higher the pressure must be to achieve full
bending. Also the chamber wall is directly proportional to the required pressure, so
the thicker the actuator, the higher the pressure must be to achieve full bending. The
comparison actuator in the study has a length of 16 cm, a wall thickness of 2 mm,
and an inner radius of 8 mm. With this actuator, full bending is achieved at 200 kPa
(approximately 30 psi) [27]. Finally, silicone actuators achieved medium bending
(close to 90 degrees bending) at a pressure of 110 kPa. It was also shown that the
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actuator reduces this angle if attached to a finger simulating an exoskeleton [28]. As
seen in these studies, varying the actuator dimensions, the material of construction,
and the type of reinforcement changes the actuator behavior for the required input
pressure that generates the maximum bending.

On the other hand, several ways to find the force generated by soft actuators have
been studied. The most common ones are based on measuring the actuator tip force
with a load cell. Two configurations are regularly presented to measure the force
exerted on the actuator tip. One measures the bending force. The other configuration
measures the blocked force, which is greater than the bending force. Some studies
report bending average force values close to 4.5 N at 407 kPa in silicone actuators
with a length of 80 mm. In that study, different silicone actuators of different lengths
are compared. It is evident that shorter actuators generate more force, e.g., a 60
mm long silicone actuator reaches the maximum force (5.58 N) at 450 kPa [29].
Another study using hydraulically actuated fiber reinforced silicone actuators can
generate bending forces of 9N at the tip of the actuator [30]. Silicone actuators
were compared for use in rehabilitation or assistive hand devices. In that study,
bending force values were obtained for actuators of different elastomer references.
Thus actuators constructed with Dragon-skin 10 achieved a force of 3.19 N at 180
kPa and actuators constructed with Dragon-Skin 20 reached 3.5 N at 380 kPa [19].

Moreover, the blocked force test has been used more frequently to characterize
this actuator, so more information is available for comparisons. The force recorded
in this test is usually higher than that recorded in the bending force test. For example,
a 13 cm long PneuNets silicone actuator generates a blocked force of 1.2 N at
only 43 kPa [25]. In fiber reinforced actuators, blocked force values of 1 N at 200
kPa were reported for Dragon-Skin 10 silicone. Furthermore, for references such
as Elastosil M4601, forces of 5 N were obtained at pressures of 400 kPa. These
actuators were constructed with a length of 17 cm [26]. Likewise, for these same
types of fiber reinforced actuators, force values close to 8.8 N at 180 kPa were
achieved for materials such as Dragon-Skin 10 and 9.96 N at 380 kPa for Dragon-
skin 20 [19]. Finally, in 2017, forces of 9.12 N at only 120 kPa were achieved in a
hybrid silicone and textile actuator [20].

As presented above, performing experiments where peak forces, efficiency,
and kinematic variables are determined is the easier way to obtain the device’s
models. Fiber reinforced- and textile-type actuators with pleats have been the
most developed and used in hand assistance and rehabilitation applications to
create new exoskeletons based on soft robotics [31, 32]. Therefore, comparing
them experimentally is relevant to select the most efficient one. Starting from the
premise of designing a wearable device for hand assistance and rehabilitation, test
benches were designed for fiber reinforced- and textile-type actuators with pleats
characterizing the efficiency of the two types of actuators and another test bench to
find the bending force and blocked force that these actuators can generate.

6.2.2.2 ExHand Design and Test Bench Structure
Based on how the behavior of soft actuators is evaluated according to state of the art,
three types of tests were performed for a textile and a silicone actuator. According
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Fig. 6.10 Diagram of actuators’ locations. (a) Possible placement of the soft actuators to create
the assistive or rehabilitative hand device. (b) Demonstration of how the bending actuator generates
the assisting motion on the human finger

to the designs that have been made, the ExHand actuators’ location on the hand
can be seen in Fig. 6.10a. The figure also shows how the actuator’s bending motion
allows the bending of the fingers without concern for the degrees of freedom of the
actuator Fig. 6.10b. These actuators are very different from each other in terms of
dimensions, materials, and construction methods, so each actuator’s characteristics
will be explained in general terms.

The silicone fiber reinforced actuator is built by pouring elastomeric materials
such as silicone into 3D printed molds. Depending on the type of motion generated,
reinforcements are made with rigid elements such as layers of carbon fiber layers
and inelastic thread [27]. The type of movement that was evaluated is elemental
bending. This motion works to simulate human fingers in assistive or rehabilitative
applications in a hand exoskeleton. The fiber reinforced actuator built to explain
this section was made with an elastomer (Dragon-Skin 00–30 from Smooth on).
The entire construction process can take about two days, as the silicone must cure
in the molds. One of the features that these actuators can provide is based on
the fact that a single actuator can be configured to generate different movements,
such as bending, extension, and torsion. However, it should be noted that this
later construction cannot be modified, and the actuator will always have the same
behavior. An example of this property is a thumb actuator’s design, which integrates
different motions into a single actuator [33].

On the other hand, the textile actuator uses elastic and inelastic fabric materials
for the creation of the bending motion and an elastic–plastic element (Stretchlon
200, FibreGlast) to contain the air internally. The construction process consists
of sewing a layer of rigid fabric with a layer of elastic fabric, creating a finger-
sized pocket. This layer must be sewn together, generating pleats that facilitate the
bending motion [34]. The construction time of a textile actuator with pleats for the
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Fig. 6.11 General setup and parameters displayed through the camera for the test bench where
the bending angle measurement concerning the input pressure is performed

bending motion can take about 6 h. The advantage of this type of actuator is that
it can generate different motions. However, in contrast to silicone actuators, these
can be actuated independently, generating actuators with bending and extension
movements with independent control [34]. From the ExHand design presented
previously, Fig. 6.11 shows the test bench setup developed for the experimental
characterization.

6.2.2.3 Experimental Procedure
An experiment was designed to measure the pressure required by the actuators to
generate the maximum bending angle to characterize the actuators’ efficiency. This
variable is the angle required when the actuator is used to assist in closing the human
hand. An ASDXACX100PAAA5 analog pressure sensor (Honeywell, USA) and a
D2028 air pump (Karlsson Robotics, USA) were used for this purpose. To define
when the actuator reaches the maximum bending angle, the open-source video post-
processing software Kinovea was used. For this purpose, the entire experiment was
recorded at 30 FPS ensuring that the camera scene takes the actuator’s motion and
the data provided by the microcontroller display. The critical data to synchronize
the video and microprocessor values were the time, the number of samples, and the
sensor’s pressure. The processing speed of the microprocessor was synchronized
with the 30 FPS of the video. For each actuator, five repetitions were performed,
which consisted of moving the actuator from steady state (no air pressure) to
maximum deflection employing the air pump.

Other variables that could be obtained to study the actuators’ behavior could
include the actuation speed, acceleration, and even bending shape or path trajectory.
All this information can be obtained in the same test bench of Fig. 6.11 using
the Kinovea software (Kinovea org, France). This software uses artificial vision
methods to process some marker changes in each video frame and estimate the
variables listed above.
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Fig. 6.12 Bending force test
bench assembly where the
necessary elements can be
seen. Here the distance from
the sensor and the height of
the actuator base are variable
to redirect the actuator tip and
achieve that the force is
applied correctly on the
sensor
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Bending Force
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The two types of forces that the actuators can generate at the same pressure were
measured. The bending force, which consists of measuring the force generated by
the tip of the actuator when it reaches the maximum bending [29], was the first
experiment. Moreover, the second one was the blocked force. This test consists
of restricting the actuator’s bending motion using a rigid sheet and measuring
the tip force [19]. In both cases, the air pressure used was that which in the
previous experiment achieved maximum bending. The instrument used to measure
the actuator force was an FC2211-0000-0010-L load cell (TE Connectivity, Switzer-
land). Fig. 6.12 shows the test bench for performing the maximum bending force
measurement. As in the first experiment, five repetitions were performed for each
actuator, which was averaged to estimate the applied force. In this experiment, the
two crucial variables (input pressure and force) are acquired by the microcontroller,
so it is unnecessary to synchronize video data with sensor data. Since the two types
of actuators have different behaviors in their bending path trajectory, the test bench
must change the height and the distance at which the force sensor is located.

The experiment to measure the blocked force uses the same elements. It is based
on the same five repetitions of pressurizing the actuator with the pressure that
generates full bending and recording the force values at that point for each actuator.
The set-up in Fig. 6.13 is the one that represents the test bench for this experiment.
In this case, neither the height nor the distance needs to be modified. In this case,
the two actuators are constructed of the same length.

6.2.2.4 Results
The pressure required for the actuator to achieve full bending was measured. The
five values were summarized by the mean and their standard deviation to be plotted
and compared in Fig. 6.14. In this graph, the comparison of the pneumatic energy
required to perform the same task for the two types of actuators can be seen. Note
that the textile actuators reach the maximum bending angle at a value of 11.04 psi
(76 kPa). And the silicone actuators at a higher value of 28.49 psi (196.4 kPa). It is
important to note that both systems reach the full bending angle at air pressure below
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Fig. 6.13 Test bench setup
to perform the blocked force
test. The figure shows how
the top layer restricts the
bending motion and allows
redirecting the force to the
actuator tip
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Fig. 6.14 Air pressure
needed to achieve full
bending performance for both
types of actuators

0

5

10

15

20

25

30

35

Textile Silicone

Pr
es

su
re

   
[p

si]

200 kPa. This indicates that both types of actuators can be used with small size and
low-power air sources. Nevertheless, the difference between the results of textile
actuators and silicone actuators is high. It can be affirmed that textile actuators are
more energy efficient in achieving the maximum bending angle. In other words, the
silicone actuators, while meeting the test objective and the stated requirements, are
less efficient than the textile actuators. This means that silicone actuators require
more air pressure to perform the same task as textile actuators.

It is vital to identify that the deviation of the textile actuators’ data is higher than
in the silicone actuators. In this sense, silicone actuators are more stable and accurate
of the input pressure required to achieve full bending. However, considering the
purpose of those devices, the found deviation is not relevant. Suppose the actuator
is pressurized with the highest value of the five values found. In that case, it is
assumed that the actuator will be in the position of full bending.

The experiments that found the actuator forces are shown in Fig. 6.15. As with
the previous results, the graphs represent the means and deviations of the five
values found in the test. It is possible to observe how the bending force for the
two actuators is very similar. In comparison, in the blocked force test, there are
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Fig. 6.15 The force
generated by the actuators
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setup and the comparison full
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pretty high differences between the two actuators. In detail in the bending force test
performed, very similar results were obtained regarding the force exerted.

The textile actuators generated an average peak force of 0.95 N at 11 psi, and the
silicone actuators 0.92 N at 28 psi. These values are very close to each other. There
is no difference between the two actuators in this type of experiment. Therefore, it
can be said that the two types of actuators generate the same bending force at the
maximum bending position. The difference is in the pressure required to generate
this value. If the force exerted at the actuator’s tip at the same input pressure is
compared, a lower value would be seen in the silicone actuators. With this test, it is
rectified that the textile actuators are more efficient than the silicone actuators.

The blocked force test results show that the textile actuators generate more force
than the silicone actuators. In this case, the textile actuators generate 5.1 N of locked
force, much higher than the 1.4 N of the silicone actuator. Another critical point seen
in Fig. 6.15 is the deviation of the fiber reinforced-type silicone actuator’s data. In
both the bending force test and the blocked force test, the data are more scattered in
this actuator type. This may be related to the fact that silicone actuators’ behavior in
terms of actuator tip forces is less repeatable and more complex to control than in
textile actuators.

Knowing the application for which the two types of actuators are intended to
be used and the design requirements stated in state of the art is easy to establish
which are the most feasible results according to each test. For example, in the first
experiment, the actuator needs less pressure to achieve full bending and, therefore,
reduce the power source’s size, and the air source is desired. All this reduces the
device’s weight, which is an essential factor in wearable devices for assistance or
rehabilitation [33]. According to the results obtained, textile actuators are better than
silicone actuators for the pressure required to achieve the entire bending movement.
So in the design of a wearable assistive or rehabilitation device, they should be
considered over silicone actuators.

Similarly, the results of the force tests are analyzed in these cases. For this type
of application, the desired results are the higher force values. The more force the
actuator can generate, the more possibilities it will have to assist human fingers’
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movements. It will have a greater capacity to propose rehabilitation tools for
different pathologies and at different rehabilitation stages. The force tests shown
in Fig. 6.15 show that the force generated by the two types of actuators flexion is
very similar. Regardless of the efficiency, this force value is achieved with the same
pressure value used in the previous experiment.

Similarly, the results of the force tests are analyzed in these cases. For this type
of application, the desired results are the higher force values. The reason for this is
that the more force the actuator can generate, the more possibilities it will have to
assist human fingers’ movements. It will have a greater capacity to create therapies
for different types of pathologies and at different rehabilitation stages. The force
tests shown in Fig. 6.15 show that the force generated by the two types of actuators
in flexion is very similar, so there would not be a key factor to decide which one is
better.

The only notable difference in these results is the deviation of the results. In this
case, the textile actuators generate the most stable values. Analyzing the blocked
force test results shows that the type of actuator that generates more force is the
textile actuator (30% more than the silicone actuators). This result is essential for
selecting the actuator type if an assistive device is to be built. Based on these
experiments’ results, it is suggested to select textile actuators with pleats to develop
assistive or rehabilitative hand devices. As they meet the basic requirements in terms
of force, they can be actuated without requiring much pneumatic energy, and the
construction time is shorter than silicone actuators.

6.3 Actuators for Assistive Applications

Proper selection of actuation for an application in biomedical fields is a critical
task in engineering. The design involves understanding the fundamental variables
to be considered and how to characterize them on a test bench. The next step after
measuring the device’s performance consists of applying the technology in an actual
scenario considering the trials executed during the characterization process. In this
sense, it is possible to determine the device’s capabilities and guarantee the safe
human–robot interaction. This section presents assistive devices based on pneumatic
actuation used and evaluated in clinical fields.

Based on the tests performed to characterize the types of soft actuators, the
textile-type actuator was selected to construct rehabilitation and assistive device.
The device was built using bending and extension actuators in the thumb and index
finger. With these two actuators, it is possible to assist in the type of grip called
the pincer grip, which was evaluated through the modified Jebsen Taylor test [35].
Figure 6.16 shows the device built with the textile actuators previously characterized
and compared with the silicone actuators.

The Jebsen Taylor test consists of a series of 7 subtests to assess various hand
functions related to activities of daily living. The subtests include tasks such as
writing, turning letters, and picking up small objects. In the study conducted to
evaluate the device’s functionality, an adaptation of the test based on measuring the
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Fig. 6.16 Front and side
view of the implementation of
the textile-type actuator in a
glove for the creation of the
assistive and rehabilitative
hand device
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times required to hold different objects was used [36]. Five objects were selected
for this evaluation; a coin, an eraser, a sphere, a plastic cup, and a book. The test
compared the time required to hold each object without the device in a healthy
subject. The study results show that the device can assist in the grasping of objects
for activities of daily living. However, it is less efficient with small objects than with
large objects. In the healthy subject, the time to grasp everyday objects is higher
with the use of the device than without its use.

In the literature review, different hand rehabilitation devices based on wearable
robotics and soft robotics techniques were found. The technique based on pneumatic
actuators has been the most varied over the years. Initially, this style’s devices began
using silicone actuators of the PneuNets type due to their ease of construction and
modeling. For example, a flexing glove with PneuNets actuators was built with
the ability to control the velocity and position of each actuator by pressure input
to the system [37]. In parallel, exoskeleton designs with other types of silicon
actuators were realized. For example, the development of an exoskeleton with
fiber reinforced actuators was evaluated in rehabilitation therapy [23]. Specifically,
fiber reinforced-type silicone actuators are most commonly used to construct these
assistive and rehabilitative hand devices. An exoskeleton for rehabilitation and task-
specific training help to perform tasks faster and more accurately in a subject with
stroke [23]. In this work, each actuator has different stretches of movement, which
allows the actuator to generate assistance in finger flexion and twist these. Another
exoskeleton built with fiber reinforced actuators was presented in [38]. The actuators
assisted finger flexion and were tested by inflating and deflating the actuators at 100
kPa to see each actuator’s life cycle. Specifically, these actuators functioned properly
for 62.2 cycles of the previous test. Following the previous works, with the same
fiber reinforced silicone actuator, an exoskeleton was made for hand rehabilitation
that assists in flexion and extension movements. This movement is achieved with a
brace that generates a torque on the actuators that keeps them extended until they are
pressed for flexion. It is important to note that each actuator in this device weighs
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37 g, which is a factor for improvement in future versions. This device was tested in
a study with stroke patients.

On the side of exoskeletons built with textile-type actuators, the devices usually
assist in both directions through layers of fabrics of different properties. For
example, an exoskeleton for hand rehabilitation and assistance was built with
corrugated textile actuators with the possibility to assist in both flexion and
extension movements. This device’s manufacture is particular because it is not made
with elastic elements such as lycra-type fabrics. In this case, flexible materials such
as TPU-coated fabric are used, and employing the geometry in some actuator layers,
the flexion and extension movements are achieved. Also, in the study, a control
interface is designed to switch between different operation modes such as specific
tasks, bilateral rehabilitation, and grip types, among others [39]. With some external
improvements in the device, a functionality study was performed based on the box
and block test. It was found that the device assists in finger flexion, but the force
generated in extension is not enough for patients with high muscle spasticity [20].

A fabric exoskeleton was built using the previous case’s geometrical principles
but with elastic materials such as lycra. That study uses textile actuators with pleats
that facilitate the bending motion and reduce the input pressure. The designed device
can assist in opening and closing the hand and was validated utilizing muscle
activity in the forearm when performing the movements with and without the
exoskeleton. Muscle activity in these tasks with the device is lower than without the
exoskeleton [34]. Another following work [40] added force and deflexion sensors;
bending actuators segmented by phalanges also were modified to apply force on
only the parts needed. In this version of the device, the system requires 25 psi of
power and can generate three movements; power closure, gripper closure, and finger
extension. For evaluating the device, grip strength tests were performed, which
obtained an 87% increase using the device. The Jebsen Hand Function Test and
Box and Blocks tests evidenced improvements in patients with high-level injuries
and reduced functionality in low-level injuries.

6.4 Conclusions

The characterization of actuators has several steps to fully understanding the
capacities and limitations required for the aimed application. The test bench is
the forefront tool to assess the actuator’s performance through essential variables,
depending on the implemented mechanical principles. This chapter presented the
characterization process for two actuator types (i.e., variable stiffness actuator and
pneumatic actuator) regarding the goal application and interaction scenario. Thus,
the overall process defined the interesting variables, signals applied, and setup
proposed to assess the actuator coupled in an assistive robot in terms of system
response and device capabilities.
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7Variable Stiffness Actuators for Wearable
Applications in Gait Rehabilitation

Daniel Gomez-Vargas, Diego Casas-Bocanegra, Marcela Múnera,
Flavio Roberti, Ricardo Carelli, and Carlos A. Cifuentes

7.1 Introduction

Currently, there are mainly two types of robots for rehabilitation and assistance: (1)
platform-based robots, intended solely for the improvement of joints function, and
(2) wearable devices, which can contribute in the rehabilitation of joints in stationary
scenarios, as platform-based robots, but can also improve joints performance during
gait in daily activities outside controlled environments. Therefore, this second type
of robot exhibits considerable advantages concerning stationary platforms in aspects
such as multimodality and applicability [1, 2].

In general terms, devices applied to gait rehabilitation integrate principles
implemented in passive orthotic structures, although incorporating the robotics’
benefits (i.e., energy supply using actuators, user monitoring through sensors,
programmed functionality profiles, among others) [3]. In this sense, those devices
mainly aim at improving the patients’ gait pattern or decrease the metabolic effort
during walking [4]. However, considering the complexity of developing robotic
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devices aimed at physical interaction scenarios, wearable devices challenge in
aspects such as portability, adaptability to the human body, and compliance [2, 5].

On the other hand, from the capacity of assisting the human body’s movements,
robotic devices require providing high torque levels during assistive scenarios
[6]. Therefore, different actuation systems have been applied in those systems,
intending to improve human–robot interaction and assist pathological motor func-
tions. Specifically, current developments integrate principles based on (1) Stiff
Actuators, (2) Serial Elastic Actuators (SEAs), and (3) Pneumatic Actuators [4].
Some devices also include other mechanisms such as (4) Hydraulic Actuators
and (5) Magnetorheological Actuators [7, 8]. Furthermore, other actuation systems
widely implemented nowadays, particularly in wearable systems, applies concepts
of (6) Variable Stiffness Actuators (VSAs) and (7) Cable-Driven Actuators [9].

Devices based on pneumatic actuators have potential in aspects such as compli-
ance and physical interaction with the user. However, this actuation type exhibits
disadvantages related to the overweight power supply required to assist human
movements, as well as hydraulic actuators [9, 10]. On the other hand, wearable
robots based on magnetorheological actuators include drawbacks associated with
(1) the complex and heavyweight equipment implemented and (2) the high energy
consumption to achieve this principle [8].

From the other actuation systems’ drawbacks presented above, electrical power
supplies could be appropriate for portable devices applied in rehabilitation and
assistance scenarios because of their lightweight and autonomy [11]. However, to
ensure this portability, those machines need to have reduced sizes and low weights,
resulting in a limited torque capacity provided by the system [9]. Consequently,
actuators generally include gear mechanisms to enhance the torque capabilities and
assist the human body’s movements, although reducing the actuator speed response
[11]. Nonetheless, the gears’ inclusion also leads to non-backdrivable mechanisms,
which affect the human–robot interaction [12].

Within the mechanical principles that use electrical power supplies, stiff actuators
appear to be an efficient solution to assistive devices. Specifically, this actuation
system exhibits relevant characteristics such as high provided torque and wide
bandwidth, which are beneficial in assistance applications [13]. Notwithstanding,
stiff actuators remain the non-passive backdrivability due to the gears system,
resulting in a hard physical interaction [11–13]. Likewise, for human limbs that
involve movements in multiple planes, designs with stiff actuators generally restrict
several motions, inducing abnormal compensatory movements. Moreover, in terms
of interaction, these actuators can present damages derivated from external forces
(e.g., impacts or unexpected motions) during real applications [13].

In this context, wearable devices based on cable-driven mechanisms, series
elastic actuators, and VSA are emerging to overcome the stiff systems’ limitations
and preserve the actuators in interaction scenarios. These mechanical principles
include elements or mechanisms in the actuator’s output to decouple the load,
improving the human–robot interaction although reducing the system capacities
[9]. This chapter is focused on the VSAs and their potential applications in gait
rehabilitation scenarios. The first part explains the variable stiffness principle and
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several configurations and techniques to accomplish this behavior. The second part
shows the T-FLEX exoskeleton’s design based on VSA, and finally, the third part
presents two experimental validations in gait assistance and stationary therapy.

7.2 Variable Stiffness Actuators

VSA’s concept has arisen from the theory on (1) impedance and (2) Series Elastic
Actuators (SEAs) [14], which were published by Hogan [15] and Pratt [13],
respectively. Specifically, SEAs involve the spring elements’ inclusion between the
actuator and the load (see Fig. 7.1a). In this sense, series elastic elements can give
back the actuators’ lost qualities when it includes a gears system. Geared motors
intend to increase the provided torque, reducing the motor speed. However, the gear
system introduces characteristics such as (1) high friction, (2) backlash, (3) torque
ripple, and (4) noise, affecting the device performance [11, 13].

SEAs work as a low-pass filter for shock loads, reducing peak gear forces
[11]. This way, the interaction forces in assistive applications are dissipated mainly
by the elastic element, preserving the actuator’s mechanical structure. Likewise,
this characteristic also affects the torque supplied by the actuator. However, the
proper amount of elasticity can solve this drawback without limiting the absorption
capability. In terms of control, SEAs turn the force in the impedance concept into
a position control problem. Thus, the output force becomes proportional to the
position difference across the series elasticity multiplied by its spring constant.
Moreover, increased spring constants provide higher control stability, like in a stiff
system, even though including the elastic elements’ benefits [13].

Actuators based on variable stiffness follow the concept applied in SEAs, where
the elastic element is included between the actuator and the load (see Fig. 7.1a).
However, the difference lies in the variable impedance’s inclusion for the actuator
design [14]. This variable impedance allows deviating the equilibrium position (i.e.,
where the actuator generates zero force or torque) concerning the external forces
and the actuators’ mechanical properties [16, 17]. This way, VSAs include elastic
elements whose spring magnitude takes different values conditioned by an active
device (see Fig. 7.1b). Specifically, the adaptive stiffness can be achieved by (1)
changing the spring preload, (2) varying the transmission ratio between the output
link and the elastic elements, and (3) altering the spring’s physical structure [17].
Therefore, this functionality allows adjusting the actuator’s stiffness and adapting
the device to a specific task [18].

Two setups have mainly been applied in devices that exhibit a variable stiffness
behavior: (1) the agonist–antagonist, and (2) the independent motor setup [14].
In the agonist–antagonist principle, two motors modify the stiffness output (see
Fig. 7.2b). This way, when actuators turn in the same direction, the output results
in movement transmission. On the other hand, when the actuators turn opposite
directions, the system exhibits the springs’ co-contraction, changing the output
stiffness [14, 18]. In terms of design, each motor-spring set is opposite to the other,
and usually, the spring size is the same (see Fig. 7.2b).
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Fig. 7.1 Schematic representation of the actuators studied in this chapter (a) Series Elastic
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Fig. 7.2 Actuators configurations to generate a variable stiffness behavior. The left part (a) shows
the independent motor configuration, and the right part (b) indicates the actuators’ configuration
for the agonist–antagonist principle

For a setup with independent motors, a motor varies the output position, resulting
in a variable stiffness behavior (see Fig. 7.2a). In this sense, only one actuator
is required to change the system’s stiffness concerning the agonist–antagonist
configuration. Likewise, that actuator is selected to achieve the needed power for
this purpose, which is usually smaller than the primary system’s actuator [14].

The positive effects for the agonist–antagonist configuration effects are related to
both motors’ contribution to the stiffness generation [18,19]. Moreover, for systems
that couple tendon-driven mechanisms, this configuration can quickly compensate
the stiffness change when the length between the actuator and the joint varies. On
the other hand, the independent motor setup ensures smaller and lighter devices
because the actuator used to change the stiffness is selected only for this purpose
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preload strategy under agonist–antagonist configuration with two actuators (i.e., M1 and M2). The
(c) and (d) parts illustrate the variable stiffness generated by a change in the transmission load. The
right part shows the variation in stiffness through the spring’s physical properties (i.e., K parameter
shown in Eq. 7.1)

[19]. However, this configuration only uses one motor to move the joint, and
consequently, generate the system output torque.

Following these setups, different strategies can be applied to VSAs, looking for
changing the system’s stiffness: (1) spring preload, (2) transmission load variation,
and (3) spring’s physical properties [14] (see Fig. 7.3).

In the spring preload (see Fig. 7.3a and b), the system response changes concern-
ing the spring pretension. This way, the spring force is directly proportional to the
spring displacement, accomplished by the actuator coupled in the system. However,
to generate a variable stiffness behavior, energy should be stored in the springs and
may not be retrievable. Therefore, an agonist–antagonists setup explained above is
implemented, resulting in a large passive angular deflection [14]

For the transmission load variation, the distance between the output link and
the spring element (i.e., the transmission ratio) varies continuously, leading to a
variable stiffness effect (see Fig. 7.3c and d). Thus, when the springs are close to
the pivot, the stiffness is less than when they are far. This strategy does not require
energy to change the stiffness because the spring force is orthogonal to the spring
displacement [14].

Finally, the variable stiffness strategy is achieved through the spring’s physical
properties (see Fig. 7.3e), which is derivated from the basic elasticity law as shown
in Eq. 7.1.

F = EA

L0

L = K
L, (7.1)
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where F is the spring force, E the material modulus, A the cross-sectional area,
L the effective beam length, and 
L is the spring’s displacement. Likewise, the
stiffness K is defined by EA/L0, to control the structural stiffness, any of these
parameters should be modified [14]. This way, E is a material property whose
change is possible only for some materials through temperature, although this
variation is slow. Consequently, the VSA applies changes in the cross-section area
and the elastic element’s length [14].

Different low-level controllers including position, force, admittance, and
impedance controllers have been developed [20]. In this sense, those strategies
support elaborate control architectures (i.e., high-level controllers) focused on the
actuator’s application in real scenarios [9]. In general terms, devices applied to
human scenarios require control architectures based on impedance controllers to
improve the interaction between the system and the user. In this context, wearable
devices based on VSA commonly use position controllers, which inherently results
in torque output. This strategy simplifies the force problem to the actuator position
problem as in SEAs, being more simple to implement and control [13]. However,
considering the non-linearities exhibited by different VSA designs, this strategy
could be challenging [16].

7.3 VSA in Rehabilitation Scenarios

Given the possibility of changing the system output stiffness in several interaction
cases with the environment (e.g., constant load and constant position) [14], different
device’s performances can be achieved according to a particular topic. This charac-
teristic is advantageous for VSAs in physical interaction scenarios, something that
was a limitation for devices based on SEA [18].

Specifically, in dynamic scenarios, the human body changes its stiffness’ proper-
ties to accomplish different tasks such as (1) limb movements, (2) shock absorptions,
and (3) weight support. Hence, the wearable devices’ designs focus on replicating
human functions (i.e., bioinspired concepts), intending to improve the physical inter-
action [21]. Furthermore, spring’s inclusion in a system, i.e., based on both SEAs
and VSAs, preserves the actuators’ mechanisms during scenarios with complex
interaction forces (e.g., impacts, mechanical locking, and unexpected events against
the actuators’ movements) [22, 23]. Likewise, considering the changing stiffness’
capability in VSA, the system response could be adapted to modify the user–device
interaction during the same task.

In compliance terms, robotic devices applied to rehabilitation scenarios should
guarantee safer and more natural interaction with the user [16]. This way, for
gait rehabilitation, neurological patients often exhibit sporadic spasms and spastic
events. Hence, when robotic devices implement stiff actuators, the response con-
troller tries to correct the position errors generated by those movements. Thus, this
correction could cause larger forces, injuring the user’s limbs.

Considering the mentioned advantages, this actuation type is widely recom-
mended for robotic applications where the robot interacts intensively with humans
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[19,24]. However, despite the benefits of the human–machine interaction, the elastic
materials’ inclusion limits the actuator’s features in terms of bandwidth, supplied
torque, response time, among others [25].

Notwithstanding, devices based on VSA allow mitigating the effects caused by
the spring’s inclusion compared to SEAs. In this sense, higher pretensions lead to
a system response similar to a stiff actuator without losing the benefits of spring’s
inclusion. Hence, system characteristics improve (i.e., increasing the bandwidth and
supplied torque and decreasing the response time), and the compliance remains.

In the first part, this section presents different devices that integrate variable
stiffness concepts to assist human movements in rehabilitation scenarios. On the
other hand, the second part is focused on the T-FLEX ankle exoskeleton, which is a
novel bioinspired device based on an agonist–antagonist configuration to achieve a
variable stiffness behavior.

7.3.1 VSA inWearable Robotics

In general terms, robotic devices applied to rehabilitation scenarios arisen from
the promising results of including robotics in these applications: (1) neuroplas-
ticity induction, (2) improvement of motor recovery, and (3) regaining functional
independence [26–28]. The current developments have been focused on designing
soft structures and compliant actuators to guarantee a proper and safer user–device
interaction [22]. Specifically, as mentioned previously, wearable devices exhibit
benefits regarding platform-based systems regarding a multi-functionality character-
istic. Those benefits are mainly related to potential applications of wearable robots
in both gait assistance and stationary therapy.

On the other hand, considering the advantages presented in the previous section,
wearable devices based on VSA have also shown high potential in rehabilitation sce-
narios, from the bioinspired operation principle and the system response variation
regarding its configuration. In this context, one of the most representative actuators
based on VSA concepts is MACCEPA. This actuator consists of 3 bodies pivoting
around a common rotation axis whose working principle is a torsion spring able
to control its equilibrium position and joint stiffness, independently [23, 29]. Thus,
this actuator’s design has evidenced high assistance torque levels (i.e., from 50 Nm),
comprehensive frequency response (i.e., close to 30 Hz), and consequently, potential
use in gait rehabilitation scenarios [23, 30]. Several assistive devices have applied
this principle to interact with patients in those scenarios [23, 31–34].

Another actuator focused on gait assistance based on VSA is ARES. This design
exhibits relevant characteristics such as lightweight compared to other VSAs, faster
response to change the device’s stiffness, and considerable assistance torque levels
(i.e., providing up to 70 Nm) [30]. ARES includes a stiff set coupled with a
compliant mechanism able to change the stiffness using a DC motor. The device
aims at controlling the joints’ equilibrium position, as occurs in the MACCEPA
actuator [35]. ARES has been implemented in the ATLAS exoskeleton, a pediatric
device with actuation in the hip, knee, and ankle joints [35, 36].
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As well as the previous designs, actuators based on a changing transmission
load have also been applied in wearable devices [30, 37]. Specifically, AwAS-II
and CompAct-VSA were developed and implemented in lower-limb exoskeletons,
including two springs antagonistically attached to the lever that can move toward or
away from the pivot [37–39]. In the capacity terms, AwAS-II provides a torque range
of 80 Nm with a faster response to adjust the stiffness (i.e., 0.8 s), and CompAct-
VSA registers a high torque capacity (i.e., up to 117 Nm) with a faster change
stiffness response [30].

In this sense, all of those presented actuators remark the capabilities of devices
based on VSA in human interaction scenarios. Notwithstanding, mechanical struc-
tures to fix the actuator to the human joints are usually rigid structures that block the
joints’ movements on the different assisted planes. The following section presents an
agonist–antagonist configuration of a VSA ankle exoskeleton with a fully compliant
structure.

7.3.2 T-FLEX Ankle Exoskeleton

T-FLEX is a wearable and portable ankle exoskeleton that is part of the AGoRa
lower-limb exoskeleton [40]. This device can operate independently (i.e., supporting
the ankle movements) or cooperatively with the AGoRA exoskeleton (i.e., assisting
the hip, knee, and ankle joints). T-FLEX integrates VSA concepts in its mechanical
principle to support the dorsi-plantarflexion movements without restricting the other
ankle motions (i.e., foot rotations, inversion–eversion, and pronation–supination)
[41]. This exoskeleton integrates two servomotors attached to elastic elements
whose mechanical behavior is similar to the human Achilles tendon [42]. It uses
an agonist–antagonist configuration with a bidirectional movement mechanism to
assist the ankle motions on the sagittal plane (see Fig. 7.4). The principal torque
transmission is generated by a composite elastic element that attaches the motor
and the user’s foot. Moreover, crossed stiff filaments involve both actuators in the
torque output, as Fig. 7.4 shows.

The variable stiffness system intends to change the user–device interaction
according to the application (i.e., dorsi-plantarflexion repetitions in stationary
therapy and gait phases during walking assistance). Likewise, the spring’s inclusion
also allows modifying the interaction with the patients from their motor capabilities
(i.e., increasing initial pretension for a weak ankle or decreasing this value for a
spastic ankle). For this purpose, the device includes a composite tendon whose
mechanical behavior, tested in stress trials, is similar to the human Achilles
tendon (i.e., Young’s modulus between 500–1800 Mpa) [42]. The tendon braids
flexible materials (i.e., thermoplastic elastomer and fibers of polyethylene) and
stiff filaments (i.e., polytetrafluoroethylene) to achieve an exponential stress–strain
curve.

The exoskeleton integrates a soft structure, where two actuators are placed on the
user’s shank (i.e., anterior and posterior sides), as Fig. 7.4 shows. Thus, 3D-printed
pieces of polylactic acid (PLA) support the T-FLEX’s actuators. Moreover, flexibles
interfaces of polyurethane-coated, coupled to the support system, improve the
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M2M1
M2M1

Fig. 7.4 Variable stiffness configuration applied in the T-FLEX exoskeleton. The right part shows
the agonist–antagonist setup, including spring elements and stiff filaments. The left part shows this
concept implemented on a user’s limb

device-user physical interaction. This way, the device allows portable applications,
avoiding slipping and reducing pressure points on the limb related to reaction forces
when the device actuates. On the other hand, T-FLEX includes elastic elements
and stiff filaments to transmit torque from actuators to the user’s foot. Hence, the
exoskeleton uses an insole adapted with 3D-printed pieces to attach the composite
tendons to the foot (i.e., heel for plantarflexion and metatarsals for dorsiflexion), as
Fig. 7.5. This way, the device comprehends a four-bar mechanism by each actuator,
where one of them is a spring with variable stiffness (see Fig. 7.5).

In the electronic system context, the device has two smart servomotors, an inertial
sensor, and a processing unit coupled within the open-source robotic meta-operating
system (ROS). The actuators are smart servomotors Dynamixel MX106-T (Robotis,
Korea) placed on the user’s affected shank (see Fig. 7.6). Each actuator has a stall
torque of 10 Nm with a maximum no-load speed of 55 rpm for a power supply of
14.8 V.

The sensing system integrates an Inertial Measurement Unit (IMU) BNO055
(Bosch, Germany) placed on the foot tip. This sensor runs to 60 Hz, using
the angular velocity and acceleration to trigger the device. Specifically, for gait
assistance, an algorithm based on machine learning estimates the user’s gait phases
in real-time [43]. Notwithstanding, for the stationary therapy, a statistical algorithm
determines the user’s movement intention.

For the processing, the exoskeleton uses a Raspberry Pi 3 Board under a Debian
operating system. This computer acquires sensor information, runs the control
algorithms, and sends the control commands to the actuators. Finally, in the power
supply context, the device has a LiPo battery of 4000 mah 4S 14.8V 30C, which
allows an autonomy close to 4 h in non-extreme conditions (i.e., high level of
spasticity and excessive strain on the tendons or stiff filaments).



202 D. Gomez-Vargas et al.

G

H

d1

d1d2

d2

L1

L2
a1

a2

M1M2

Fig. 7.5 Mechanical diagram of the T-FLEX exoskeleton implemented in the user’s limb condi-
tioned to the anthropometric measurements. The device includes two actuators, i.e., anterior (M1)
and posterior (M2), placed on the shank and distanced by the user’s body compositions (G). The
exhibited parameters are elastic elements’ length (i.e., L1 for the anterior tendon and L2 for the
posterior), stiff element’ lengths (i.e., a1 for the filament attached from M2 to the foot tip, and a2
for the filament from the M1 to the heel), the distance between the actuators and the ankle joint
(H), and finally, the attachment systems’ dimensions for the elastic and stiff elements, i.e., d1 and
d2, respectively

IMU
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Fig. 7.6 Real prototype of the T-FLEX ankle exoskeleton based on a variable stiffness principle

Finally, T-FLEX has a mechatronic model divided into two main parts: (1)
actuators controller and (2) mechanical design’s effect. The first part refers to the
internal PID controller implemented on each motor. This controller has as input
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a goal motor position converted to profiles of velocity and acceleration. The PID
controller calculates the PWM output based on those profiles. Finally, an inverter
supplies the PWM value to the actuator and an encoder closes the control loop.

The second part covers effects due to the elastic elements’ inclusion. Considering
the VSA’s characteristics, the system response has a dependency on the spring
behavior in terms of provided torque and the system’s bandwidth. Thus, the
composite tendon included in T-FLEX leads to limited bandwidth and actuators’
torque reduction. Likewise, these effects depend on each tendon’s pretension,
during the initial configuration. On the other hand, from the T-FLEX’s mechanical
design shown in Fig. 7.5, the provided torque on the ankle increases proportionally
concerning the user’s foot length. Moreover, regarding the assisted movements, the
torque in dorsiflexion is more significant than in the plantarflexion movement. This
characteristic is because the distance between the ankle and the foot part, where the
torque is transmitted is different (see Fig. 7.5). The torque for each movement can
be simplified as shown in Eqs. 7.2 and 7.3.

τdorsif lexion = (FM1 − Ftendon) · cos α1 · Lm + FM2 · cos α2 · Lm (7.2)

τplantarf lexion = (FM2 − Ftendon) · cos α1 · Lh + FM1 · cos α2 · Lh, (7.3)

where Lm and Lh are the distances between the attached tendon position and the
ankle joint, alpha1 and alpha2 are the angles between the attached tendon position
and the motor lever arm, Ftendon is the loss force related to the elastic element, and
FM1 and FM2 are the provided forces by the motors expressed as

F1,2 = τmotor(1,2)

d1,2
. (7.4)

Considering the mechanical and electronic design of T-FLEX presented previ-
ously, the following sections show two preliminary validations of the device in
real scenarios. This way, from the wearable robotics’ multi-functionality, these
validations include experiments in both applications: (1) stationary therapy and (2)
gait assistance with healthy people.

7.4 Experimental Validations of the T-FLEX

Wearable devices based on VSA exhibit advantages for rehabilitation and assistive
scenarios, as previous sections stated. Specifically, those devices show benefits in
aspects such as (1) multimodality, (2) variable physical interaction adjustable to the
user performance, and (3) actuation systems based on the human body. Considering
these advantages, VSAs are widely recommended for robotic applications where
the device interacts intensively with humans [19, 24]. Specifically, studies have



204 D. Gomez-Vargas et al.

evidenced metabolic cost’ reductions related to the changing stiffness level of the
actuator [24].

On the other hand, preliminary studies have shown the significant potential of
the T-FLEX ankle exoskeleton in rehabilitation scenarios for (1) stationary therapy
and (2) gait assistance. For the therapy, a stroke survivor evidenced improvements
in the ankle kinematics and spatiotemporal parameters after a rehabilitation process
during 18 sessions [44]. Likewise, in terms of gait assistance, the study exhibited
relevant outcomes related to the lower-limb kinematics when stroke patients wore
the T-FLEX’s actuation system [45].

In this context, this section presents two validations of the T-FLEX ankle
exoskeleton in rehabilitation scenarios (i.e., stationary therapy and gait assistance).
This device is a wearable and portable powered ankle–foot orthosis that applies
bioinspiration concepts based on a variable stiffness actuators principle under
an agonist–antagonist configuration (see Fig. 7.6), as extensively presented in the
previous section.

7.4.1 T-FLEX in Gait Assistance

Considering the T-FLEX’s applications, this section presents the experimental
validation of this ankle exoskeleton for assistive applications in gait. Thus, the
proposed protocol aimed at assessing the first-use condition with T-FLEX to analyze
the effect on the user’s kinematics during walking over a treadmill.

The experimental validation consisted of assessing the T-FLEX’s first-use effect
in a healthy subject. This way, the protocol included three modes: (1) no device, (2)
unpowered, and (3) powered. For the three modalities, an Electromyography (EMG)
sensor (Shimmer, Ireland) measured the muscular activity on the participant’s
gastrocnemius and tibialis anterior muscles (see Fig. 7.7). Likewise, a G-Walk
sensor (BTS Bioengineering, Italy), placed on L5, estimated the spatiotemporal
parameters during the trials. Finally, an inertial sensor (Shimmer, Ireland) measured
the ankle’s kinematics in the actuated limb side. This sensor was located on the
participant’s foot tip, as Fig. 7.7 shows.

The participant performed three trials of 6 minutes over a treadmill: (1) no device,
(2) unpowered, and (3) powered. Moreover, a previous stage, where the volunteer
accomplished three 10-meter walk tests to estimate the average walking speed, was
included. Thus, the treadmill was configured to this speed value for the different
executed modalities. In the first trial, the participant walked over the treadmill
without wearing the device. The data acquired in this modality was used as the
reference for the other modalities. For the second trial, the user wore the T-FLEX
exoskeleton, although the actuators were deactivated. Finally, in the third trial, the
participant walked with the device powered and assisting the user gait phases.

This experiment also included an additional calibration stage to adjust the
device’s mechanical structure to the user’s anthropometric measurements for the
assisted gait mode. Likewise, this stage allowed configuring the T-FLEX’s move-
ments concerning the user’s range of motion (ROM).
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Fig. 7.7 Experimental setup for the validation in a gait assistance application on the treadmill

Data processing was performed offline using the MATLAB software (Math-
Works, 2018b, USA) and information acquired through the rosbag package within
the ROS operating system framework. Thus, for the acquisition and processing, the
HP Pavilion Gaming laptop (IntelCore i5-8300H, CPU@2.30 GHz, Taiwan) was
used, running Windows 10 Home. On the one hand, in terms of kinetic parameters,
the G-Studio software (BTS Bioengineering, USA) estimated the user performance
during trials. On the other hand, for the EMG information, a band-pass filter was
applied to remove noise.

The most relevant kinematic parameters are summarized in Fig. 7.8. The device’s
inclusion in the passive mode shows a decrease in the ankle’s ROM. Specifically, the
dorsiflexion and plantarflexion exhibited reductions greater than 10% concerning
the no-device condition.

This behavior responds to the spring’s pretension in the variable stiffness system
implemented in T-FLEX. This way, although the mechanical structure does not
restrict the user’s movements completely, the interaction force between the tendons
and the foot is enough to reduce the dorsi-plantarflexion during gait. Consequently,
the cadence and the gait cycle exhibited slight changes, and the step length showed
increases to compensate for the mentioned reductions. In contrast, when the T-FLEX
exoskeleton assisted the user’s gait, the dorsi-plantarflexion movements increased
concerning the baseline state. Specifically, these movements exhibited increases
from 10% to 16%, which could be related to suitable foot-ground contact on the
heel strike phase. Likewise, the dorsiflexion’s variation for this mode indicates
improvements in foot clearance during the swing phase, resulting in a fall risk
reduction [44].

On the other hand, this modality also showed reductions in cadence and step
length, increasing the user’s gait cycle duration. These variations could be associated
with the training’s lack in the experimental procedure. Thus, multiple sessions with
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Fig. 7.8 Percentage variation of the kinematic parameters registered during the assistance with
T-FLEX. The values were estimated concerning the baseline (i.e., no-device condition). Positive
values indicate increases in the parameter, and negative values evidence decreases

the exoskeleton could improve the user–device adaptability until achieving at least
values determined in the baseline state.

In the muscular activity context, Fig. 7.9 shows the variations in the gastroc-
nemius and tibialis anterior muscles. In general terms, the unpowered condition
exhibited no significant changes (i.e., less than 10%) in the measured electrical
activity concerning the no-device condition. Thus, it could be inferred that the T-
FLEX exoskeleton does not cause an additional effort in the patient related to the
device’s weight and the mechanical structure.

On the other hand, the powered mode (i.e., T-FLEX assisting user gait) showed
(1) an increase in the tibialis anterior and (2) a reduction in the gastrocnemius
muscle (see Fig. 7.9). This way, these variations relate to the variable stiffness
system’s effects and the device’s assistance capacity. Specifically, the change in
the dorsiflexion movement could increase the tibialis anterior’s electrical activity.
Moreover, the EMG’s reduction in the gastrocnemius could indicate that T-FLEX
assisted the leg propulsion during the toe-off phase.

7.4.2 T-FLEX in a Stationary Scenario

This section shows a preliminary validation of the device under a stationary
condition from the T-FLEX’s applicability in rehabilitation scenarios. This way,
the proposed experimental protocol was intended to measure the muscular activity
response in a healthy subject using the exoskeleton.

The experimental protocol’s goal intended to assess the device’s effect during a
stationary therapy scenario, measuring the user’s EMG and ROM (see Fig. 7.10). To
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Fig. 7.10 Experimental setup proposed to assess the T-FLEX exoskeleton in a stationary applica-
tion

this end, this study enrolled a healthy participant who had no exhibited orthopedic,
metabolic, or neurological impairment that could modify his muscular activity.
The participant was equipped with electrodes located on the tibialis anterior and
gastrocnemius muscles on their dominant side. Likewise, two inertial sensors
(Shimmer, Ireland) were placed on their foot instep and at the shank (i.e., 10 cm
on the tibia proximal to the ankle joint). Subsequently, the user wore the T-FLEX
exoskeleton as Fig. 7.10 shows.
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For this study, T-FLEX was configured in therapy mode, where the device assists
the dorsi-plantarflexion movements concerning the user’s ROM, the actuators’
velocity, and the repetition frequency. Moreover, the participant was asked to sit
in a 90-degree knee flexion with his dominant lower limb elevated without contact
with the ground.

This study included one session divided into two modalities: (1) no-device
condition and (2) T-FLEX assisting the dorsi-plantarflexion movements. For the first
modality, the user accomplished continuous dorsi-plantarflexion repetitions with a
self-determined speed and a repetition frequency of 0.8 Hz. This trial was used as a
baseline for the other assessed modality. The second modality integrated three tests
where the device assisted the ankle movements with different speeds. Thus, the
continuous repetitions had an actuator’s velocity of 30% (low), 50% (medium), and
100% (high) concerning the maximum device’s speed (i.e., 55 rpm for the no-load
condition). Likewise, the set-point commands were sent to the actuators to achieve
a repetition frequency of 0.8 Hz.

Data processing was performed offline using MATLAB software (MathWorks,
2018b, USA) and an Asus VivoBook S15 S510UA (IntelCore i5-8250U, CPU@1.80
GHz, Taiwan) running Windows 10 Home. For the processing, a band-pass filter
removed the atypical values and noise in the EMG signals. Subsequently, the signals
were rectified (i.e., from the absolute values), and data smoothing was performed
using a 100 ms motion average window. Finally, to provide information about
the EMG signal’s amplitude during the trials, the root-mean-square (RMS) was
calculated.

The muscular activity measured on the tibialis anterior evidenced a significant
decrease for all assisted trials (i.e., low, medium, and high), as Fig. 7.11 shows.
Specifically, the exhibited reduction was 93% for the low velocity, being the maxi-
mum value obtained in the experiment. However, the muscular activity measured on
the gastrocnemius muscle presented its maximum variation in this trial (i.e., 270%
concerning the baseline state).

On the other hand, medium and high velocities led to a shorter increase in the
gastrocnemius’ electrical activity, although the tibialis anterior evidenced a slight
increase compared to the low speed. This way, the device’s speed evidenced a
relevant impact on the user’s electrical activity. In general, when T-FLEX assisted
the movements with a low velocity, the participant registered significant increases in
gastrocnemius’ activity. However, as the actuators’ speed is increased, the electrical
activity reached similar values obtained in the baseline state. In contrast, the tibialis
anterior showed a significant decrease for all trials, which could be related to the
user’s posture and the T-FLEX’s assistance capacity.

In the user’s ROM context, Fig. 7.12 shows the values obtained in the sagittal
plane for the baseline (passive) and assisted motion (active) modalities. The
user’s ROM exhibited a decrease of 11.9% when T-FLEX supported the dorsi-
plantarflexion in the different velocities.

This result can be explained by the elongation of the spring while the device
assists the movement (see Fig. 7.12), resulting in a position set-point loss. Therefore,
a high level of pretension could improve the reduced ROM registered by the device.
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Additionally, this reduction can also be related to the calibration methodology used
for this experiment, i.e., storing the user’s ROM and employing these values in the
exercise. Hence, an automated calibration, including a sensor to measure the user’s
current state, could improve these values.
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7.5 Conclusions

This chapter presented an overview of the variable stiffness actuators (VSAs) in
terms of principles, setups, and characteristics applied to assistive applications.
In this sense, it also presented an ankle exoskeleton T-FLEX based on VSA,
focusing on its mechanical design and operating principles during gait assistance
and stationary therapy. Likewise, this chapter showed two preliminary studies of
healthy participants using T-FLEX in these scenarios.

In conclusion, devices based on VSA evidence advantages in assistive appli-
cations compared to other actuation mechanisms. Moreover, in a rehabilitation
context, the application of these systems, integrating bioinspired concepts and
modifying its performance concerning the user’s capabilities, enables to improve
the physical interaction. However, aspects as the design, control, and integration of
these devices in real scenarios could be challenged and require further research.
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8Impedance Control Strategies for Lower-Limb
Exoskeletons

Luis Arciniegas-Mayag, Carlos Rodriguez-Guerrero, Eduardo Rocon,
Marcela Múnera, and Carlos A. Cifuentes

8.1 Introduction

A user who has suffered a stroke usually has several limitations in the motor
control of his or her limbs. In general terms, the quality of life of users and
other dependency-related factors are affected. For example, daily living activities
comprise some tasks that the user’s efficiency has decreased. These activities are
defined as the fundamental processes that allow humans to have a high independence
level in daily life. Examples of them are feeding, dressing, and actions related to
personal hygiene [1, 2]. The activities of daily living are classified according to
their complexity into basic and instrumental. Basic activities are related to self-care
and personal mobility [3] and include cleaning, eating, and physical exercise. The
instrumental activities of daily living require a higher cognitive level development
[2–4]. Examples are buying, preparing food, cleaning, maintaining the house,
among others. However, both types depend on mobility, which is deeply affected
in patients who suffer a stroke. Some activities such as sitting/standing, ascending,
and descending stairs are related to mobility and the user change of position [5]. In a
particular case, the walking activity has been included in these tasks that provide the
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user’s mobility and improve quality of life (QoL). For this reason, different session
therapies have been designed for the recovery of this activity in users that suffered
a stroke [6]. Subsequently, the development of these therapy sessions represents a
high workload for the post-stroke user and the physiotherapist [7, 8]. Additionally,
it represents a heavy burden of the disease on the user [9, 10]. In this sense, in the
last decades, various alternatives have been proposed to improve the effectiveness
of therapy sessions focused on improving the gait pattern in post-stroke users. One
of the options has been the use of a wearable robots, in this case, the development
and implementation of lower-limb exoskeletons [11] used to recover the primary
movements of the user’s lower limbs retraining the user in the walking activity.

As mentioned in Chap. 1, the lower-limb exoskeletons have been implemented
in different workspaces. This wearable robot has been focused on three objectives:
Power augmentation, assistance, and rehabilitation, where each one is targeted to
a different population. Each one of these objectives is related to some aspects that
define a lower-limb exoskeleton. Therefore, it is defined some control strategies
according to the activities of daily living that the lower-limb exoskeletons comple-
ment the human body’s primary movements.

This chapter presents the development and implementation of two control
strategies based on the principle of impedance. The control is explained through
the Human–Robot interface of the AGoRA exoskeleton (Colombian school of
engineering Julio Garavito, Colombia) and a case study is presented for the
controllers.

8.2 Human–Robot Interaction

In the definition of (HRI), it is mandatory to determine some parameters of the
human used as an input to a wearable robot. In this concept, an initial stage called
cognitive process is developed, defined some phases that a human executes for the
development of an activity. The user’s movements are divided into three steps:
a reasoning phase, a planning phase, and the executing phase [12]. As a result,
the lower-limb’s movements are generated to execute activities of daily living.
Currently, the cognitive process development is estimated using a cognitive human–
robot interaction (cHRI). As a result, a connection is created between the user
and the wearable robot for the acquisition and of these cognitive processes. For
this purpose, brain-machine interfaces (BCI) or human–machine interfaces (HMI)
are used. The development of these interfaces uses various alternatives to acquire
signals from the human body. As an example, interfaces are used for the acquisition
of Electroencephalographic (EEG) signals [13–15] and electromyography (EMG)
signals [16–18] adapted to the sensory interface of a wearable robot. Thus, using
these signals an alternative for estimating the user’s cognitive processes was
implemented. the process of pHRI generation is shown in Fig. 8.1

EEG and EMG signals were implemented to estimate cHRI in the control
strategies development based on user-generated parameters. On the other hand,
these signals require the user’s instrumentation on various parts of the body. For
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Fig. 8.1 pHRI definition using lower-limb exoskeleton in users that suffer a neurological pathol-
ogy that affects the lower-limb’s motor control; (a) shows the lower-limb movement generation
through the Acquisition, planning, and lower-limb movement execution phases, respectively;
(b) presents the lower-limb exoskeleton modules that capture the force/torque generated by the
user implementing a sensory interface and a processing module, the actuation system and the
mechanical structure generate the calculated torque and transmit the torque to the user’s lower-
limbs

example, the interface for acquiring EMG is placed on the user’s muscle groups and
for EEG acquisition. For this reason, the literature shows other alternatives where
communication between the user and the wearable robot is generated. In this sense,
the estimation of (pHRI) has been proposed [19–21]. In contrast to the cHRI, the
pHRI evaluates some parameters that estimate the force/torques generated between
the user and the wearable robot [22]. These parameters do not estimate the cognitive
process in which the motion is generated as presented in the cHRI. The estimation
of pHRI is usually implemented in lower-limb exoskeletons to assist or complement
the user’s movements in therapy sessions. This information is used as input to
various control strategies to generate force/torque or angular velocity applied by
the wearable robot employing a mechanical structure or actuation system.

The pHRI recently mentioned is applied in various workspaces. The literature
has defined different categories of pHRI: the supportive category, where the robot
device does not execute the task, this primary function is providing the tools to
the user that develop the task [23]; collaborative category, the user and the robotic
device develop the activity; and the cooperative category includes the interaction
forces between the user and the robotic device, is to say, the robot and the user work
in direct physical contact [21, 23]. In this sense, the lower-limb exoskeletons and
the user are classified into a cooperative category. Using these interaction forces
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and control strategies generates natural user primitive movements using lower-limb
exoskeletons [24, 25].

Currently, multiple tools are implemented to estimate the user’s movements,
where some of these methods are equipped in the lower-limb mechanical structure.
For example, Strain gauges are located in the robotic device mechanical structure
to calculate the lower-limb movement perceived by the exoskeleton [12, 26]. As a
result, each lower-limb exoskeleton joint is used as a force/torque sensor [27]. The
force sensor implementation depends on the mechanical structure morphology of
the device and the anatomical plane of the human body from which it is desired
to estimate these forces. The use of force sensors in the mechanical structure
simplifies the use of pHRI-based control strategies. Besides, no user instrumentation
is required and system calibration is performed in a short period.

In conclusion, this section explains the generation of the pHRI between the
user and the lower-limb exoskeleton that implements the user’s movements
(force/torque), which categorized the pHRI in the user and the wearable robot.
Additionally, Fig. 8.1 describes the method where pRHI and the outcome calculated
by the wearable robot. In this sense, the following section presents the methods
applied in the lower-limb movements estimation and the force/torque acquisition,
establishing the inputs in implementing some control strategies based on the pHRI.

8.3 Sensors in the HRI of the AGoRA Lower-Limb Exoskeleton

The pHRI has focused on bidirectional communication between the exoskeleton and
the patient. This development requires various sensors located in the exoskeleton
mechanical structure and the user’s lower limbs. As an example, the use of
force sensors, incremental and absolute encoders, and IMU sensors can allow the
estimation of patient force, angular position of the joints, and the estimation of
space-time parameters of some sections of the lower limbs for the recognition
of various tasks. This section comprises the sensory interface configuration used
in the AGoRA lower-limb exoskeleton in the estimation of these parameters. To
learn the modules that involve a lower-limb exoskeleton, this section presents the
information applied as an input for the acquisition of the lower-limbs movements
and the force/torque estimation to apply the pHRI in the design of some control
strategies.

8.3.1 Force Sensing

The interaction forces estimation between users and rehabilitation devices provides
the implementation of stationary therapy [28], and the execution of several activities
where an exoskeleton complements the user’s movements [29]. Generally, resistive
sensors have been used in robotic devices such as lower-limb prostheses [30] and
lower-limb exoskeletons [12, 26, 30, 31] to acquire the forces generated by the user
using the rehabilitation or assistance wearable robot. The AGoRA exoskeleton use
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strain gauges (632–180, RS Pro, UK) located in the link of the robotic device.
As a result, the strain gauge measures the link deflection caused by the user’s
lower-limb movements. In this way, the user movements generate deflections in
different sections of the mechanical structure. Hence, the force/torque sensor is
comprised of each link of the AGoRA exoskeleton instrumented by the Strain
gauge. Consequently, the user’s lower-limb force/torque is estimated in terms of
(Nm) and implemented as an input of the pHRI control strategies. The force-torque
sensor development is divided into sensor location and value acquisition, and signal
processing and characterization.

The sensor location and value acquisition comprise the mechatronic integration
for the force sensor reading and signal processing. Generally, the force sensor
measurement is acquired using either a half Wheatstone bridge configuration or
a full Wheatstone bridge configuration. These configurations do not affect the
measured value of the force sensor by temperature fluctuations. Figure 8.2 shows
an example of the strain gauge location based on the motion intention acquisition
in the sagittal plane of the user’s thigh and shank. Subsequently, an analog-to-
digital conversion (ADC) and a signal amplification step are performed. Finally,
the acquired signal is filtered applying a mean filter where the torques data is
stored in a vector (mean_v(n)) and is calculated the average vector value. The next
vector sample delete the value stored in the vector zero position (mean_v(0)), move
each vector data to the left one position, store a new data in the vector n position
(mean_v(n)), and recalculate the average value of this vector. As a result, the signal
is smoothed.

The signal processing and characterization involve the characterization of the
filtered signal, where the acquired value will be expressed in terms of torque (Nm).
The filtering and characterization process requires embedded systems adapted
for implementing digital filters and ensuring the real-time acquisition of these
parameters. For example, the AGoRA exoskeleton uses devices such as a RasberryPi
to apply the digital filters and implement the force sensor characterization function.
The main objective of the sensor characterization process is to calculate the rate
of change of the force generated in the sensor vs the voltage variation generated
in the Wheatstone half-bridge. Generally, the behavior of these sensors shows a
linear behavior expressed by the function τ = mx + b showed in Fig. 8.2. Where τ

represents the force/torque value, m is the change ratio of the force/torque vs voltage
value, and x is the value obtained by the force sensor. The value of b equals the value
acquired by the force sensor at a force/torque of 0 [N]/ 0 [Nm].

8.3.2 Position andMotion Sensing

Lower-limb exoskeletons implement various control strategies that use parameters
such as angular position and angular velocity, which are acquired from the hip,
knee, and ankle joints in the three anatomical planes of the human body [32, 33].
The acquisition of these parameters is aimed to monitor the effectiveness of the
lower-limb exoskeleton. Additionally, the kinematic parameters acquisitions are



218 L. Arciniegas-Mayag et al.

ADC
converter

Signal 
processing

Strain
gauge 1

Strain
gauge 2

JointActuation
system

280 300 320
-40

-20

0

20

40

ADC vs Torque

ADC (mV)

M
ot

io
n 

in
te

nt
io

n 
(N

m
)

Flexion

Extension

Fig. 8.2 Strain gauge’s location and the data processing to obtain the user’s generated torque and
transmitted to the exoskeleton’s mechanical structure

implemented as an input of the control strategies generating calculated torques or
gait trajectories to rehabilitation and assistance.

The kinematic parameters acquisition is performed through encoders. These
sensors allow estimating the angular position and the angular velocity of the
exoskeleton joints. Two types of encoders are used for these applications. The first
is the incremental encoder, which counts the motor shaft turns using the encoder
position when powered. This feature may represent a disadvantage for exoskeletons
adapted to develop more than one activity of daily living. This sensor is used
in exoskeletons for stationary therapy [34–36] and the development of various
actuation systems focused on the pHRI [37,38]. The second is the absolute encoder
that provides a reference axis to the joints of lower-limb exoskeletons. Generally,
the absolute encoder is used in lower-limb exoskeletons focused on assistance and
rehabilitation. Figure 8.3 shows the magnetic encoder location for each joint of the
AGoRA exoskeleton.

The implementation of this sensor in lower-limb exoskeletons can be done in
several ways depending on the sensor composition offered by the provider. For
example, the AGoRA exoskeleton uses absolute magnetic encoders (AS5600, ams
AG, Austria). The sensor instrumentation requires performing sensor location on
the lower-limb exoskeleton structure, filtering, and sensor characterization. For this
case, the encoder location is performed directly on the center of rotation (CR) of
each joint of the exoskeleton as seen from the sagittal plane. The ADC is performed
by the magnetic encoder mentioned above. The behavior of the magnetic encoder
is expressed by the function θ = mx + b. Where m is equivalent to 0.01371 and
indicates the change ratio of the angular position with the voltage value. The value
of x is equivalent to the value obtained by the magnetic encoder. Finally, b equal to
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the magnetic encoder value where the joint angular position equal to 0◦ for the hip
and knee joints.

IMU sensors provide data related to the angular position, angular velocity,
and angular acceleration in various coordinate axes. These tools are applied to
monitor patient movements, classify activities of daily living using machine learning
methodology [39–41], or apply the acquired parameters as an input to various
control systems. These applications allow increasing user’s participation in therapy
sessions [42]. In this way, it is possible to define an assistance level in various
robotic assistive and rehabilitation devices [43]. For instance, A gait phase detection
algorithm mentioned in Chap. 5 is implemented in the AGoRA exoskeleton Control
strategies to support the user’s gait pattern. This classifier uses an IMU sensor to
acquire the inputs in control systems. For example, Chap. 5 presents an online gait
phase detection module applied in the AGoRA exoskeleton.

8.4 Actuation in the HRI of the AGoRA Lower-Limb
Exoskeleton

As mentioned in Sect. 8.3, obtaining the kinematic and kinetic parameters allowed
defining the inputs for the various control strategies. Subsequently, this information
is processed to estimate the system response. This response expressed in terms
of torque, angular velocity, or angular position is generated as mechanical energy
transmitted to the user’s joints. For this purpose, the lower-limb exoskeletons are
composed of a mechanical structure that provides the coupling between the wearable
robot and the user. Additionally, an actuation system generates this mechanical
energy to complement the user’s movements in the execution of walking activity.
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The AGoRA lower-limb exoskeleton consists of a rigid structure composed of
2 active joints on the right limb to assist flexion/extension movements for the
hip and knee joints. Additionally, a passive joint enables abduction and adduction
movements in the patient’s hip [27]. The rigid structure is made up of duraluminium,
lightweight, resistant, and low-corrosion material [27]. Additionally, the links
coupled with the thigh and shank are telescopic bars, which are adjusted according
to the user’s anthropometric measurements. Thus, the device can be used by people
between 1.70 and 1.83 m tall with an approximate weight of 90 kg.

The AGoRA lower-limb exoskeleton is equipped with stiff actuators to generate
the required torques in the user’s lower limbs. This actuation system comprises
brushless DC electric motors (EC-60 flat 408057, Maxon Motor AG, Switzerland),
which can provide a nominal torque of 0.228 Nm, reaching a maximum of 6000 rpm
or 628.318 rad/s [44]. Taking as reference the torque values generated to assist using
50–80 Nm exoskeletons [45,46], the actuation system is complemented with a speed
reduction gearbox (CSD-20-160-2AGR, Harmonic Drive LLC, USA) with a gear
ratio of 160:1. As a result, torques of 35 Nm nominal and 180 Nm peak torque are
generated, with an angular velocity of 37.5 rpm or 3.92 rad/s, torques and angular
velocity similar to [47].

8.5 Impedance Control of Human–Robot Interaction

Literature shows the modeling of a lower-limb exoskeleton through the concepts of
an n degree of freedom manipulator robot. Robot dynamics is generated, defined
as a compensation system to forces/torques that affect the robot’s movement.
Subsequently, the wearable robots present several behavioral models of active
actuation systems based on the mass-spring-damper system implementation and a
mass-damper system. As a result, several control strategies are implemented that
consider the forces/torques generated in the pHRI. In this sense, an impedance
control applied in wearable robot proposed two concepts considering the generation
of calculated force/torque or change the joint’s stiffness according to the lower-
limb exoskeleton workspaces. This section aims at defining these concepts from
the viewpoint of the AGoRA lower-limb exoskeleton. This section will be covered
as follows: (1) problem statement, where the AGoRA exoskeleton dynamics and
the definition of a mass-spring-damper system will be explained, and two types of
impedance control (2) impedance controllers; and (3) admittance controllers.

8.5.1 Problem Statement

Control strategies applied to lower-limb exoskeletons involve two key concepts. The
first defines the forces/torques that are present in the wearable robot. As an example,
moments of inertia, gravity, friction, among others are defined. The definition of
these parameters is named the Feedforward or the robot’s dynamic system. The
second is the implementation of a feedback system to the robotic device. Therefore,
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a mass-spring-damper system or a mass-damper system is used in the exoskeleton
joints. In this sense, this section shows the key concepts for implementing the
control system for a lower-limb exoskeleton.

8.5.1.1 Robot’s Dynamics
The development of control strategies for a lower-limb exoskeleton involves the
estimation of two relevant factors. One of these focuses on the forces/torques
identification to generate the lower-limb exoskeleton joints motion. The second
implements the pHRI and the lower-limb movements to estimate the motion gener-
ated by the actuation systems. Each of these factors is involved as system feedback
and feedforward, respectively. In this sense, this section shows the feedforward
estimation of a lower-limb exoskeleton. Note that exoskeletons present various
kinematic models. In this section, the kinematic model for the AGoRA exoskeleton
will be presented as an example.

The exoskeleton feedforward estimation is performed using applied concepts to
manipulator robots. One of these involves the total energy calculation of the system
by obtaining the kinetic energy and the potential energy related to the exoskeleton
links. This is expressed in Eq. 8.1:

ε = κ(q, q̇) + U(q). (8.1)

The estimation of these energies involves the conservative and non-conservative
forces of the system. Using the Lagrange equation of motion (Eq. 8.2), the compen-
sation system value is obtained, expressed in torque (Nm).

[L] = κ(q, q̇) − U(q, q̇). (8.2)

The differential kinematics value for each link must be estimated to obtain this
value for a device such as the AGoRA exoskeleton. This will provide information on
the angular velocity of the robot link at an instant of time. For this purpose, Eqs. 8.3
and 8.4 are used by applying the geometric Jacobian expressed in Eq. 8.5:

Link1(x,y) =
[

lc1 sin q1

−lc1 cos q1

]
(8.3)

Link2(x,y) =
[

l1 sin q1 lc2sen(q1 + q2)

−l1 cos q1 −lc2 cos (q1 + q2)

]
(8.4)
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In this sense, the differential kinematic for the lower-limb joints is presented in
Eqs. 8.6 and 8.7:

υ1 =
[

lc1 cos q1

−lc2 sin 11

]
q̇1 (8.6)

υ2 =
[
l1 cos q1 + lc2 cos q1 + q2 lc2 cos q1 + q2

l1 sin q1 + lc2 sin q1 + q2 lc2 sin q1 + q2

] [
q̇1

q̇2

]
, (8.7)

where l1 is the link 1 length, lc2 is the center of mass for the link 2 joint length, q1 and
q2 are the joint’s angular position. The next step to calculate the total system energy
is the estimation of the exoskeleton kinetic energy. This parameter is expressed in
Eq. 8.8:

κ =
n∑

i=1

1

2
miυi

T υi + 1

2
I 2
i q̇i

2. (8.8)

Equation 8.8 presents the kinetic energy. In the lower-limb exoskeleton, where
mn is the link mass, υn is the differential kinematic, In the link inertia moment.
Finally, q̇n is the angular velocity for each joint. In this order, the kinematic energy
of the AGoRA lower-limb exoskeleton is expressed in Eq. 8.9:

κ = 1

2

[
m2l

2
1 + I 2

1 + I 2
2 + m2l

2
1 + m2lc2 + 2m2l1lc2 cos q2

]
q̇1

+ 1

2

[
I2 + m2l

2
c2

]
q̇2

2 + [m2l1lc2 cos q2 + m2lc2 + I2] q̇1q̇2.

(8.9)

The second step in calculating the Lagrange equation of motion is estimating the
potential energy that involves the conservative forces. This parameter is expressed
in Eq. 8.10:

U(q) = mgh, (8.10)

where m is the link mass, g is the gravity acceleration value. This function is
applied for each AGoRA exoskeleton link. The AGoRA exoskeleton potential energy
is expressed in Eq. 8.11:

U(q) = mglc1[1 − cos q1] − m2g[(l1)]. (8.11)
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8.5.1.2 TheMass-Spring-Damper System
The mass-spring-damper system is the concept applied in the joints of robotic
devices, whose main function is focused on applying pHRI [48]. The imple-
mentation of this system in the knee and hip joints approximates the human
muscle biomechanical model. Currently, the literature presents the human muscle
as a component composed of a spring-like elastic element in parallel with a
viscous element [48–50]. Implementing this concept in the knee and hip actuators
assists the actuated limb through calculated torques [50]. Additionally, the patient
participates in developing the motion to complement the movements generated by
the lower-limb exoskeleton [50]. This section comprises the definition of the mass-
spring-damper system applied in various mid-level control strategies for lower-limb
exoskeletons. Some examples of the implementation of this concept for the AGoRA
exoskeleton will be shown.

The mass-spring-damper system is mainly composed of a spring element and a
damping element. The spring element is referred to as a force restoring component.
The response of this element is expressed in terms of force, where the elongation of
the element is multiplied with the spring elasticity constant [51, 52]. On the other
hand, a delaying element is required to decrease the system oscillations generated
by the spring element. For this purpose, a damping element is implemented to
provide stiffness to the system. The system’s response is expressed in terms of
force, which depends on the linear velocity of the system, multiplied with a viscosity
constant characteristic of a damper [51,52], resulting in a retarding force to the force
generated by the spring element.

The implementation of this system has been called an impedance controller
proposed in 1984 [48]. This controller presented an interaction method between
a manipulator robot and the workspace environment using calculated forces.
Subsequently, it was implemented to apply the pHRI concept to lower-limb
exoskeletons for various purposes [36, 53]. Lower-limb exoskeletons such as the
AGoRA exoskeleton implement this system at the hip and knee joints for sagittal
plane assistance as seen in Fig. 8.4. Although this exoskeleton does not have an
actuation mechanism based on a physical mass-spring-damper system at each joint,
it applies the system virtually using the Eq. 8.12:

F = −
spring︷ ︸︸ ︷

k(xd − x)−
damping︷ ︸︸ ︷

β(ẋd − ẋ), (8.12)

where k equals the elasticity constant, xd represents the desired position, and x is
the joint’s actual position, the operation of these constants represents the elastic
element’s effect on the joint. Additionally, β is the viscosity constant of the system,
ẋd equals the desired velocity of the system, and ẋ equals the system’s actual
velocity. These parameters and the operation of these constants represent the effect
of the damping element on the joint. For a mass-spring-damper system to be in
equilibrium, the sum of these forces would equal zero (0), so Eq. 8.12 is expressed
in Eq. 8.13:
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Fig. 8.4 Lower-limb exoskeleton schematic implementing the mass-spring-damper system in the
knee and hip joints

0 = mẍ + β(ẋd − ẋ) + k(xd − x)

= ẍ + β

m
(ẋd − ẋ) + k

m
(xd − x).

(8.13)

If β
m

equal to 2λ and k
m

is ω2, Eq. 8.13 represents

ẍ + 2λ(ẋd − ẋ) + ω2(xd − x) = 0 (8.14)

r2 + 2λr + ω2 = 0. (8.15)

As a result, Eq. 8.15 is equal to a second-order system where ẍ is the acceleration,
ẋ velocity, and x equal to the system’s position. This equation provides the k and β

system values.
The application of this concept and its a variation in the various actuation systems

comprise the mid-level control strategies. These are based on the acquisition or
generation of torque profiles that complement the lower-limb movements of a stroke
patient. As has been shown, the lower-limb movements are a significant factor that
will allow the patient to be included in the control strategy of the device. The
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following sections will present two control methods based on this concept to develop
mid-level control strategies.

8.5.2 Impedance Controller

The impedance controller presented by Hogan et al. in [48] has been fundamental
in the development of control strategies applying the lower-limb movements for
rehabilitation devices. Its performance mainly focuses on varying the assistance
level provided by the device, by increasing or decreasing the maximum torque
profile transmitted by the actuation system [53–55]. The development of the
impedance controller is implemented employing a mass-spring-damper system as
shown in Fig. 8.5a.

This system considers inputs to the system kinematic parameters such as the
angular position and angular velocity of the lower-limb exoskeleton joints to obtain
a calculated torque profile applied to the actuation systems (Fig. 8.5b). In this sense,
the impedance controller is considered a restoring element of forces that varies
according to the value of the spring element elasticity constant(k) shown in Eq. 8.16:

τ =
spring︷ ︸︸ ︷

k(qd − q) +
damper︷ ︸︸ ︷

β(q̇d − q̇) . (8.16)

The k and β are the elasticity constant and the damping constant, respectively, qd

equal to the desired joint angular position; q is the current joint position, q̇d equal to
the desired angular velocity. In this case, when the joint angular position is equal to

mβΔυ

x x0 1

ΔX
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ΔΧΚ
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Fig. 8.5 Impedance controller presentation; (a) impedance controller schematic using a mass-
damper system where the β × �v equal to the damper element torque response, K × �X equal
to the spring element torque response, and τ is the impedance controller output; (b) shows the
impedance controller applied in the lower-limb exoskeleton’s joint, where the input signal is the
joint angular position, the impedance controller response is a calculated torque applied in the joint
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Fig. 8.6 Assistance mode schematic; the IMU sensor is located in the foot tip to the non-assisted
limb to estimate the angular acceleration (α(x,y,z)); this parameter is applied input signal of the
gait phase detection module. As a result, the gait phase detection module provides a number in the
range from zero to three according to the phase gait detected. The unassisted limb gait phase equals
to the assisted limb gait phase ahead of two phases. This detected phase as an input for a desired
angular position selector for the hip (θHdes0, θHdes1, θHdes2 and θHdes3) and the knee (θKdes0,
θKdes1, θkdes2 and θkdes3) joints. This value is operated for the mass-spring(1.)-damper(2.) system
to calculate the actuation system’s torque

the joint desired angular position, the desired angular velocity equal to zero. Finally,
q̇ represents the joint current angular velocity.

The assistance mode of the AGoRA exoskeleton, showed in Fig. 8.6, implements
an impedance controller for the hip and knee joints that requires the estimation
of the parameters of the spring element and the damping element. This control
strategy guides each joint to the desired position, providing corrections employing
torque profiles. In this way, the patient is involved in the task, making movements
in the same direction in which the device applies the assisting torque. Once the
gait phase is identified (by employing the sensors IMU [43]), the desired angular
position values are established for each gait phase used as input to the impedance
controller.

The assistance mode is developed for people with right-sided hemiparesis, where
the robotic device considers the movements of the unaffected limb. Therefore, the
left limb is instrumented with a 9 degree of freedom IMU sensor for the user’s gait
sub-phase detection used as input to the control strategy. The values of this input
parameter are given in a value from 0 to 3, where Heel Strike equals zero, Flat Foot
equals 1, Heel Off equals 2, and the Toe Off phase equals 3. Each sub-phases a
desired angular position is assigned to the joint assisted by the AGoRA exoskeleton.
Taking into account what was presented in Villa Parra et al. [26], El Zahraa Wehbi
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et al. [34], and Webster et al. [56], the gait characteristic as a symmetric activity, it
is identified that the gait phase that the assisted limb should execute corresponds to
2 sub-phases in advance of the four detected gait sub-phases of the unaffected limb.

It is necessary to keep into account that this control is designed to provide an
assistance level. Therefore, the adjustment of these variables depends directly on the
assistance level required in the walking activity. An approximation of the estimated
values for these variables is made using an approximation of the Eq. 8.15 in Eq. 8.17:

q̈ + 2λ
q̇ + ω2
q̇ = 0 (8.17)

2λ = β

ml2
(8.18)

fn = ωn

2π
(8.19)

ωn =
√

k

ml2 . (8.20)

To apply Eq. 8.17, λ is defined in Eq. 8.18, where β is the damping constant, m

is the lower-limb mass that involves the thigh mass and the shank mass, l is the
thigh and shank length. In Eq. 8.19 the bandwidth is defined as equals to fn =
0.5936 Hz. Finally, in Eq. 8.20 k is the elasticity constant. These equations are taken
into account to estimate the k and β varying the assistance level and the system
stiffness [57].

8.5.3 Admittance Controller

Admittance control is focused on acquiring human–robot interaction forces in the
implementation of haptic applications [58,59]. This characteristic allows to simulate
the stiffness of a system virtually, or the system inertia to be reduced employing
this strategy [22]. This same principle is applied to robotics for rehabilitation and
assistance of people with some neurological disease. Exoskeletons such as ALLOR
(Federal University of Espirito Santo, Brazil) developed for walking, feature an
admittance controller that changes the system stiffness at different gait phases
[26]. BioMot (Future and Emerging Technologies (FET), Spain) applies this control
to decrease the inertia of the exoskeleton to provide movement freedom for the
identification of the user’s gait pattern [60]. Likewise, the knee orthoses used in
stationary therapy use an admittance controller to record the therapy trajectory to
be performed, complemented by an impedance controller executed in the trajectory
reproduction. The implementation of an admittance control in rehabilitation and
assistance robotics becomes a significant contribution. It allows the patient to be
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involved in the control strategy applied to the device, without requiring the patient’s
instrumentation using invasive sensors.

The literature shows that the implementation of this kind of control using a
mass-spring-damper system in each joint of the exoskeleton or robotic orthosis
[16]. However, implementing a spring element may affect the system response
because the force generated by a person does not necessarily correspond to a desired
angular position. Therefore, in some cases an admittance control is not developed
for the generation of restoring forces. For this reason, some lower-limb exoskeletons
implemented a mass-damper system for the hip and knee joints [26]. This system
provides for a viscous coefficient that varies the inertia of the exoskeleton joints,
obtaining different levels of stiffness in the system. In rehabilitation and assistance
of lower limbs, applied methodologies are focused on providing assistance when
needed (AAN) [61]. This concept uses this type of control by taking advantage of
the force generated by the patient and used for therapy sessions in gait rehabilitation.
As a result, an admittance control allows a device to be called back drivable.

Currently, several ways of implementing this theory can be identified which
depend on the actuation system used in the lower-limb exoskeleton. Some actuation
systems use a physical mass-damper system by using a damping element in the joint.
Other devices use a rigid actuator which generates an angular velocity response at
the joint. These actuation systems complement a sensory interface that will enable
the device the force/torque user’s estimation.

The control strategy based on an AGoRA exoskeleton admittance control consid-
ers a rigid actuation system. This system is coupled to the mechanical structure of
the exoskeleton which is instrumented with force sensors mentioned in Sect. 8.3.1,
for the estimation of the force/torque estimation. In this sense, admittance control
in the AGoRA exoskeleton is implemented, where the system input is the pHRI
expressed in terms of torque, and the response to the system is implemented by the
actuation system in terms of angular velocity, as shown in Fig. 8.7b. As a result,
the device generates movements on the joints according to the patient’s voluntary
movements. The AGoRA exoskeleton follows the patient’s movements simulating a
back drivable device, or it can operate as a rigid device according to the value of the
damping constant configured for the system.

The admittance controller is defined in Eq. 8.21:

τ = β(q̇d − q̇c), (8.21)

where τ equals the torque to be generated by the damping element, q̇d is the desired
velocity, and q̇c is equal to the current angular velocity of the joint, the admittance
controller applied in the AGoRA exoskeleton is showed in Fig. 8.7.

The transparency mode presented in Fig. 8.8 is implemented using the admittance
controller on the hip and knee joints. This control strategy can change the inertia of
each lower-limb joint, produced by the implementation of gearboxes coupled with
the exoskeleton actuators.

As is showed in Fig. 8.8, the transparency mode comprises the torque acquisition.
Hence, the thigh torque is estimated using the calculated torque sensed by the Strain
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Fig. 8.7 Admittance controller presentation; (a) admittance controller schematic using a mass-
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torque value. Subsequently, these parameters are applied into ad admittance controller to generate
angular velocity in each actuation system’s joint

gauge located in the thigh. Subsequently, this value is operated with the shank
torque multiplied by a G gain. As a result, the real thigh torque value generated
by the user’s hip is calculated. The thigh and shank torque generated by the hip and
the knee user’s joint, are used to estimate the hip and knee torque error to obtain
the difference between the joint torque and the torque obtained from the damper
element. The next step in the estimation of the admittance controller response uses
the torque error (τdiff ) divided into inertia moment (I ) for each joint (I = l × m)



230 L. Arciniegas-Mayag et al.

where m equal to the joint’s mass and l equal to the length for each link. This
value is operated using an integral by obtaining the joint’s angular velocity (q̇).
Finally, the rotational orientation of the joint generated by the gearbox is corrected
by multiplying the angular velocity value by a factor of −1. As a result, the system
produces angular velocity profiles applied to the actuation system according to a
user’s lower-limb movements estimated by the force sensors.

The transparency mode is organized as follows:

• Torque acquisition: Corresponds to the torque acquisition for the thigh and
shank sections.

• Calculate the angular velocity: Estimating the τdiff through the torque for each
joint and the torque generated by the damper element. Subsequently, the division
of the inertia moment and the integral of the obtained value.

• Generate the torques through the actuation system: The angular velocities
are sent for each actuation system to generate movements in the hip and the knee
user’s joints.

8.6 Case Study: Impedance Control in the AGoRA Lower-Limb
Exoskeleton

The test using the assistance mode was performed with a subject who does not
suffer any gait pathology. The subject was a male, 1.72 m in height and weighed
73 Kg . The test environment is a flat surface of 20 m walked by the user in a flat
surface in a straight line using the AGoRA exoskeleton. This device assisted the
right limb in the hip and knee joints in the sagittal plane. In this case, the mode uses
the joint angular position to correct the trajectory using calculated torque profiles.
Figure 8.9 shows the response of the assistance mode in terms of angular position,
and torque generated by the controller. Additionally, the system performance uses
the gait phase detection module mentioned in Chap. 5 to assign a desired angular
position for the hip and knee joints.

The gait assistance mode outcomes are showed at the hip and knee joint during
three gait cycles. Figure 8.9a shows the angular knee position vs. the joint desired
angular position. The knee joint showed different maximum knee flexion values in
three gait cycles, considering the gait phases exhibited different periods. However,
the desired angular position was adjusted according to the gait phase detection
during the gait phase. As a result, the assistance mode output (Fig. 8.9b) generated
several peak torques that were adjusted according to the desired angular position.
Additionally, the implementation of impedance control in assistance mode fulfills
the objective of generating calculated torques that complement the user’s movement.
Which is to say, there is not a 100% assistance level assistance. For this reason, an
error between the desired angular position and the angular knee position is observed
in the test. The system can be adjusted to provide a higher assistance level than the
test by increasing the value of the system’s elasticity constant (k). As a result, this
would decrease the error shown in Fig. 8.9.
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Fig. 8.9 Assistance mode outcome implemented for the walking activity in a healthy user; (a)
shows the angular knee position in comparison to the desired angular position; (b) shows the
assistance mode response for the knee joint in terms of torque (Nm); (c) presents the hip angular
position in comparison to the desired angular position; (d) shows the assistance mode response for
the hip joint in terms of torque (Nm); 1.-“Heel Strike,” 2.-“Flat Foot,” 3.-“Heel Off,” 4.-“Toe Off ”

In the hip joint actuation, similar behavior is observed in Fig. 8.9.c shows an
error between the angular position of the hip and the angular position as the system
complements the motion performed by the user. The desired angular positions at
the hip are adjusted according to the gait phase detection module. As a result, the
system response generated peak torques to guide the joint to the desired position.
Each calculated torque profile is adjusted according to the system’s desired position;
increasing the elasticity constant of the controller will decrease the angular position
error presented at the hip.

8.7 Case Study: Admittance Control in the AGoRA Lower-Limb
Exoskeleton

The test performed using the transparency mode was executed with a subject who
does not suffer any gait-associated pathology. The subject is a male that is 1.72 m
high and weighs 73 Kg. The test was developed on a flat floor surface of 7 m in
length without obstacles. The subject wears the AGoRA lower-limb exoskeleton
that actuates the right lower limb at the hip and knee joints in the sagittal plane
during the test. As mentioned in Sect. 8.4, the stiff actuator joints of the AGoRA
exoskeleton can simulate the back drivable response using an admittance controller
applied in this transparency mode. Therefore, this test presented the controller
response by showing the system input (thigh/shank estimation torque), the controller
output expressed in angular velocity, and the knee joint response in terms of angular
position. Figure 8.10 is presented the transparency mode outcome in the knee joint
during the walking activity.
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The results of the pilot test in the walking activity are expressed in 3 gait cycles.
The maximum torque generated was 4 Nm in knee extension and 2 Nm in joint
flexion. As seen in Fig. 8.10a, the signal trajectory is not uniform to the angular
knee position signal. However, the signal response is expressed into angular velocity
profiles to obtain a smoothed response in the angular knee position. Likewise, the
controller output signal is given since the admittance controller does not consider
the joint’s angular position. However, the signal is translated into angular velocity
profiles and thus a smoothed trajectory of the angular knee position is obtained.
Likewise, the behavior of the output signal of the admittance controller does not take
into account the angular position of the joint. Finally, the ranges of motion observed
in the knee joint are reduced compared to the ranges presented by a healthy person
in a walking activity. The gain β is configured for the knee admittance controller
that generates a stiffness in the joint that does not allow the free movement of the
joint. On the other hand, the system stiffness is minor than generating joint motion
with the rigid actuation system. The knee joint movements can be improved by
increasing the value of the damper constant β of the admittance control.

8.8 Chapter Conclusions

This chapter presents the design of control strategies for a lower-limb exoskeleton.
In this process, several tools that contribute to the development of these control
systems were explained. The tools and concepts used in developing the AGoRA
lower-limb exoskeleton are mentioned as an example. First, the pHRI was defined
divided into different phases: (1) the generation of lower-limb movements by
performing a process of acquisition, planning, and the user’s lower-limb movement
generation; (2) the pHRI estimation by the wearable robot, which processes



8 Impedance Control Strategies for Lower-Limb Exoskeletons 233

the information and provides a response as mechanical energy, generating the
user’s joint movements. Second, various inputs used in the pHRI estimation were
presented, which mentioned the acquisition of kinetic and kinematic parameters and
the signal characterization phase. In this process, the user’s lower-limb movement
acquisition options were non-invasive implementing a wearable robot in the walking
activity. Third, the function of the actuation system that generates the mechanical
energy for the movement of each joint is defined. As a complement, the mechanical
structure that composes the AGoRA exoskeleton is mentioned in the aspects of the
material that composes it and DoF, where it fulfills the primary function of being
the coupling between the wearable robot and the user’s joints.

In the analysis of the processing phase, the critical concepts for implementing the
control strategies of the AGoRA exoskeleton are mentioned. In this way, the design
of the robot dynamics and critical concepts of implementing a mass-spring-damper
system and a mass-damper system were presented. As a result, the applied control
concepts for the use of force/torque within the control strategies are introduced. As
a result, the implementation of two control strategies, involving the integration of
each module mentioned, is presented. As an example, the control strategies outcome
was shown in a pilot study during the walking activity.
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9Brain–Computer Interface for Controlling
Lower-Limb Exoskeletons

Angie Pino, Nicolás Tovar, Patricio Barria, Karim Baleta,
Marcela Múnera, and Carlos A. Cifuentes

9.1 Introduction

About 15 million people around the world suffer a stroke each year [1]. After a
stroke episode, one or more effects may be triggered, such as muscle weakness,
hemiparesis, hemiplegia, fatigue, and spasticity. Those affectations are related in
turn to limitations in the execution of different activities of daily living, restriction
in participation, and a high degree of dependency on third parties [2]. Therefore,
stroke is one of the leading causes of physical disability directly affecting the quality
of life [1].

Post-stroke rehabilitation is a patient-centered process to maximize patients’
functional independence who have suffered a series of disabilities associated with
the episode [3]. Assistive technologies for motor rehabilitation include exoskeletons
and robotic orthoses, which may provide high motor intensity, repeatability, and
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precision [4]. However, one of the most critical problems that must be solved for the
clinical implementation of these developments is their control systems.

Conventional control includes tools as inertial sensors, direct contact operation,
and external transducers. However, despite the effectiveness of traditional control
systems, some authors insist that these methods ignore the patient’s involvement
with the system regarding neurofeedback progression [5]. Thus, robotics-based
rehabilitation becomes a process that does not fully exploit the patient’s ability
to generate neuroplasticity progressively, since neurological intend is not directly
implicated [5].

In this way, given the rise of the Brain–Computer Interfaces (BCI) paradigm,
many developments have focused their applications on motor rehabilitation and
language assistance [6]. Control of exoskeletons and orthoses BCI-based has been
extensively studied. Some research affirms that physical therapies involving BCI
in patients with neuromotor conditions may improve their neuroplasticity more
effectively [7]. There are many paradigms and modalities of BCI used in research;
one of the most approached is Motion Imagery (MI) analysis, which is based on
the electrical activity of the motor cortex that occurs when there is a movement
intention of the subject [7]. This strategy seeks to improve the patient’s interaction
with the therapeutic mechanisms that pursuit an evolution of the neuroplasticity,
adequately including the use of the neuromotor abilities through the BCI system in
the rehabilitation process [8].

Following the above, this chapter discusses the main concepts of designing
a BCI system in the robot-assisted rehabilitation field. To do so, the chapter
is organized into seven sections. Section 9.2 conceptualizes the BCI term and
electroencephalography (EEG) signals. Section 9.3 aims to present the stages in the
universal design of a BCI system. Section 9.4 focuses on a literary review about
BCI systems in lower-limb rehabilitation. Section 9.5 introduces the integrating
control system for an ankle exoskeleton, based on the analysis of EEG signals
and their involvement in the locomotor system. Section 9.6 addresses a case study
with a post-stroke patient to evaluate the operation of a BCI control system for the
exoskeleton control. Finally, the last section of the chapter presents conclusions and
future works.

9.2 Brain–Computer Interface and Electroencephalographic
Signals

Brain–computer interface (BCI) is considered a relatively novel communication
method between a user and a machine. This communication may work as a control
system in which human mind thoughts are translated into real-world interactions.
Some recent studies have shown a significant role in future technologies for assisting
people with disabilities [9, 10]. In rehabilitation and assistance technologies, the
ideal BCI system is when a device may be controlled as naturally as using a
human body limb [11]. To do this, BCI relies on EMG signals denoting the sum of
the neurons’ action potentials throughout receiving and processing sensory inputs
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from other neurons or external stimuli [12]. That means the EEG technology may
accurately measure brainwave activity [13]. The way to access this physiological
data is through sensitive electrodes attached to the scalp. The most common
recording technique is the application of 21 electrodes and an equal number of
channels. Other techniques include 256 electrodes and a number up to 64 channels
[12, 13].

Even when there are other methods for extracting the brain activity, for instance,
electrocorticograms (ECoGs) [14], magnetoencephalograms (MEGs) [15], func-
tional magnetic resonance imaging (fMRI) [16], and near-infrared spectroscopy
(fNIRS) [17], the popularity of EEG makes it widely used due to its non-invasive
action, compatibility, portability, and its high temporal resolution in comparison
with the mentioned methods above. Nevertheless, the EEG has a weak signal and
is prone to several artifacts and relatively low spatial resolution [12]. This type
of signal is generally in the order of microvolts (μV) range. Moreover, many
investigations have categorized the EEG signals in the frequency domain, and until
now, these ranges are divided into five main categories, which consists of delta (δ)
(0.5–4 Hz), theta (θ ) (4–8 Hz), alpha (α) (8–13 Hz), beta (β) (13–30 Hz), and gamma
(γ )(>30 Hz).

9.3 BCI Control SystemDesign

Every BCI system has a basic structure. According to He et al. [5], there are four
primary stages to construct a universal BCI system. The first one is the signal
acquisition from the brain. The second one is the pre-processing stage of the
signal mentioned above. The third stage refers to the processing, which includes
feature extraction and decoding or translation. Finally, the last stage is the execution
stage that puts the device into operation according to the human brain’s intent (see
Fig. 9.1).

Signal 
acquisition Preprocessing Feature 

Extraction
Decoding 

(Translation)

Device Application

Control
Commands

Digital Signal Processing

Fig. 9.1 BCI basic system diagram that includes signals acquisition and processing
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It is essential to add that the basic diagram could change in some aspects, for
instance, depending on the system design. The following subsections will describe
the general objective of each stage.

9.3.1 Signal Acquisition

As was mentioned above, EEG is the preferred tool to extract brain activity from the
user. However, the signal acquisition process may be executed in numerous ways
depending on the suitable BCI modality. These modalities could be classified into
two categories: exogenous and endogenous [18].

• Endogenous Modalities: In this case, EEG acquisition is produced indepen-
dently from external stimulation. Namely it may entirely be managed voluntarily
by the user. This modality is mainly applied to subjects who have neurological
issues [18]. In this manner, the BCI could offer a more natural and sponta-
neous way of interaction. Neuroplasticity is a fundamental feature that may be
improved with this modality [19].

For instance, Event-Related Desynchronization/Synchronization (ERD/ERS)
works based on the behavior of brain signals and motor intent. Frequency bands
may show a power increasing or decreasing when a subject imagines or executes
a lower movement [7]. Evidence has been shown that the methods to detect
lower-limb motor imagery with ERD/ERS usually focus on the potency of the
beta rebound band of the EEG cortical due to an abrupt increase in the signal
power just when the movement of the lower-limb ends [20] (see Fig. 9.2). This
behavior occurs similarly at the end of the imagination of a movement. Other
strategies as the Movement-Related Cortical Potentials (MRCPs) are based on
a set of power variations in the cortical activity before and after the movement
execution [21].

• Exogenous Modalities: An exogenous BCI refers to the generation of external
stimuli to add more effectiveness. There are many types of stimuli where the
most common are auditory and visual [18]. This modality implies simple training
strategies compared with the endogenous modalities, necessary for the subject to
drive suitably the BCI system.

External instruments as the Steady-State Visual Evoked Potential (SSVEP)
are used to excite brain signals based on a set of multiple visual stimuli,
such as LEDs or figures on a computer screen [22]. Likewise, the Event-
Related Potential: P300 in BCI applications forces the subject to focus on the
selected item on the screen and ignore the rest [23]. In this case, the positive
deflection appears approximately 300 ms after presenting an attended stimulus.
Nevertheless, one issue found in all these exogenous modalities is that the subject
cannot manage the entire device independently and is dependent on external
conditions.
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Fig. 9.2 Event-related
desynchroniza-
tion/synchronization
(ERD/ERS) power behavior
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In addition to the endogenous and exogenous modalities, the hybrid BCI
modality (h-BCI) combines the unique advantages of two different systems or
signals to make the BCI control more effective, accessible, and optimal [24]. Some
signals could be added as hybrid BCI (h-BCI) systems or feedback sources to
improve rehabilitation or assistance aspects [25, 26]. According to Hong et al. [27],
there are three objectives for implementing an h-BCI. The first one is to enhance
classification accuracy. The second is to increase the number of brain commands
for control application. Finally, the third objective is to achieve a shortened brain-
command detection time.

An example of a signal hybrid modality is the union of electromyographic (EMG)
signals with EEG, a promising alternative for rehabilitation therapies [28]. EMG
signals indicate muscles’ electrical activity, which changes when a voluntary or
not voluntary contraction appears. Therefore, the EMG signal confirms a detection
system for muscular movement [27]. That said, the incorporation of these signals
depends on the task the subject performs. However, in any case, EMG control is used
as an additional control system in biomechanical action. For instance, the laterality
detection [27] and the biomechanical freedom degrees detection [29] could be pretty
complicated with only an EEG-based system.

Another h-BCI modality could combine both ERD/ERS and SSVEP systems.
Bunner et al. [30] have achieved a high accuracy system carrying this proposal
out. Other authors have done experiments with this implementation, concluding
that this modality does not need an exhaustive training process. Moreover, this
modality could reduce the non-legible population by 20% [31]. The above shows
an improvement in the most significant disadvantage of the ERD/ERS individual
modality, where generally one part of the population is not eligible due to the
intrinsic users’ characteristics against distractor factors on BCI performance [32].



242 A. Pino et al.

9.3.2 Pre-processing

Once a set of signals are obtained, it is necessary to consider that this set is
generally entirely raw and full of artifacts depending on the technology used for this
objective, the environment, and the user’s physical conditions (e.g., noise related
to the hardware, electrode wear, interference and skin impedance fluctuations)
[33]. Therefore, denoising and cleaning the data is a widely studied process that
already has numerous advances. For instance, the Filter Bank Common Spatial
Patterns (FBCSP) is the most used method in BCI systems due to its efficacy in
pre-processing signals and further stages [33, 34]. On the other side, according to
Tariq et al. [35], interference issues could also be managed through digital filters
as a notch filter. Likewise, other methods such as independent component analysis
(ICA), principal component analysis (PCA), non-linear adaptive filtering, and dipole
analysis have been tested.

9.3.3 Feature Extraction

After the signal pre-processing, this stage oversees classifying as many features as
the BCI system requires. Some BCIs are based on Motor Imagery (MI) [7]; this
modality is related to specific frequency bands. Therefore, its use depends on the
suitable method to characterize these specific ranges for future decoding to build a
set of commands necessary to control the target device [36].

Numerous feature extraction methods have been studied in BCI systems. How-
ever, these strategies depend on the modality structure. According to Lotte et al.
[37], the extraction methods could be divided into three categories: (1) Time-domain
analysis, (2) Frequency-domain analysis, (3) Time–frequency-domain analysis, and
(4) Spatial complimentary analysis. One of the most used methods is instantaneous
statistics and autoregressive methods (AA) in a time-domain analysis. Likewise,
frequency-domain methods include Fourier Fast Transform analysis, Short Time
Fourier Transform (STFT), and Power Spectral analysis. Frequency-time tech-
niques, for their part, may span Wavelet Transform and Hilbert–Huang Transform
(HHT). The fourth classification is the Common Spatial Patterns and has been
widely used [37].

9.3.4 Decoding

The feature extraction layer forms a set of classification that the decoding stage
uses to identify the intent brain signals, namely, to manipulate the robotic device
via machine-understandable commands for interfacing [18]. The system generally
works by making a weighted class estimate, presented by a feature vector for
mapping the desired driving application command. Some of these strategies are
Linear Discriminant Analysis (LDA), Support Vector Machine (SVM), Gaussian
Mixture Model (GMM), and Artificial Neural Network (ANN) [35].
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9.4 Lower-Limb Exoskeletons with BCI Systems Review

This section introduces recent works on developing BCI Systems focused on the
lower-limb robotic devices, the modality for signal acquisition, pre-processing
strategies, and main results. Table 9.1 summarizes the principal data found in the
research for each exoskeleton with a BCI integrated system.

9.4.1 Lokomat

Lokomat (Hocoma, Switzerland) is a robotic treadmill exoskeleton to automate
locomotion training for spinal cord injured and stroke patients [38]. BCI system in
Lokomat device was researched looking for the subject participation improvement.
Initially, this orthosis worked in a training mode where the device influenced the
subject’s motion with a fixed gait pattern [38,39]. Even when some reports conclude
this causes greater coordination of the muscles and the neuromotor system, BCI
became an alternative to improving the device.

Donatti et al. [40] show some clinical assessments. Eight (8) chronic spinal cord
injury (SCI) paraplegics were subjected to long-term training with a multi-stage
BCI-based gait neurorehabilitation paradigm aimed at restoring locomotion. The
BCI system modality was the MRCP. The Common Average Patterns method was
used for pre-processing stage, including conventional digital filters for denoising.
Moreover, the decoding process was based on Linear Discriminant Analysis (LDA)
methods [40].

The methodology of these authors was composed of six parts, where the patient
was addressed to familiarize the BCI with a tactile feedback system. Then this same
familiarization continued in an orthostatic position supported by a stand-in table.
Without using a BCI, they began conventional training with the Lokomat device,
including body weight support (BWS) on the treadmill. Then a BWS training
was continued without Lokomat’s joint support. Finally, in sections the BCI was
integrated into the gait training system supported by the tactile feedback system (on
treadmill and overground, respectively).

After 1 year of training in the Lokomat BCI system, all eight subjects improved
neurological motion and somatic sensation as pain and proprioceptive sensing. In
terms of neuroplasticity, the research showed no significant differences between
a desynchronization and synchronization of the beta wave from an event-related
potential analysis at the onset of the training therapy period. However, after 10
months of therapy, these synchronization differences were observed in all patients.
In terms of anatomic improvements, all patients exhibited a complete ROM of the
joints and a maximal grade of lower-limb spasticity of 2 on the Ashworth scale.
Furthermore, a test provided by Lokomat developers known as L-stiff was used. This
test is in charge of quantifying the spasticity of hip and knee muscles for flexors and
extensors. Thus, on average, all patients exhibited a reduced spasticity level by the
end of 12 months.
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9.4.2 RoGo

RoGo (University of California, USA) is a robotic gait orthosis addressed to Spinal
Cord Injury (SCI) patients [41]. This orthosis has been studied mainly with the
BCI system control [41–43]. The BCI modality used in the investigation includes
ERD/ERS induced by the kinesthetic motor imagination of the left hand, right hand,
and feet. The pre-processing method is briefly described by Wang et al. [43] and
includes an EEG prediction model that excludes those EEG channels with excessive
artifacts. Two states were defined in the feature extraction method, Idling, and
Walking states. Then this data was transformed in the domain frequency and their
Power Spectral Densities. Moreover, a PCA algorithm was applied to reduce the data
dimension. Finally, the researchers use the AIDA method to classify the commands
to RoGo. Serious games have been implemented before a complete integration to
the rehabilitation device. For instance, one experiment proposed to drive an avatar
that expects to stop with a specific indication. The results gathered all the correct
and wrong attempts and showed an 85% accuracy.

This system was assessed in a study by Do et al. [41] with a clinical assessment
where patients with SCI impairments and one healthy subject were compared. The
performance of this system was assessed by calculating the cross-correlation and
latency between the computerized cues and BCI-RoGO response, and the omission
and false alarm rates. The methodological protocol consisted of three divisions: (1)
active walking (subject voluntarily walks while the RoGO servos are turned off ), (2)
cooperative walking (subject walks synergistically with the RoGO), and (3) passive
walking (the subject is fully relaxed while the RoGO makes walking movements).
Those different training stages were helpful in set baseline values for EMG and
EEG. Finally, the accuracy of the EEG prediction model averaged 86.30% across
both subjects. The cross-correlation between instructional cues and the BCI-RoGO
walking epochs averaged across all subjects, and all sessions were 0.812. Also, there
were, on average, 0.8 false alarms per session and no omissions.

9.4.3 H2 Exoskeleton

H2 (Technaid S.L., Spain) exoskeleton was developed in Spain and is addressed
to stroke patients with gait impairments [44]. This device is aimed to assist and
rehabilitate patients with suitable walking in a natural environment. According
to the researchers, the exoskeleton has six joints, including the hip, knee, and
ankle. Moreover, H2 presents an open architecture that allows modifications in
the control system [45, 46]. López-Laraz et al. [47] implemented a BCI control
system with ERD/ERS-MRCP hybrid modality. Pre-processing methods are based
on an automated procedure based on z-scores to eliminate the trials containing
artifacts and conventional denoising filters. The ERD features were calculated after
applying a small Laplacian filter to the frontocentral, central, and centroparietal
EEG channels in terms of feature extraction. On the other hand, the Common
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Average Patterns method was used for the MRCP modality. For the decoding
process, a strategy named Sparse Discriminant Analysis (SDA) was used.

López-Laraz et al. [47] presented a clinical assessment where three (3) healthy
subjects and four (4) SCI patients were tested. The basic system uses the BCI
described above to trigger exoskeletons’ assistive motion. Factors as fatigue and
exertion level, usability, and user satisfaction were assessed. Results concluded for
healthy subjects with approximately 84% of accuracy, and SCI subjects 77%. On
average, 55 and 40% of the trials (for healthy subjects and patients, respectively)
have suffered unexpected activations without the proposed control strategy.

9.4.4 Rex Exoskeleton

Rex(Rex Bionics Ltd., New Zealand) is an exoskeleton that aimed to assist
rehabilitation and mobility for those with neurological and spinal injuries [48].
Rex has been developed for private users that can now perform tasks that are not
possible when sitting in a wheelchair. Specifically, the exoskeleton aids the patient to
improve git patterns and movement for standing and sitting [49]. A joystick system
initially drove Rex, but some BCI systems were designed to include this device in
the rehabilitation field [50] .

Zhang et al. [50] made an investigation with MRCP-based BCI implemented on
the Rex exoskeleton. The authors included a filter in the 0.1–2 Hz range in terms of
the pre-processing stage using a second-order Butterworth filter and standardized
z-score method. In the feature extraction stage, isolation of the delta band was
carried out. For the classification stage, a Multiple Kernel Learning (MKL) was
used and compared with the SMV algorithm, where they conclude MKL was
more suitable for the system. A clinical assessment was performed with two (2)
subjects: one healthy subject and one with SCI impairment. Results conclude that
the frontal/frontocentral regions were the most critical regions for classifying gait
states of the tested subjects, consistent with the brain regions hypothesized to control
lower-limb movements. Moreover, the classification accuracy increased, and the
findings suggest cortical plasticity triggered by the BCI use.

9.4.5 Motorized Ankle–Foot Orthosis: MAFO

This study was carried out by Xu et al. [51], where a BCI system was applied
to the Motorized Ankle–Foot Orthosis (MAFO). The mentioned orthosis allows
the assistance of the ankle dorsiflexion movement. The objective of this research
was focused on the evaluation of the functionality of the BCI system commands
and the verification of an increase in neuroplasticity in the subject. The paradigm
chosen by the researchers was MRCP. Spatial filters and temporal filters were used
as pre-processing. The processing means were defined by a Locality Preserving
Projection (LPP) method in conjunction with the Linear Discriminant Analysis
(LDA) decoding method.
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The BCI system was evaluated through the manifestation of the subject on pos-
sible false commands or omissions. The rate of accurate detections was measured
along with the rate of false commands per minute. In addition, subject monitoring
was evaluated to verify her motor activity concerning MI. The results yielded 73%
accuracy in the general system, weighting the values described. In terms of the
induced plasticity, it was determined that there were significant differences before
and after the tests that demonstrated induction of neuroplasticity in the subjects’
cortical zone.

9.4.6 H2 Foot-Ankle Orthosis

This research led by Do et al. [52] does not include a robotic orthosis directly, but
it is part of the research project that wants to improve the H2 orthosis mentioned
above. However, according to the research carried out, reports of this integration
have not yet been carried out. Thus, a BCI system was integrated into a Functional
Electrical Stimulation (FES) system, which potentially allows a robotic orthosis to
be controlled in its dorsiflexion movement and, therefore, act like one. The digital
processing of the signals was not described in detail, so they were limited to showing
the acquisition process and the tests with the subject.

Five healthy subjects were evaluated, executing ten repetitions interspersed
between dorsiflexion and relaxation. The BCI commands were intended to trigger
the assistance caused by the FES system. The subject received signals to perform
MI or remain at rest, with which the results of the system’s functionality were
observed. The results showed a correlation between the commands and the signals
given to the subject of 0.77. Latencies were measured between the ranges of 1.4–
3.1 s. Furthermore, no omissions were evidenced and only one subject had one false
alarm.

9.5 BCI System Integration with T-FLEX

BCI Integration with T-FLEX (Colombian School of Engineering, Colombia) [53]
emerges as a proposal that considers the patient’s involvement with the system
control through imaginary dorsiflexion movements. Thus, when the BCI system
detects the activation, the user receives active movement through the robotic
orthosis. In general terms, the integration system consists of the EEG signal
acquisition system and the T-FLEX ankle exoskeleton (see Fig. 9.3). However, the
process to command the device through EEG signals requires specific steps based
on the theoretical concepts presented in the previous sections. Moreover, additional
strategies are necessary for communication between systems.
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Enobio
EEG Signal 

Acquisition System

T-FLEX 
Orthosis

Fig. 9.3 Setup for BCI system integration with T-FLEX

9.5.1 Signal Acquisition

Electroencephalography (EEG)-based endogenous BCI is selected with an
ERD/ERS modality. The objective is to extract characteristics located in the activity
of the beta wave rebound power, whose frequency range is from 16 to 24 Hz. The
acquisition system is achieved through Enobio 20 Hardware (Neroelectrics, Spain).
This hardware is linked through the NIC 2.0 (Neroelectrics, Spain) to allow the
motor cortex recording with a Laplacian montage. This type of setup uses multiple
electrodes at once as a reference. In this way, a single output channel is related to
the neighbor electrode average of a specific electrode. In this case, the acquisition
protocol takes as reference the Cz electrode of the international system 10–20.
Thus, the output is the average of the acquisition channels C1, C2, FCz, and CPz.

Once the raw signal is acquired through the software, it is connected to a local
server capable of transferring this data to the pre-processing, feature extraction, and
decoding system. OpenVibe (Inria Rennes, France) is an open-use program that
allows the implementation of different BCI modalities. According to the creators,
the interfaces in OpenVibe reach a speed of up to 1 selection per 5 s with a selection
accuracy of up to 70% in motor imagery [54].

9.5.2 Pre-processing

The pre-processing method was divided into two stages. The first one is applying a
Laplacian filter, and the second one is based on a temporal filter. These implemen-
tations are described in more detail below.
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• Laplacian Spatial Filter: This spatial filter calculates the second derivative of
the instantaneous spatial voltage distribution for each electrode, and therefore
focuses the activity originating from radial sources immediately below the
electrode [55]. This tool highlights localized activity and reduces poorly defined
activity. Moreover, this filter can create the best possible linear combination of
the electrodes used to obtain a signal with less noise and maximized utility in the
data [56].

• Temporal Filter: According to Clerc et al. [20], this filter is applied convention-
ally as a Butterworth-type band-pass filter, order 100 and with a 0.5 dB band
ripple. Consequently, with the frequency range of the beta wave, whose behavior
is essential for applying the ERS/ERD paradigm, the lower and upper cutoff
frequencies were 16 and 24 Hz, respectively.

9.5.3 Feature Extraction

The feature extraction is based on the methodology proposed by Clerc et al. [20] to
obtain a signal as straightforward as possible and represent the beta wave behavior in
its motor synchronization and desynchronization periods. The process is performed
in four steps:

1. Filtered signal decomposition into 1 s long epochs with an overlap of 100 ms
between two consecutive epochs.

2. Signal square operation.
3. Signal’s average calculation over the input epoch. The average of the signal is

calculated for each interval of 1 s received from the previous step.
4. Signal crop to a minimum value. The minimum value was obtained by averaging

and adding 3 times the standard deviation of the signal acquired during the 5-min
calibration period.

9.5.4 Decoding

As mentioned above, the last step of the feature extraction consists of a calibration
process that defines a potential threshold of the extracted beta rebound power. Thus,
the potentials detected below the threshold value are taken as zero, while those that
exceed it would be considered potentials of motion intend. Consequently, there is
a proportionality between the intensity of movement and the potential magnitude
generated by the beta rebound.

9.5.5 Communication Between Systems: BCI-T-FLEX

T-FLEX is a wearable ankle exoskeleton whose main objective is to assist patients
with impairment in the foot-ankle complex. This ankle exoskeleton comprises an
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Enobio 20
Signal Acquistion 

System

Brain Activity Voltage
Sent by LSL protocol

NIC 2.0 
Software

LSL protocol
to send 

Digital Signals

OpenVibe Software

Signal processing 
for BCI System

Beta power signal at 256 Hz

LSL Communication Protocol

Local Server with Python

Raspberry Pi 3

Digital Command to

assistance

MI Detection sent
by UDP Protocol

T-FLEX Controller

Dorsi flexion

Plantar flexion

External Host

Fig. 9.4 Communication protocol diagram involved in the BCI-T-FLEX integration system

actuator system with bioinspired tendons commanded by a Raspberry Pi 3 to assist
gait or perform dorsi-plantarflexion repetitions in stationary therapy (see Chap. 6).
Considering the above, communication between BCI System and T-FLEX is carried
out directly from OpenVibe sending data continuously to the Raspberry Pi 3.
However, this communication requires two sections: (1) output of the OpenVibe
software to a local server and (2) a delivery of data from the local server to the
external server of the robot controller (see Fig. 9.4).

1. OpenVibe to Local Server Connection: For this data extraction, the Lab
Streaming Layer (LSL) protocol is used. OpenVibe uses a native LSL system,
in which it is necessary to specify a name of a transmission channel and the
type of signal to be sent. Once this channel was configured in the OpenVibe
box system, a local server was created in Python, whose objective is to receive
the transmission channel (i.e., an array of variables for each sample of the EEG
signal, which includes sample number, time in seconds, channel, encoding type,
and magnitude) (see Fig. 9.4).

2. Local Server to T-FLEX Controller: Once the data arrives continuously
through the LSL channel which has a frequency of 256 Hz, this data will be
processed to detect the exceeding of the previously defined threshold. This
implies that the calibration process must be appropriately associated with the
local server created in Python. In this way, every time a threshold is exceeded,
the data will be sent as a logical “1” to the Raspberry Pi 3. This will cause an
action equivalent to the dorsiflexion assisted by the robot. However, once a drop
below the beta rebound signal threshold is detected, the local server will send a
logical “0” to the controller, and it will remain in plantarflexion.
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The communication protocol used to send this data was the User Datagram
Protocol (UDP) connection that uses the IP address data of both parties to carry
out a data exchange. In this case, it is an open-loop system that only sends
unidirectional data to the T-FLEX (see Fig. 9.4).

9.6 Case Study: BCI System Control Assessment with T-FLEX

This case study presents the results of the BCI operation carried out with a
post-stroke patient (age: 55 years, weight: 84 Kg, and height: 173 cm) with right
hemiparesis laterality. This study seeks to evaluate the operation of a BCI control
system for the T-FLEX exoskeleton and its preliminary effect on neurological
activity. In addition to considering the EEG signal acquisition system and the T-
FLEX ankle exoskeleton, the proposed system includes a visual interface with
a full-screen that guides the actions to be carried out during the test using text
instructions. The system integration test for the development of this case study
was carried out in Club de Leones Cruz del Sur Rehabilitation Center with its
corresponding Ethics Committee approval.

9.6.1 Experimental Procedure

The following procedure is based on experimental designs found in the literature
[57]. The experiment is developed under three stages: During the first stage, 5-
min calibration is performed while the participant remains statically in a chair
with a 90◦ knee flexion. The second stage corresponds to a stationary therapy (ST)
[58] where the EEG signal is recorded while the patient receives alternating dorsi-
plantar flexion motion for 10 s using the T-FLEX robotic orthosis. Afterward, the
last stage considers motor imagination with visual stimulation (MIV) to trigger the
T-FLEX robotic device. The above implies EEG signal records while the patient
imagines alternating dorsi-plantar flexion movement for 10 s while observing an
image showing the desired command. The second and third stages alternate with
10 s-periods of rest until reaching a 5-min test.

Both experimental conditions (ST and MIV) involve the use of the T-FLEX
exoskeleton. Therefore, capturing EEG records is essential to present a posterior
comparative analysis in the brain activation frequency band (8–32 Hz). In this way,
the quantitative characterization of the BCI system is performed employing the
following variables at the end of the test:

• Accuracy rate: The data associated with the motor imagery attempts correctly
detected by the BCI will be collected in the 10-s periods in which the patient is
asked to imagine movement.

• Acquisition of EEG signals from a cortical zone: Continuous signals will be
acquired at each test interval from the cortical zone, using channels Fcz, C1,
Cz, C2, and Cpz International System. In this way, signal processing will be
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carried out to compare and conclude if there are significant differences in the
brain-motor activity of the patient when using the T-FLEX device integrated into
the BCI system and in its absence. To conclude in this regard, the Event-Related
Potential (ERP) methodology will be used.

9.6.2 Results of the Study

The result in terms of the accuracy level of motor imagery detection made by the
patient was 53.33%. This result is a consequence of the difficulty of some people to
perform motor imagination without prior training. As previously mentioned, this is
one of the disadvantages regarding the ERD/ERS modality [32]. In this way, future
studies should implement long training to guarantee better performance and control
of the system. Figure 9.5 shows the temporal response for the isolate frequency
band during one of the 10-s periods when the user was required to perform motor
imagination.

Meanwhile, as can be seen in Table 9.0, the MIV test has a higher associated
Power Spectral Density related with the Event-Related Potentials (ERP) in the Cz,
C2, and Cpz channels vs. the therapy mode of the T-FLEX device, in which the
patient was not required to generate motor imagery (ST).

The above is corroborated in the EEG topographies that tend to be oriented to
increased brain activity on visual stimulation tests (see Fig. 9.6). These significant
differences in brain activity between these tests may indicate the significant differ-
ence in the conventional therapy mode and the use of integrated BCI. Therefore,
these results are helpful since they show a preliminary added utility in the proposed
integration concerning the conventional use of T-FLEX. However, to generate
a significant difference in motor imagery-related brain activity, the most viable
paradigm for future research must include another kind of stimulation besides the
visual.
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Fig. 9.5 Cz channel filtered signal on the band 8–32 Hz in motion imagination detection state
with visual stimulation to command the ankle exoskeleton

Table 9.0 Power spectral
density (PSD) associated with
each channel in the ST and
MIV test

Test Fcz C1 Cz C2 Cpz

ST PSD (dB/Hz) 6.81 6.46 6.84 7.60 6.30

MIV PSD (dB/Hz) 7.75 7.66 7.61 8.83 7.19
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Fig. 9.6 EEG topographies of power spectral density associated with the event-related potentials
for tests with and without motor imagination. (a) Stationary therapy. (b) Motor imagination with
visual stimulation

It is essential to mention that these results are partially beneficial for generating
neuroplasticity in post-stroke patients [59,60]. However, this single-session test does
not prove that neuroplasticity was generated or induced in the patient using this
interface. According to long-term research, this can be demonstrated in therapies
with BCI systems and exoskeletons lasting between 10 to 12 months with a weekly
intensity session [40]. Therefore, this case study is limited to achieving immediate
results related to partially beneficial brain activity.

9.7 Chapter Conclusions

State of the art and conceptualization carried out in this chapter made it possible
to compile the basic concepts of BCI systems, modalities, and EEG signal analysis
to detect motor imagination. Moreover, the review applied to exoskeletons aimed
at lower-limb rehabilitation with BCI shows the long-term advantages of using
these systems in rehabilitation therapy to induce neuroplasticity. On the other hand,
the BCI control system design process considers multiple features to acquire and
process signals.

Finally, the experimental procedure and case study presented with a post-stroke
patient allows us to conclude that stimulation methods or long training are essential
to induce patients to generate movement imagination in BCI systems. Nevertheless,
the BCI-TFLEX system provides a better neuronal response than conventional
therapy performed with T-FLEX independently.
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10Control Strategies for
Human–Robot–Environment Interaction in
Assisted Gait with Smart Walkers

Sergio D. Sierra M. , Mario F. Jiménez, Anselmo Frizera-Neto,
Marcela Múnera, and Carlos A. Cifuentes

10.1 Introduction

Recent advances and developments in rehabilitation engineering have been focused
on the design and implementation of control strategies that allow natural, safe, and
compliant interaction between users, the smart walker, the environment, and the
healthcare professionals [1, 2]. In particular, multiple research projects have been
oriented to develop innovative tools to assist older people, neurological patients,
and people with cognitive impairments. Among these, the AGoRA Smart Walker [3],
the UFES Smart Walker [4], the GUIDO Smart Walker [5], and the MOBOT
Platform [6] are found.

These strategies have gained considerable popularity in rehabilitation and every-
day scenarios, owing to their positive usability outcomes, proper users and medical
acceptance, and the increasing cooperation between engineers, medical staff, and
patients [7–9]. Specifically, a key issue in such interdisciplinary collaborations
is related to the fact that they focus on generating solutions with a particular
focus on the user, that is to say, strategies and prototypes centered on the users’
requirements [10].
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Considering the particular case of smart walkers, in the previous chapters, it
has been stated that these interaction strategies require the rehabilitation device
to count with appropriate sensory architectures, precise actuation interfaces, and
sufficient communication interfaces with the user. In general, the selection of such
components is aimed at providing three types of interaction in smart walkers: (1)
Human–Robot Interaction (HRI), (2) Robot–Environment Interaction (REI), and (3)
Human–Robot–Environment Interaction (HREI). In this sense, this chapter seeks to
describe the most common architectures that can be used to provide these types
of interaction during walker-assisted gait and demonstrate some case studies and
provide insights into their implementation in real devices.

10.2 Design Considerations for Control Strategies

During the design process of an interaction strategy for walker-assisted gait,
several milestones should be attained by researchers, healthcare professionals,
and stakeholders. For instance, this process involves (1) identification of patients’
requirements, (2) co-design of robotic solutions (involving engineers, clinicians,
patients, and relatives), (3) implementation in healthy patients, (4) validation in
clinical scenarios, and (5) analysis of effects [11, 12]. This is not a straightforward
process but a continuous loop of development, integration, and testing. Moreover,
depending on the type of interaction that is sought to be developed, there are several
baseline design criteria, such as safety, compliance, and comfort, among others.
Table 10.1 describes these underlying concepts for HRI, REI, and HREI.

As it can be inferred from Table 10.1, it is a common denominator in the design
criteria that the smart walker behavior is safe, intuitive, compliant, and appropriate
for the users’ specific requirements [1]. Some of these criteria have been widely
reported in literature reviews focused on smart walkers [2, 13, 14]. Additional
constraints might also include (1) the smart walker motion should be smooth and
only triggered by the users’ intentions, (2) the control strategies should not induce
hazardous situations neither for the users nor for the environment, (3) the healthcare
professional should always be involved in the interaction loop, either for monitoring
or for active participation, and (4) the smart walker should track and store the users’
progress and session’s performance [1].

Finally, the control architectures for walker-assisted gait should include several
minimal modules to interact with users. Particularly, Fig. 10.1 illustrates a standard
control diagram in a walker-assisted gait application, where the involvement of the
user, the smart walker, and the clinician is showcased. Moreover, this architecture
aims to implement the design criteria defined previously (see Table 10.1). Several
smart walkers reported in the literature have already proposed control strategies
that can be framed within this control diagram [3–6, 15–17]. This diagram offers
a generalization of the control strategies, and thus some smart walkers might not
include all of the proposed modules.

Multiple control strategies will be described in the following sections, categoriz-
ing them as strategies for HRI, REI, or HREI. Moreover, some of such strategies
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Table 10.1 Description of general design criteria for the development of control strategies in
walker-assisted gait

Interaction type Design criteria Example

Human–Robot Interaction
(HRI)

Recognition of physical interac-
tion with the user

Sensing of forces, torque, and
pressure exerted by the user

Recognition of cognitive inter-
action with the user

Voice processing modules. Ges-
tures recognition

Estimation of user’s navigation
commands

Rule-based algorithms. Admit-
tance controllers

Estimation of user’s gait param-
eters

Sensing gait with IMUs, pressure
insoles, ranging devices, etc.

User monitoring Hearth rate estimation

Safety management Detection of proper user’s sup-
port and posture. Emergency
braking

Implementation of compliant
control strategies

Natural and intuitive interaction.
Personalized behaviors

Robot–Environment
Interaction (REI)

Smart walker motion control Low-level controllers to generate
desired velocity

Implementation of autonomous
navigation

Localization and mapping. Path
planning. Obstacle detection.
Guidance

Social interaction ability Detection of surrounding people.
Motion adaption to avoid intrud-
ing into personal spaces

Safety management Redundant systems. Remote con-
trol

Human–Robot–
Environment Interaction
(HREI)

Implementation of shared con-
trol strategies

Adaptation of control authority.
Modulation of user’s participa-
tion. The user triggers motion

Clinician participation Close accompanying teleopera-
tion and remote monitoring

Feedback of environment infor-
mation to the user

Haptic, auditory, and visual feed-
back

have already been validated with users, and thus, the following section presents two
particular smart walkers used for these purposes: the AGoRA Smart Walker and the
UFES Smart Walker.

10.3 Robotic Platforms

The AGoRA Smart Walker and the UFES Smart Walker, illustrated in Fig. 10.2,
are two active robotic walkers that have been used to implement control strategies
for HRI, REI, and HREI [3, 4]. In this way, their internal components and main
characteristics are described as follows:
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Fig. 10.1 Standard control architecture for a walker-assisted gait application
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Fig. 10.2 Illustration of two standard robotic walkers for Human–Robot–Environment Interac-
tion. (a) AGoRA Smart Walker. (b) UFES Smart Walker

10.3.1 AGoRA Smart Walker

The AGoRA Smart Walker is a robotic walker mounted on a commercial robot
(Pioneer LX, Omron Adept, USA), emulating an assistive smart walker’s structural
frame and functionality (see Fig. 10.2a).

The platform is equipped with (1) two motorized wheels and four caster
wheels, (2) two encoders, one Inertial Measurement Unit (IMU), and two hall
sensors to measure walker’s overall position and speed, (3) a 2D Light Detection
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and Ranging (LiDAR) sensor (S300 Expert, SICK, Germany) for environment
sensing, (4) two ultrasonic boards for detection of users and low-rise obstacles,
(5) a bumper panel to stop the platform under collisions, (6) two tri-axial load
cells (MTA400, FUTEK, USA) to estimate the user’s navigation commands, (7)
a camera (LifeCam Studio, Microsoft, USA) to sense people in the environment,
and (8) a 2D laser range finder (LRF) (URG-04LX, Hokuyo, Japan) for user’s gait
parameters estimation [3].

The device’s onboard CPU runs a Linux distribution to support the Robotic Oper-
ating System (ROS) framework and the software requirements [3]. Moreover, to
ensure efficient processing resources, an external computer is used to off-load non-
critical modules. The platform’s Ethernet and WiFi modules allow communication
with the external CPU [3].

10.3.2 UFES Smart Walker

The UFES Smart Walker, developed at the Federal University of Espírito Santo,
Brazil, is an active three-wheeled walker that provides gait rehabilitation and
assistance. The platform is depicted in Fig. 10.2b, as well as its sensory and
actuation interfaces.

The smart walker is based on a differential drive configuration with one front
caster wheel and two rear motorized wheels. The device is equipped with (1) an
encoder at each motorized wheel (H1, US Digital, USA) to estimate the wheel’s
position and movement, (2) an Inertial Measurement Unit (BNO055, Adafruit,
USA) to estimate the platform’s orientation, (3) two tri-axial force sensors at
each forearm support handlebar (MTA400, Futek, USA) to estimate physical
interactions between the user and the platform, (4) a laser rangefinder (LRF)
sensor (URG-04LX, Hokuyo, Japan) located in front of the user’s legs to obtain
user’s gait spatiotemporal parameters and distance to the platform, and (5) a 2D
Light Detection and Ranging (LiDAR) sensor (RPLIDAR A1, SLAMTEC, CHN)
pointing towards the front for environment sensing.

Additionally, the platform is equipped with an onboard computer (PC/104-Plus
Standard, 1.67 GHz Atom N450, 2GB RAM). This computer is configured to run a
real-time architecture based on the Matlab Simulink Real-Time xPC Target Toolbox.
An external computer is used for programming purposes of the onboard computer
and for experimental data storage.

10.4 Control Strategies for HRI

One of the significant improvements that have brought the emergence of smart
walkers is their ability to acquire and process physical and cognitive interaction
with users. Considering that each user may have different health conditions, the
smart walkers are often equipped with a wide range of sensors and actuators to
meet the particular assistance requirements of the users (see Chap. 2). This section
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describes several interaction strategies that have been proposed in the literature to
provide natural and compliant HRI.

To follow the design criteria outlined in Table 10.1 and the control architecture
illustrated in Fig. 10.1, the first module in an HRI strategy is related to estimating
the user’s intentions. This is a crucial issue, considering that the outputs of this
module are in charge of triggering the smart walker motion, so that it is compliant
with the user’s motivational demands. A common source of this information is the
physical interaction between the user and the smart walker. This interaction is often
quantified employing force and pressure sensors on the device’s forearm supports
and handlebars (see Fig. 10.2). These sensors output force and torque signals that
can be used to estimate the user’s intentions.

10.4.1 Estimation of Physical Interaction

As shown in the AGoRA Smart Walker and the UFES Smart Walker sensory
interfaces, the forces are acquired from the sensors placed on the left and right
forearm supports. In particular, tri-axial force sensors can obtain magnitudes along
the x, y, and z axes. In this way, to compute the final exerted force and torque by the
user, the following equations are used:

FY = (FLY + FRY ) ∗ 1

2
,

FZ = (FLZ + FRZ) ∗ 1

2
,

(10.1)

τ = (FLY − FRY ) ∗ d

2
. (10.2)

In particular, Eq. 10.1 shows that the resulting impulse force FY can be estimated
by averaging the forces along the y-axis on both sensors, i.e., FLY and FRY, and
it provides information about the users’ intention to start walking. Similarly, the
support force FZ can be estimated using the forces along the z-axis on both sensors,
i.e., FLZ and FRZ. This support force is useful to detect the oscillatory components
of gait and the posture of the user. Note that the force component along the x-axis
is discarded, as it does not provide any additional or relevant information about the
user’s intentions.

Regarding the torque τ , it provides information about the turning intentions of
the users. Equation 10.2 shows that it can be estimated using the difference between
the forces along the y-axis, i.e., FLY and FRY, and the sensors’ separation distance
d. In this case, the vertical forces are not used to calculate another torque signal,
indicating the user’s intention to roll the device about the x-axis.
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10.4.2 Signals Processing

Current commercial force and torque sensors can extract clear signals, containing
meaningful information about the user’s support, propulsion, and turning intentions.
However these signals also contain information about the oscillatory patterns of
the users’ gait and high-frequency noise related to vibrations produced by the floor
[3,18]. Therefore, before implementing a control strategy based on such interaction
forces, a filtering and gait parameters extraction process is required. Consequently,
the estimation of the user’s intentions of movement and the user’s navigation
commands could be achieved with ease and fewer probabilities to misinterpretations
[3].

According to the above, there are several alternatives to achieve such a filtering
process. Two of them are briefly introduced as follows:

1. Low-Pass Filters: These types of filters have been proposed to remove high-
frequency noise components. Among these, Gaussian, Blackman, Moving Aver-
age, and multiple-pass filters are commonly found. The Moving Average filter
is one of the most common techniques in digital signal processing and one of
the simplest in terms of implementation and formulation. This type of filter
acts as a low-pass filter, although it has poor ability to handle frequency-
domain responses. The operation of this filter takes M input points, estimates
the average of those points, and finally produces a single output point. In a force
signal processing application, Eq. 10.3 describes the formulation of the Moving
Average filter:

F′
Y[i] = 1

M

M−1∑
k=0

FY[i + k]. (10.3)

F′
Y[i] is the filtered force signal, and M indicates the number of points to

average [19]. Considering that this filter is intended to remove random noise, it
might not remove oscillatory patterns related to gait. Moreover, given that the
estimation of each filtered point requires M input samples, this filter induces
an amount of delay that increases with the M value. Regarding Gaussian and
Blackman variations of this type of filter, they have better stopband attenuation
than the Moving Average filter itself. The Gaussian filter, for instance, sets
smaller amplitudes near the ends of the averaging window, thus producing
smoother results [19].

2. Adaptive Filters Based on Gait Parameters: It is well known that the gait
pattern exhibits a natural oscillatory behavior, which is commonly related to
movements of the human trunk and center of mass in the sagittal plane [3]. In
walker-assisted gait applications, the force sensors also capture such movements
of the users’ upper body [3]. Thus, the frequency of the gait components that
contaminate the force signals is often related to the gait cadence [20].
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Fig. 10.3 Illustration of the adaptive filtering process using Weighted Fourier Linear Combiner
(WFLC) and Fourier Linear Combiner (FLC)

In this way, as proposed in [20], an appropriate filtering process of the force
signals requires estimating the gait cadence. This process relies on the imple-
mentation of adaptive filters, such as (i) the Weighted-Fourier Linear Combiner
(WFLC) and (ii) the Fourier Linear Combiner (FLC), which allow the online
tracking of quasi-periodic signals [20]. The mathematical formulation of these
filters has been previously described in Chap. 5, and thus, their implementation
for force signal filtering is outlined here.

As illustrated in Fig. 10.3, the filtering process consists of several steps. On the
one hand, the resulting support force FZ (see Eq. 10.1) is passed through a band-
pass filter with cutoff frequencies of 1 Hz and 2 Hz to remove the signal’s offset
and high-frequency noise [3]. Several studies have validated these frequencies in
walker-assisted gait applications [3, 17, 20]. Afterward, the first harmonic of the
filtered force signal F′

Z, i.e., the gait cadence, is estimated by the WFLC.
On the other hand, the resulting impulse force FY (see Eq. 10.1) is filtered

by a fourth-order Butterworth low-pass filter with a cutoff frequency of 5 Hz. In
parallel, the FLC is fed with the cadence from the WFLC and the filtered signal
F′

Y. Finally, the FLC outputs the cadence signal F′
Y_CAD, which is subtracted

from the F′
Y to get the final F′′

Y filtered signal.

The above-mentioned filtering processes are helpful to process and remove
undesired components from the force signals acquired from the sensory interfaces
of the smart walkers. Note that one can obtain a filtered torque signal if these
processes are not carried out with the resulting force signals FY and FZ, but with
the independent signals of each sensor, FRY, FLY, FRZ, and FLZ.

At this point, it is still necessary to obtain the users’ intentions of movement
to set appropriate behaviors (i.e., velocities) on the smart walker. To this end, the
following section describes one of the most common methods employed to extract
velocities from force and torque signals.



10 Control Strategies for Human–Robot–Environment Interaction in. . . 267

10.4.3 Motion Intention Detector

As stated in the design criteria, the smart walkers should compliantly respond to
users’ motivational demands, to guarantee safety and acceptance [3,4]. In this sense,
admittance controllers have been widely implemented in smart walkers, as they
allow users to control the device by exerting forces and torques on the handlebars or
supporting themselves on the devices’ forearms [1, 3, 4]. The main idea with these
controllers is that the users require less effort to handle the smart walker than to
control the device in a passive configuration [1].

In general, the admittance controllers are dynamic models that generate linear
and angular velocities from users’ intentions [3, 4]. These controllers model the
smart walker as two first-order mass-damper systems, whose inputs are the resulting
impulse force FY

1 and the resulting torque τ . The outputs of these controllers are
the linear (v) and angular (ω) velocities, meaning the user’s navigation commands.

To estimate the linear velocity μ(t) from the exerted force FY(t), the first-order
system shown in Eq. 10.4 is used:

μ(t) = FY(t) − mμ̇(t)

bμ

, (10.4)

where m is a virtual mass and bμ is the damping constant. Similarly, this system can
also be represented in terms of the following transfer function:

L(s) = μ(s)

FY(s)
=

1
m

s + bμ

m

. (10.5)

The torque τ is used to obtain the angular velocity for the smart walker. Using
the first-order mass-damper system, the angular velocity ω(t) can be calculated as
shown in the equation below:

ω(t) = τ (t) − J ω̇(t)

bω

, (10.6)

where J represents virtual inertia and bω is the damping constant. Similarly, this
system can be represented in the frequency domain, as follows:

A(s) = ω(s)

τ (s)
=

1
J

s + bω

J

. (10.7)

In addition to the above, the quality and type of interaction are strongly related
to the values of the controllers’ constants. In particular, during the selection of

1For simplicity, the filtered force is referred to as FY.
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these parameters, it is possible to provide different assistance levels by changing the
general virtual stiffness of the platform [3,4]. On the one hand, experimental studies
with the AGoRA Smart Walker reported that using m = 0.5 kg, bμ = 4 N.s/m,
J = 2.1 kg.m2/rad, and bω = 2 N.m.s/rad, the controllers provided the most
effortless and lightest interaction.

On the other hand, experimental studies have also reported that it might be
helpful to make the smart walker oppose the users’ intentions, i.e., for muscular
and gait training purposes. In patients in later stages of rehabilitation, it could be
helpful to set the controllers’ parameters to render a heavier and more challenging
maneuvering experience [21].

To accomplish this, it is assumed that people with higher Body Mass Index
(BMI) values can exert higher force and torque values on the device. Therefore,
a unique set of parameters is not suitable. In this sense, to provide a resistive mode,
the virtual mass should be at least ten times greater than the virtual mass of the
previous configuration. The value of the virtual inertia remains unchanged to avoid
increasing the risk for falls. An experimental study with the AGoRA Smart Walker
reported the following values: m = 10 kg, bμ = β N.s/m, J = 2.1 kg.m2/rad,
and bω = 7 N.m.s/rad. The calculation of the damping constant (β) employs the
user’s weight, as follows:

β = 0.375 ∗ weight − 12.5, (10.8)

The values of the model presented in Eq. 10.8 were estimated empirically, in
such a way that a subject with a maximum weight of 120 kg or a minimum weight
of 55 kg could move the device with moderate resistance [21].

10.4.4 HRI Strategy: Case of Study

As an illustration of the previously explained modules, a simple task is proposed.
A user is asked to follow an L-shaped path, while the admittance controllers are in
charge of generating linear and angular velocities from the force and torque signals
(see Fig. 10.4). In this case, the user was asked to walk at the preferred speed, and the
first set of constants was used (i.e., m = 0.5 kg, bμ = 4 N.s/m, J = 2.1kg.m2/rad,
and bω = 2 N.m.s/rad).

Moreover, for safety purposes, the motion of the smart walker is only allowed
if the user is appropriately supporting on the device’s forearm supports. This can
be achieved by employing the information obtained from the support force FZ
and setting a simple threshold. Similarly, another implementation of this safety
constraint can be made by using ranging sensors pointing towards the user’s legs
and setting a distance threshold. If the distance threshold is exceeded, the smart
walker stops.

Figure 10.5 illustrates the outcomes of the HRI case study. In particular,
Fig. 10.5a shows the raw and filtered signals of the resulting impulse force and
the resulting torque. In this case, the filtered force and torque signals in dark red
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Fig. 10.4 Description of a simple case of study with the control strategy for HRI

and dark blue, respectively, were obtained by filtering the independent force signals
of each sensor. As it can be noted, the filtering process removes both the high-
frequency noise and the cadence components. Regarding the generation of linear
and angular velocities, Fig. 10.5b shows the obtained velocities from the filtered
force and torque signals. These velocities were generated using the admittance
controllers described in the previous section.

In general, these outcomes highlight how the admittance controllers can extract
the users’ intentions to move. Particularly, increases in the impulse force are
commonly associated with increases in the linear velocity. Analogously, increases
or decreases in the torque exerted by the users are associated with turning intentions.
Moreover, the turning intentions are also accompanied by a slight decrease in the
impulse force. This behavior is explained by the fact that users prefer to perform
soft turns, rather than turns around their axis (i.e., 90 degree turns) [3, 4].

10.5 Control Strategies for REI

Smart walkers are usually deployed in complex and dynamic environments, such
as homes, hospitals, and rehabilitation centers. Likewise, smart walkers are often
required to provide cognitive support to the user by assisting them in moving tasks.
In this sense, the control strategies for REI are designed to provide guidance and
path following capabilities. To this end, the smart walkers navigate autonomously
and effectively while avoiding static and dynamic obstacles in the environment.
According to the above, this section presents the following components for REI:
(1) position control, (2) path following control, (3) autonomous navigation, and (4)
low-level safety constraints.
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Fig. 10.5 Outcomes of the HRI case study. (a) Illustration of raw (light colors) and filtered (dark
colors) force and torque signals. (b) Illustration of the linear and angular velocities generated by
the admittance controllers

10.5.1 Positioning Control

One of the simplest ways to interact with the environment is to use a positioning
strategy. This type of strategy allows a robotic walker to be taken from one point to
another without defining a particular trajectory. In this scenario, two strategies are
outlined below.

10.5.1.1 Non-linear Position Controller
In a positioning strategy, the controller should safely and naturally take the smart
walker to a desired point. Let us describe this problem as shown in Fig. 10.6a,
where the kinematic unicycle model is presented in polar coordinates (e, θ). In
this scenario, the smart walker is located at the position defined by (xR, yR), and
the desired point is the origin of the inertial reference frame (XI , YI ).

As explained in Chap. 2, the unicycle kinematic model is described by Eq. 10.9,
and the control variables of the robot are μ and ω:

[
ẋR

ẏR

]
=
[
μ cos(ϕ)

μ sin(ϕ)
.

]
(10.9)

The conversion to polar coordinates is described by Eq. 10.10, where e is the
error distance between the smart walker and the goal, and θ is the orientation with
respect to the global reference frame:
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Fig. 10.6 (a) Polar coordinates for the unicycle model in positioning problem. The goal is located
at the origin of the global reference frame. (b) Formulation of the positioning problem as a
mechanical system

[
XI

YI

]
=
[
e cos(θ)

e sin(θ)
.

]
(10.10)

Considering that e2 = X2
I + Y 2

I and that the orientation error is defined by α =
θ − ϕ, the kinematic model is replaced by

⎡
⎣ ė

α̇

θ̇

⎤
⎦ =

⎡
⎣ −μ cos(α)

−ω + μ
sin(α)

e

μ
sin(α)

e

⎤
⎦ (10.11)

At this point, the problem is focused on finding a control law that guarantees
that e → 0, α → 0, and θ → 0, asymptotically. To this end, as described
in [22], the Lyapunov-based control method can be applied. In particular, the
basic idea of Lyapunov’s direct method is to find the mathematical extension of
a physical observation for a given system [23]. In general, this method states that
if a mechanical or electrical system’s energy is continuously dissipated, it must
eventually stabilize to an equilibrium point [23].

In this way, consider the alternative formulation of the positioning problem
shown in Fig. 10.6b. Specifically, the unicycle model is described as a mechanical
system that comprises two springs, which are in charge of taking the system to
the desired goal. Thus, the candidate Lyapunov function for this system can be
formulated by examining the total system energy, i.e., the sum of the energy of
the springs, as shown in the equation below:
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V (e, α) = V1 + V2 = 1

2
e2 + 1

2
α2. (10.12)

Moreover, the rate of energy variation of the system is obtained by taking the
time derivative of V (e, α), as expressed in Eq. 10.13. Physically, this implies that
the system will stabilize at the natural length of the springs, i.e., at the desired goal
[23].

V̇ = V̇1 + V̇2 = eė + αα̇

V̇ = e(−μ cos(α)) + α

(
−ω + μ

sin(α)

e

)
.

(10.13)

The Lyapunov energy-like function V (e, α) should be positive definite and
should have a continuous first partial derivative to guarantee the stability of the
system’s equilibrium point stability. Similarly, V̇ should be negative semi-definite.
Furthermore, if V̇ is locally negative definite, the stability is asymptotic. The
rigorous formulation of this theorem can be found in [23].

According to this, V̇1 can be made non-positive by choosing:

μ = λe cos(α), λ > 0 (10.14)

which yields that

V̇2 = α(−ω + λ sin(α) cos(α)), (10.15)

and consequently, V̇2 can also be made non-positive by choosing

ω = kα + λ sin(α) cos(α), k > 0. (10.16)

Then, replacing the equations from e and α, it gives

V̇ = −λe2 cos2(α) − kα2, (10.17)

which finally implies that e(t), α(t) → 0 with t → ∞.
At this point, the equations of the position controller have been defined by

Eqs. 10.14 and 10.16. However, to obtain a safe behavior for μ and ω, a saturation
strategy can be added. Particularly, to avoid motor saturation, the linear and angular
velocities can be truncated, by saturating the error e with the hyperbolic tangent.
Thus, the controller is now defined by

[
μ

ω

]
=
[

λ tanh(e) cos(α)

kα + λ
tanh(e)

e
sin(α) cos(α)

.

]
(10.18)
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As an illustration of the behavior of this control strategy, Fig. 10.7 shows the
outcomes of several positioning tasks with a healthy user. Remarkably, three posi-
tioning tasks from the same initial pose were executed (see Fig. 10.7a). Moreover,
to demonstrate the asymptotic behavior of the distance error, Fig. 10.7b shows the
distance error e for each goal. Finally, Fig. 10.7c presents the behavior of the steering
error α for each goal. In this case, α did not exhibit a strict asymptotic behavior.
However, it stabilized around an equilibrium point near 0.

It should be noted that this controller does not consider the users’ intentions to
make the smart walker move. Thus, to guarantee users’ safety, this controller can be
coupled with a motion triggering system, so that the smart walker only moves if the
user is exerting a minimal impulse force.
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Fig. 10.7 Example of three positioning tasks. (a) describes the initial position of the smart walker,
the performed trajectory, and the final position. (b) describes the behavior of the distance error e

between the smart walker and each goal. (c) describes the behavior of the orientation error α
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Fig. 10.8 Simple
formulation of the positioning
problem for the displaced
kinematic model
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10.5.1.2 Proportional Position Controller
An alternative to the previously described non-linear controller is related to the
formulation of a simple proportional controller. In this case, consider the position
problem described in Fig. 10.8, where the smart walker is modeled with the
displaced kinematic model presented in Chap. 2 (see Eq. 10.19).

[
ẋ

ẏ

]
=
[
μ cos(ϕ) − a ω sin(ϕ)

μ sin(ϕ) + a ω cos(ϕ)
.

]
(10.19)

This model can be expressed in terms of the kinematic matrix C (also referred to
as Jacobian matrix J) as

[
ẋ

ẏ

]
=
[

cos(ϕ) −a sin(ϕ)

sin(ϕ) a cos(ϕ)

] [
μ

ω

]

[
ẋ

ẏ

]
= C

[
μ

ω
.

] (10.20)

In this context, the formulation of a position controller should provide an
expression for the required linear and angular velocities to reach the desired goal.
Thus, it can be obtained from Eq. 10.20 that

[
μ

ω

]
=
[

cos(ϕ) sin(ϕ)

− 1
a

sin(ϕ) 1
a

cos(ϕ)

] [
ẋ

ẏ

]

[
μ

ω

]
= C−1

[
ẋ

ẏ
,

] (10.21)

where C−1 is the inverse kinematic (or Jacobian) matrix. At this point, the equations
of a proportional controller can be used to define [ẋ, ẏ]T , as follows:
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Fig. 10.9 Example of three positioning tasks with the proportional controller. (a) describes the
initial position of the smart walker, the performed trajectory, and the final position. (b) describes
the behavior of the error between the x coordinates of the smart walker and the desired goal. (c)
describes the behavior of the error between the y coordinates of the smart walker and the desired
goal

[
ẋ

ẏ

]
=
[
Kx̃

Kỹ
.

]
(10.22)

K is a proportional gain, while x̃ and ỹ are the distance errors between the x and
y coordinates of the smart walker and the desired goal, respectively. An illustration
of the behavior of this controller with a healthy user is shown in Fig. 10.9. The
same three goals were used to compare this controller with the previous non-linear
strategy (see Fig. 10.9a). Moreover, Fig. 10.9b and c shows the behavior of x̃ and ỹ,
respectively.

For this controller, it should also be noted that the users’ intentions are not
taken into account; thus, it is recommended to integrate a motion triggering system.
Additionally, the results presented in Fig. 10.9 might suggest that the proportional
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controller exhibits a faster and more asymptotic response than the outcomes
presented in Fig. 10.7 for the non-linear controller.

However, let us analyze the behavior of the linear and angular velocities
generated by these two controllers, for one of the proposed goals (see Fig. 10.10).
Regarding the linear velocities illustrated in Fig. 10.10a, the proportional controller
generates larger velocity magnitudes, as it does not integrate any saturation strategy.
This behavior might lead to sudden unsafe movements of the smart walker in an
actual application. The angular velocity generated by the non-linear controller (see
Fig. 10.10b) exhibits a soft behavior that does not impose considerable effort on the
robot’s actuators. Nevertheless, the angular velocity generated by the proportional
controller exhibits more aggressive behavior that could induce unsafe movements in
the smart walker (see Fig. 10.10c). Furthermore, this controller saturates the robot’s
actuators.
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Fig. 10.10 Comparison of linear and angular velocities generated by the two positioning strate-
gies. (a) Linear velocities generated by the two controllers. (b) Angular velocity generated by the
non-linear controller. (c) Angular velocity generated by the proportional controller
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10.5.2 Path Following Control

As stated in the previous chapters, a valuable functionality of smart walkers is
related to guiding users with cognitive and physical impairments. In general, a
guiding task aims at taking the user through the desired route, consisting of several
predetermined poses or goals. A standard solution for path following in wheeled
mobile robots consists of proposing a controller that generates the required linear
and angular velocities to achieve the desired route.

10.5.2.1 Non-linear Path Following Controller
Let us consider the path following problem described in Fig. 10.11, where the smart
walker is also modeled with the displaced kinematic model, previously described in
Eq. 10.19.

This model can also be expressed in terms of the kinematic matrix C, as shown in
Eq. 10.20. In this context, the inverse kinematic matrix C−1 is again used to obtain
expressions for the required linear and angular velocities to follow a particular path
(see Eq. 10.21).

Thus, finding the equations of the path following controller relies on defining
proper expressions for [ẋ, ẏ]T . In particular, Andaluz et al. proposed a set of
equations for this formulation, which have been widely used in mobile robotics
applications [24]. For every path pose, the closed-loop equation of the controller
proposed in [24] is represented as follows:

[
ẋ

ẏ

]
= νp + νa, (10.23)

where νp is the desired velocity vector on the path and νa is an attraction vector to
the path. In this sense, Eq. 10.23 can be further expressed as

Fig. 10.11 Illustration of the
path following problem,
where the smart walker
should reach a desired point
on the route
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[
ẋ

ẏ

]
=
⎡
⎣νr cos(θp) + lx tanh

(
kx

lx
x̃
)

νr sin(θp) + ly tanh
(

ky

ly
ỹ
),

⎤
⎦ (10.24)

where νr is the magnitude of the desired velocity on the path; θp is the reference
orientation of the path, defined by the tangent of the nearest point to the path; lx and
ly determine the saturation limits of the position error; kx and ky are constant gains
that establish the linear zone of the position error; and x̃ and ỹ are the position errors
of the smart walker with respect to the path [4, 24].

With these equations, it is possible to implement a path following strategy in
any wheeled mobile robot that can be modeled as shown in Eq. 10.19. Note that
in the case of walker-assisted gait applications, this solution does not consider the
users’ intentions, and thus it assumes that the user will follow the smart walker’s
motion. However, to avoid unsafe situations, this strategy can be coupled with a
simple motion triggering system, so that the motion of the smart walker is only
enabled if the user exerts a minimum impulse. Such impulse force will indicate that
the user is ready to start walking with the device.

As an illustration of this control strategy, Fig. 10.12 describes the outcomes of a
path following task with a healthy user, where the desired route was configured as a
lemniscate curve. Figure 10.12a also shows the initial pose of the smart walker and
the pose after 5 s (t5). The blue asterisk indicates the desired goal on the route at t5.
Moreover, Fig. 10.12b shows the distance errors x̃ and ỹ during the execution of the
task.

10.5.2.2 Proportional Path Following Controller
Another simple yet valuable solution to following a desired route is based on
the formulation of a proportional controller. Let us assume the same formulation
shown in Fig. 10.11, modeling the smart walker with the displaced kinematic
model described by Eq. 10.20. Once again, the equations for the linear and angular
velocities can be obtained from Eq. 10.21, and it is required to formulate an
expression for [ẋ, ẏ]T .

In this case, the closed-loop equation of the controller can be defined as

[
ẋ

ẏ

]
=
[

x + Kx̃


y + Kỹ
,

]
(10.25)

where 
x and 
y correspond to the difference of the x and y coordinates between
the current and the next desired point on the route, respectively. Likewise, x̃ and ỹ

are the position errors between the smart walker and the desired goal on the path, and
K is a proportional constant. Similar to the previous controller, this formulation does
not consider the users’ intention to move. Therefore, a motion triggering system is
required only to make the smart walker move, when the user exerts a minimum
impulse force. An illustration of this control strategy is shown in Fig. 10.13.
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Fig. 10.12 Example of a path following task using the non-linear path controller proposed by
Andaluz et al. [24] (a) describes the position of the smart walker during the task. (b) shows the
distance errors during the task

Figure 10.13a compares the desired route and the position of the smart walker
during the task. It also shows the initial pose of the smart walker and the pose after
5 s (t5). The blue asterisk indicates the desired goal on the route at t5. Moreover,
Fig. 10.13b shows the distance errors x̃ and ỹ during the execution of the task.

In this case, the errors between the smart walker and the route are larger, and thus
the smart walker does not follow the exact desired route. Moreover, considering that
the controller is based on a proportional equation, it might generate large velocities
when the error is not zero. This can cause saturation on the smart walker’s motor
and abrupt movement of the device. In this way, this controller could be helpful to
provide path following; however, it should be softened with saturation prevention
strategies. Likewise, the formulation of this controller can be extended to versions
including integral and derivative gains.

10.5.3 Autonomous Navigation

Navigation during walker-assisted gait is mainly focused on safety provision while
guiding the users through different environments. Such guiding might respond to the
users’ intentions, e.g., “I want to go to my room,” or be used in rehabilitation sce-
narios to perform circuit-based tasks. The concept of autonomous navigation often
differs from the previous position and path following controllers, as these controllers
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Fig. 10.13 Example of a path following task using a simple proportional controller a. The desired
route and the position of the smart walker during the task b. The distance errors during the execution
of the task

often require a static environment with controlled conditions. Moreover, one of the
significant benefits of autonomous navigation is related to the online estimation and
adaption of routes based on the environment’s dynamic characteristics. Overall, the
fundamentals of autonomous navigation are based on four concepts [25].

1. Perception: This refers to the ability of the robotic device to acquire information
from the environment through sensory interfaces and extract meaningful infor-
mation. This is often accomplished by ranging sensors (e.g., ultrasonic sensors
and laser rangefinders), cameras, and depth cameras, among others.

2. Localization: This concept states that the robot must determine and track its
position (i.e., odometry) in known and unknown environments. Commonly, this
concept is also related to the robot’s ability to create and update maps of its
environment.

3. Decision-Making: Given a set of mission commands or goals, the navigation
system must decide how to achieve such objectives. Similarly, this concept also
states that the robot should determine if a particular goal is feasible or not and to
determine when to perform recovery strategies, e.g., the localization is distorted.
Moreover, this also refers to making plans and updating them if the environment
conditions change.
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4. Motion Control: Finally, with a particular plan or path to follow, the robot must
determine the appropriate motor commands to achieve such a plan. This concept
is very similar to the path following and position controllers described previously.

In this context, the navigation systems in smart walkers employ the same
navigation’s concepts for wheeled mobile robots. It comprises map building,
autonomous localization, obstacle avoidance, and path following strategies [3].
Moreover, for simplicity, these concepts will be introduced in a high-level context,
and their implementation will be based on the functionalities of the Robot Operating
System (ROS) navigation stack.

10.5.3.1 Requirements for Navigation
Several hardware and software considerations should be met so that a wheeled
mobile robot (or a smart walker) can integrate a navigation system, such as the
one provided by ROS.

First, the robot should have a transform configuration system that provides
information about the relationships between the coordinate frames of the robot.
Typically, every sensor, the robot’s decks and the robot’s base have a coordinate
frame. Thus, the transform configuration defines offsets in translation and rotation
between different coordinate frames [26]. Second, the device must implement
a reliable odometry system to estimate its position, orientation, and velocity
[27]. Third, the robot must equip and properly acquire information from range
sensors. Preferably, laser rangefinders or LiDARs are recommended as they provide
sufficient information about the surrounding obstacles [28]. Finally, the robot must
integrate a low-level base controller in charge of converting the linear and angular
velocities generated by the navigation system to independent motors’ commands
[29].

The following sections describe the main functional components required for an
autonomous navigation system, focused on the ROS navigation stack.

10.5.3.2 Localization andMap Building
The problem of robot’s localization has been an active research area in the last
decades, since several methodologies for both indoors and outdoors applications
have been proposed [25]. In general, every localization strategy requires an environ-
ment map that could be made by hand or automatically with ranging and odometry
sensors.

For mapping, the ROS navigation stack offers an implementation of a 2D
map building algorithm based on the Simultaneous Localization and Mapping
(SLAM) technique [3]. This strategy has emerged considering that robots often
equip sensors with limited ranges. Therefore the robots are obligated to create
maps while exploring and localizing themselves in an unknown environment [25].
Specifically, the GMapping ROS package aims at creating a static map of the
complete interaction environment [30]. The static map is made offline and focuses
on defining the main constraints and characteristics of the environment [3]. For
instance, in a walker-assisted gait application in clinical environments, the map of
the environment should be built before any interactions with users or patients.
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Once the desired map is obtained, it is also used for the robot’s online local-
ization. To this end, the navigation stack implements the Adaptive Monte Carlo
Localization Approach (AMCL) [31]. This is a probabilistic strategy that uses a
particle filter to estimate all the possible poses of the robot within the map. With the
robot’s motion, the filter starts to converge to a single localization [32].

A common problem related to these strategies is often associated with zones
such as stairs, elevator entrances, corridor railings, and glass walls. These zones
are defined as non-interaction unsafe zones, and the ranging sensors such as LiDARs
cannot completely sense their physical surface. Moreover, these zones are also
restricted to the robot, mainly due to the risk of collisions and falls [1]. In this
sense, and considering that a gray-scale image often represents the environment’s
map, these restrictions are achieved by editing the resulting static map [3].

It is worth mentioning that robots can also perform autonomous navigation
without having a map of the environment. In this case, the robot can only plan and
execute motion tasks that are limited to the field of view of its ranging sensors.

10.5.3.3 Path Planners and Cost Maps
One of the major functionalities of a navigation system is to receive a mission
command or a desired goal and plan an optimal route to attain such an objective. In
this sense, to perform path planning, the ROS navigation system implements three
main concepts: (1) cost maps, (2) a global planner, and (3) a local planner.

A cost map consists of an occupancy grid, where every detected obstacle is
represented as a cost, and it is elaborated from the previous edited map. To define the
numerical value of an obstacle’s cost, several aspects are considered. For instance,
the distance that the robot is allowed to approach the obstacles, and this process is
called obstacles inflation [3]. There is a global cost map, as well as a local cost map.
The global cost map is generated by inflating the obstacles on the edited map. The
local cost map is generated online by inflating obstacles detected by the field of view
of the robot’s sensors. These cost maps are also capable of semantically separating
the obstacles in several layers [33]. Frequently, a navigation system employs a static
map layer, an obstacle layer, a sonar layer, and an inflation layer [33]. Moreover,
if the robot can detect people in the environment, a social layer can also be used to
integrate proxemics and social zones.

Regarding the global planner, it executes two tasks. First, the global planner
checks if the desired goal is feasible; if not, a near feasible goal is automatically
proposed. Second, it seeks to find a global route with a minimum cost between the
start point (i.e., current robot’s position) and the endpoint (i.e., desired goal). To this
end, ROS provides implementations of path planning algorithms such as Dijkstra’s
and A* algorithms [32].

Regarding the local planner, it provides a controller that drives the robot in
the environment. Using the local cost map, the local planner creates a kinematic
trajectory for the robot to get from a start point to a goal location [3]. Specifically,
the Trajectory Rollout and the Dynamic Window Approach (DWA) plan local
paths based on environmental data and sensory readings [32, 34]. To determine the
required linear and angular velocities to execute the local plan, the DWA performs
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forward simulations from the robot’s current state to predict possible velocities
and trajectories [32]. Each simulation is scored by metrics, such as proximity to
obstacles, proximity to the goal, proximity to the global path, and speed [32]. The
trajectories that collide with obstacles are considered illegal and thus discarded.
Finally, the highest-scoring trajectory is chosen and the associated velocity is sent
to the robot’s motion controller [32].

10.5.3.4 Considerations for Smart Walkers
Accordingly, a navigation system is of great relevance in walker-assisted gait
applications for guiding and path following tasks [1,3]. However, as in the previous
controllers, this system does not consider the user’s movement intentions. In this
sense, for the navigation system to be safe and intuitive, the walker must move only
when the user wants it.

There are several alternatives to solve this. One option is to leave control of the
smart walker’s linear speed to the user through an admittance controller, while the
navigation system controls the angular speed. This allows the users to follow the
planned route at their speed. Another option is to implement a triggering system,
as mentioned in the previous controllers. In this case, the movement of the smart
walker is only allowed if the user is exerting a minimum impulse force. Also, for
this, a maximum navigation speed must be configured to be comfortable for the user.

In addition to the above, it is essential to configure the navigation system so
that the robotic walker does not make turns on its axis. In other words, a minimum
turning radius must be established to prevent users from stumbling and thus reduce
the risk of falls.

10.5.4 Low-Level Safety Supervisor

This module is in charge of guaranteeing users’ safety in case of malfunctioning
of the above-described control strategies. In particular, the AGoRA Smart Walker
and the UFES Smart Walker have reported several safety rules that constraint the
walker’s movement when hazardous situations are detected [3, 4]. As proposed in
Fig. 10.1, the safety supervisor should be implemented to override the control strate-
gies, if required. In general, the supervisor monitors two main safety conditions.

1. User condition: In this case, the device movement is only allowed if the user
supports himself/herself on the walker handlebars and properly stands behind
it. This information can be obtained from the force or pressure sensors on the
forearm supports and from ranging sensors pointing towards the user.

2. Warning zone condition: Using the information gathered from the ranging
sensors mounted on the device, the walker’s speed can be constrained when
surrounding obstacles are detected. In this sense, an area of interest must be
defined around the robotic walker, for which obstacles will be taken into account.
This is known as a warning zone. There is no definitive warning zone since,
depending on the application, the context, or the user’s requirements, one zone or
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(a) (b) (c) (d)

Fig. 10.14 Illustration of possible warning zones to detect surrounding obstacles and constraint
the smart walker’s motion. (a) Square zone. (b) Semi-circular zone. (c) Gaussian zone. (d) Conic
zone

another may be chosen. In particular, Fig. 10.14 shows some applicable warning
zones. Regardless of the shape of the waning zone, the speed limitation goes as
follows [3]:
a. The readings from ranging sensors are processed to detect surrounding

obstacles. Clustering algorithms can be helpful for such processing.
b. Only the obstacles in the warning zone are taken into account.
c. The smart walker’s velocity is constrained proportionally to the distance

between the smart walker and the obstacle.
d. A stopping distance is defined, so that if the obstacle is at this distance or

closer, the robot comes to a complete stop. In this case, only angular velocities
are allowed, to let the user avoid the obstacle.

On the other hand, smart walkers are constantly monitored by healthcare
professionals or researchers. In this sense, if a device malfunctioning occurs, they
can remotely disable, fix, or stop the device. The supervisor’s safety restrictions
should always be redundant. That is to say, they are executed from the onboard
computer, as well as from external computers. In case of communication loss
with the external computer, the device can continue running the safety supervisor
autonomously.

10.6 Conclusions

The ability of robotic walkers to interact with the user or the environment is due
to their actuators, sensory interface, and the implementation of control strategies.
These strategies allow obtaining specific behaviors such as responding to the user’s
movement intentions, guiding a user between two points or along a trajectory.

In this sense, this chapter presented some of the control strategies that are
most commonly used in robotic walkers to ensure Human–Robot interaction
(HRI), Robot–Environment interaction (REI), and Human–Robot–Environment
Interaction. It is essential to clarify that some of these strategies have already
been implemented in wheeled mobile robots, which are not necessarily related
to rehabilitation. Thus, in these sections, concepts of applying these strategies in
walker-assisted gait applications were given.
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11Socially Assistive Robotics for Gait
Rehabilitation

Marcela Múnera, Luis F. Aycardi, Nathalia Cespedes,
Jonathan Casas, and Carlos A. Cifuentes

11.1 Introduction

Gait is a rehabilitation process that involves physical and cognitive parameters [1].
Rehabilitation may need to be done in a cognitively stimulating context to maximize
its impact on neuroplasticity and cognition [2]. Engagement, motivation, and adher-
ence during the process have shown a high impact on the patient’s performance.
Social Robots have been used to assist the patient physically and cognitively [3]
through factors like robot embodiment, social, emotional intelligence, and socio-
cognitive skills [4]. Socially Assistive Robotics (SAR) focuses on achieving specific
goals in rehabilitation, training, or education [5].

In the first section of this chapter, the basic concepts of social robotics and
the importance of the cognitive process are presented. In the second section, the
parameters considered for developing patient–robot interfaces based on SAR for gait
rehabilitation are described. The application of these concepts is presented through
an example in neurological rehabilitation.
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11.2 Social Interaction

To understand social robotics is essential to have a clear meaning of social
interaction. The main objective of a social robot is to assist the patient not only
physically but also cognitively. Over time, social interaction has been studied, and
it has been represented through a variety of theories. However, a general definition
of social interaction from a sociology approach is as follows: “social interaction
is a dynamic, changing sequence of social actions between individuals or groups”
[6]. As a product of social interaction, the partners can modify their actions and
reactions.

In this context, social robots have several ways to change and share actions. The
channels commonly used for social robots are verbal and nonverbal communication
[7]. Verbal communication is considered the exchange of symbols that can be
spoken or written [8], and nonverbal communication can be produced through
gestures and gaze [6]. For long-term periods, this interaction is expected to be
more robust and very similar to the human–human social interaction. Currently,
SAR applications for long-time experiences still represent a challenge. Factors such
as robot embodiment, social, emotional intelligence, and socio-cognitive skills [4]
must be considered during the design of social robots and their applications.

11.2.1 Relevant SAR Characteristics During Social Interaction

Some characteristics differentiate SAR from other forms of social interaction like
virtual agents, affecting the relationship with humans in different scenarios [9].
The parameters described here will be social robots’ embodiment, social-emotional
intelligence, and socio-cognitive skills (Fig. 11.1).

11.2.1.1 Social Robots’ Embodiment
Social robots are developed to interact with users in a human-centric way. The
robot embodiment is not always the same; robots can have various external
appearances (e.g., human-like [10], animal-like [11], or abstract designs [12], see
Fig. 11.2), but they share the aim of engaging users in an interpersonal manner
[4]. Despite the several social robots, people tend to have a greater acceptance
of anthropomorphic robots [13]. This preference occurs as humans attribute their
mental stages (e.g., thoughts, emotions, and desires) to this kind of robot [14].
The design of the robot depends on its final application. It is crucial to include
whole-body motion proxemics, facial expression, linguistic vocalization, and touch-
based communications in some areas. To achieve the correct embodiment features
is vital to use methodologies as an inclusive-participatory design [15], where the
participants contribute to the decision-making process to increase the acceptance
and effectiveness of the impact caused by the robot.
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11.2.1.2 Socio-emotional Intelligence
Human communication and social interaction often integrate compelling and
emotive cues. Thus, social robots need to be able to recognize and interpret
affective signals from the users. Theoretical models of emotions for social robots are
currently being developed to derive coherent computational models. Two theoretical
models are mainly used in social robotics: appraisal theory model and dimensional
theory model.

The appraisal theory emphasizes a connection between cognition and emotion.
In this model, emotions are evoked from personal significance events (e.g., individ-
ual beliefs, desire, and intentions) [16]. This theory can be described as a discrete
model, where an emotional event causes a response. For example, the Artificial
Intelligence (AI) with if-then rule codes is based on this kind of model. On the other
hand, the dimensional theory is based on continuous dimensional space [17], where
the user’s emotional state can be represented in a 3D space. PAD models are based
on this theory [18]. PAD models are represented by P (i.e., pleasure/valence), A (i.e.,
arousal/intensity), and D (i.e., dominance/coping potential).

Emotional Empathy is another factor relevant in order to achieve long-term
interactions between robots and humans. Empathy can be broadly defined as an
“affective response more appropriate to someone else’s situation than the one’s own”
[19]. Several works are currently focused on empathy approaches to enhance the
social robots’ capabilities [20]. Most of these studies use mimicking user’s affective
states to endorse the effects of social robotics [21].

11.2.1.3 Socio-cognitive Skills
Social robots must understand and predict human behaviors. Therefore, robots
have to be aware of people’s goals and intentions, so the robot’s behaviors can be
adjusted to help the users in terms of their goals and needs [22]. In this way, several
strategies are used. The most common features used in robots are memory (i.e., face
recognition) [23, 24] and communicative skills (i.e., speech recognition) [25].

A key challenge in this kind of interaction recalls critical past events during
conversations and activities [26]. Episodic memory is a core concept to define
this challenge. The episodic memory stores the data related to past events and
adds perspective to the robot to choose actual and emotional events and preserve
temporal labels to use them in future referencing. Several applications consider
the use of automatic speech recognition (ASR) to produce casual communication
and social exchanges [27]. However, this remains a challenge. Limitations on the
environmental characteristics and the voice properties are highlighted in various
research studies [28, 29].

11.2.2 Importance of the Cognitive Approach in Rehabilitation

Gait rehabilitation is a process that involves a multidisciplinary approach. Several
medical specialties are included (i.e., physiatry, internal medicine, and orthopedics),
physical therapy, occupational therapy, speech pathology, social work, clinical psy-
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chology, neuropsychology, orthotics/prosthetics, nutrition, and recreational therapy
[1]. A basic premise of rehabilitation medicine is that optimal patient recovery
requires the concerted efforts of some combination of each of these treatment
disciplines [1]. It has been proposed that rehabilitation may need to be done in
a cognitively stimulating context to maximize its impact on neuroplasticity and
cognition [2]. Physical and cognitive training on their own are helpful to some extent
for improving cognition, but there may be added benefits to combining the two
into a single activity [30]. Social cognitive and system formulations can help revise
how we attempt to deliver comprehensive rehabilitation efforts [1]. In this context,
Bandura’s social cognitive theory of human behavior and cognition suggests that
environmental factors, internal factors, and behavioral outcomes combine to shape
and direct human learning, cognition, and behavior [31].

The integration of a cognitive approach in physical rehabilitation has been done
through different studies. The study by Dhami et al. in 2015 proposed dancing as
an alternative to physical therapies as used in neurorehabilitation. This produced
a positive impact on physical functioning and cognitive perception, due to the
combined, or multimodal framework in therapies, which incorporate simultaneous
physical and cognitive activities in a stimulating environment [30]. This can also be
achieved through SAR. SAR shares with assistive robotics to assist human users,
but SAR constraints that assistance through non-physical social interaction. SAR
focuses on achieving specific convalescence, rehabilitation, training, or education
goals [5]. Integrating a socially assistive robot can help provide one-on-one support
to the patient [3]. It can facilitate the healthcare staff to focus on patients’ individual
needs, immediately detect any complications during the session [32], analyze the
patient’s progress within the program in more detail [33], and provide a more
tailored plan [34]. Unlike virtual agents [35], socially assistive robots present
a physical embodiment, which improves likeability [36, 37], user engagement
and motivation [38], adherence [39, 40], and task performance [38], which are
essential in long-term healthcare programs. This subsection will further discuss the
importance of motivation and adherence and gait rehabilitation and how it can be
improved using a cognitive approach.

11.2.2.1 Intrinsic Motivation
Motivation is the most challenging part of the work of the therapeutic profession.
Motivated patients are believed to perform better in rehabilitation activities and
make more gains than those described as less enthusiastic for treatment [41]. Yet,
motivation is recognized as the most significant challenge in physical rehabilitation
and training [42]. The more an individual is motivated and engaged in the learning
activity, the better the learning outcome [41].

SAR technology can provide novel means for monitoring, motivating, and
coaching [42]. Socially assistive robots have been shown to improve user motivation
and engagement in several studies in rehabilitation [5, 43–47]. A complementary
application where robots are used to motivate and increase the adherence in long-
term therapies and medical self-care is diabetes mellitus treatments, where robots
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play personal assistants in the adult [48] and children [49] population, showing
potential results within motivational aspects and treatment engagement.

11.2.2.2 Adherence
Improving adherence to therapy is a critical component of advancing outcomes
and reducing rehabilitation costs [50]. Rehabilitative robotics has the potential
to enhance adherence to rehabilitation recommendations, which is known to be
difficult for those with chronic health conditions [51]. Research suggests that
poor adherence compromises health outcomes [52], while high levels of therapy
practice optimize motor recovery [53], underscoring the importance of strategies
and technologies that bring rehabilitation support into patients’ homes. Different
studies have shown positive results of social robotics regarding this factor. Gadde
et al. evaluated an interactive personal robot trainer in the early stages to monitor
and increase exercise adherence in older adults [54]. The system was tested with
10 participants, initially showing positive response and a favorable interaction. In
another study by White et al., using focus groups, all participants favorably endorsed
the potential utility of a socially assistive robot that functioned as a personal
coach. They identified three areas in which such a system would be helpful for (1)
adherence to therapy recommendations, (2) organizing and remembering things to
do, and (3) locating and supporting participation in social and recreational activities
[50].

11.3 Patient–Robot Interfaces Based on SAR

Natural human-to-human interaction is performed using senses (e.g., vision, touch,
taste, smell, and touch) that facilitate perception of the environment and the ability
to communicate employing diverse information channels [55]. This information
serves as the input of cognitive processes that are conformed by a sequence of
tasks, including reasoning, planning, and execution of a given situation [56, 57].
Unlike human beings, who use their senses to perceive the world, computers and
robotic systems implement interfaces composed of a set of sensors that provide the
required data to perceive the environment, process the information to define a plan,
and perform a determined behavior according to the context [58]. Hence, aiming to
generate an effective interaction between the user and the robot, it is of relevance
to provide multiple communication channels from different sources. In other words,
these interfaces should be multimodal to allow interaction as naturally as possible
[56]. For this reason, in most of the Human–Robot Interaction (HRI) systems, there
are considered not only humans and robots but also multimodal interfaces that work
as an intermediary between both agents [58]. Classic Human–Computer interfaces
commonly conform to such interfaces (HCis), such as graphical computer interfaces
in conjunction with visual interfaces (e.g., camera-based vision and recognition
interfaces) and sensors. Among the most used sensors are Inertial Measurement
Units (IMUs), laser rangefinders (LRFs), or wearable devices associated with
different communication modalities that are integrated within the HCi [56].
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The way an HRI is developed is critical to achieving a natural interaction that
can potentiate the intervention with SAR, and over the years, researchers have
used different methods to plan and produce these interfaces. A method that has
shown promising results is the participatory design. The design of a Patient–Robot
interface based on SAR following this methodology is presented in this section. The
process is done in a generic rehabilitation program where there is a component of
gait rehabilitation. The core activities for which an HCi can be developed are the
ones carried out on a treadmill.

11.3.1 Participatory Design

Participatory design (PD) is a well-known method to develop products and services
for a target population. The process intends to empower the people involved in a
specific activity or situation (users, designers, and stakeholders) by providing them
space and a voice to contribute to the decision-making [59]. This way, the real needs,
desires, and expectations of the population are met in the final products or services.

PD was initially used in areas like industrial design, but given the effectiveness of
designs based on participatory practices, researchers’ attention has gained attention
in different fields. PD techniques are up-and-coming when transferring knowledge
and developments from research to the real world, especially when interacting
with humans is vital in the final product or service. Additionally, implementing
PD constitutes an opportunity to understand and gain knowledge about the target
community’s context. An occasion to show the benefits of technological tools and
build a relationship based on trust and confidence between researchers and the
community.

In health care, PD has been used in the design of social robots for (i) Autism
Spectrum Disorder (ASD) [15, 60] and (ii) a children’s hospital [61]. In all
these contributions, PD methods have been implemented to recognize the target
populations and their environment (families, society, groups of allies, and friends) as
partners with experience that can be a part of the solution. They are no longer only a
source to obtain information and requirements to produce results [62]. All the actors
in the project are acknowledged as valuable contributors, which plays a crucial role
in ethical, political, and social considerations of the development. The philosophy
behind PD is not to provide a step-by-step list of the activities or phases to develop
the final product or service, as there are multiple possible ways to implement it. It
is up to the researchers to plan and design an appropriate methodology based on the
population, context, variables, and objective. A general diagram of the main phases
to consider during a PD is presented in Fig. 11.3.

When the participatory process is correctly implemented, it comprises different
stages that could lead researchers to:

• obtain contextual information that successfully establishes the needs, interests,
preferences, fears, desires, and priorities related to the product or service’s
functionality,
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Fig. 11.3 General diagram
of participatory design phases
to design product and
services

Participatory
Design Loop

First Contact and
Sensitization

Intervention with
Stakeholders

Intervention with
Target Population

Validation and
Ratification

Follow-Up

• validate or refute the insights gained in previous studies or developments to
design the different products or services, and

• generate ideas and creative solutions through reflecting on experiences from the
various participants.

11.3.2 Design Criteria

The contextual information found when applying PD leads to the establishment of
design criteria or requirements. A natural way to understand and address them in an
ordered fashion can be by grouping them according to their characteristics.

Observations from the process that follow the PD steps in Fig. 11.3 set the
requirements that the HRI must accomplish. These requirements can be broadly
classified into three main groups:

• Variables:
In most rehabilitation scenarios, three types of variables are required to be
measured by the system: (i) spatiotemporal, (ii) physiological, and (iii) exercise
intensity variables. Spatiotemporal variables include the measurement of items
as speed (mph) of the band, cadence (Hz), which is the step frequency of the
patient (amount of steps per second), and step length (m), which refers to the
distance between legs on each step during exercise. The clinicians typically
request the measurement of these variables to monitor the patient’s movement.
Additionally, the cadence and the step length measurement are used to determine
the patients’ walking speed. Physiological variables control the patients’ physical
condition, usually employing the heart rate, blood pressure, and posture while
walking. Finally, exercise intensity can be monitored employing the Borg scale
and configured with the treadmill inclination.
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• Interactivity:
This requirement is provided through a Graphical User Interface (GUI) that
allows visual interaction and provides corrections to avoid risk during the
session. Similarly, a social robot must be integrated to provide a more natural
and social interaction with the system and monitor and motivate patients during
exercise.

• Follow-up:
The third requirement is associated with the data management and follow-up of
the program. Hence, a database must be included to provide a record of the events
generated on each session and record each parameter of the sessions to allow the
clinical staff to perform analysis on the patient’s evolution.

The requirements are summarized in Table 11.1.

11.3.3 Patient–Robot Interface Structure

After recognizing the need for the different modules presented in Table 11.1, the
structure of the HRI is evident. The system must accomplish a continuous measuring
and recording of variables while providing visual interactivity (employing a GUI).
These functionalities that comprise the variables, follow-up, and the GUI regarding
the interactivity requirement are considered the HCi. Similarly, the robotic social
agent can address the interactivity requirements associated with social interaction,

Table 11.1 Requirements for the design of an HRI based on SAR

Module Feature

Variables Sensor interface Spatiotemporal

Speed (mph)

Cadence (Hz)

Step length (m)

Physiological

Heart rate (bpm)

Blood pressure (mmHg)

Posture correction

Exercise Intensity

Treadmill inclination (◦)

Borg scale

Interactivity Graphical User Interface Visual interaction

Social Robotic Agent Social interaction

Monitoring

Motivation

Follow-up Database Events recording

Parameters recording
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Graphical User
Interface

Camera
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LRF

IMU
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Interface
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Motivation

Monitoring

Emergency

Warning

Social Interaction

Fig. 11.4 Modules to consider in the design of a Patient–Robot Interface

monitoring, and motivation. Both systems, in conjunction, conform to the Patient–
Robot Interface illustrated in Fig. 11.4.

A Patient–Robot Interface focuses on three main properties: acquisition of
sensory data, computer interaction, and social interaction between the patient
and the system. As depicted in Fig. 11.4, the HCi handles variables described in
Table 11.1 utilizing a sensor interface and the user requests through the GUI. The
therapy info is processed in the HCi and sent to the social robotic agent. The
robot analyzes this information, and based on the result, the state of the therapy
and the behavior that must be adopted are determined (i.e., motivation, monitoring,
emergency, and warning). These behaviors are established according to the risks
associated with the therapy. Hence, with this control loop, the patient’s health
condition is monitored and controlled, reducing the probability of risk occurrences.
While at the same time, the robot can provide feedback and motivation through
social interaction.

11.3.3.1 Sensor Interface
The sensor interface measures three types of variables usually selected by the
medical staff to monitor the patient’s status during the therapy, presented in
Sect. 11.3.2. This interface integrates the measurement from a heart rate (HR)
monitor, an IMU (reporting the treadmill inclination), an LRF (to estimate gait
parameters), a camera (recording the patient’s posture), and periodic results from
the Borg scale. The system must be designed to present the three primary metrics
and examples of the technology that can be involved are as follows:
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Gait Spatiotemporal Parameters
As these parameters require tracking the displacement of the patient’s legs during
exercise, the selected sensor must locate the patient in the band and measure
the leg difference distance (LDD). Additionally, the number of steps per second,
namely the cadence, must be achieved by the exact measurement. Moreover, the
sensor must accomplish the measurement at a frequency higher than the gait
frequency. However, gait frequency is low compared to electronic devices. Hence,
one sensor that meets all previous requirements could be the Hokuyo-URG 04LX-
UG01 (Hokuyo, USA) [63]. This is a laser rangefinder (LRF) used to measure
areas using an infrared electromagnetic wave (a wavelength of 785nm), and the
distance measurement principle is based on the light phase difference. Similarly,
this sensor allows measuring in a range of 240 degrees with a maximum distance
of 4m. However, for this application, the measurement range must be limited to
60 degrees to limit the measurement of the treadmill band area. The sensor can
perform a scan composed of 683 measurements in 0.1 s, which indicates a sampling
frequency of 10 Hz, which is suitable for measuring gait spatiotemporal parameters.
As shown in Fig. 11.4, an LRF sensor reports measurements used to estimate the
patient’s cadence, step length, and speed. The estimation of these parameters was
proposed and validated in previous work [56, 64].

Physiological Parameters
The appropriate sensor to measure the HR must meet three main requirements: (1) it
must allow physical activity while performing the measurement; in other words, the
sensor must resist movement perturbations. (2) This sensor must allow online data
transmission since the heart rate must be monitored in real-time during therapy.
Finally, (3) the sensor must provide the processed data; namely, the sensor has to
measure the signal and provide the heart rate value without requiring any additional
processing. Hence, a suitable sensor for this application could be the heart rate
monitor Zehpyr HxM BT (Zehpyr, USA) [65]. This sensor is located on the user’s
chest and reports a wireless and continuous measurement of the heart rate using
Bluetooth communication [66].

Additionally, cervical posture corrections (the flexion of lower cervical vertebrae
and its inclinations [67]) can be measured with the front camera of the tablet
(Microsoft, USA) placed on the treadmill screen. A gaze estimator algorithm can
be used. During the exercise, a proper cervical posture is set when the patient looks
straight. In most therapies performed on a treadmill, the proper posture is essential to
avoid dizziness, falls, and nausea. This measure represents the counting of a binary
(“look-straight, not look-straight”) value extracted from a gaze vector.

Exercise Intensity Parameters
Two different metrics are used to measure the physical activity difficulty: the
inclination of the treadmill and the reported difficulty of the exercise. As the
inclination most often cannot be accessed directly from the treadmill, an additional
sensor must be installed. This sensor must be capable of measuring inclination
angles in a range of 0 to 5 degrees (slope available on the treadmill), and as with
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the other sensors, it must allow online data transferring. Hence a sensor that meets
these requirements is an IMU that will be placed on the treadmill so that one of its
rotation angles corresponds to the central rotation axis of the treadmill. This way,
changes in the measured IMU angle are equal to changes in the treadmill slope. For
example, the MPU9150 IMU (Invensense, USA) [68] is an embedded system that
combines a 3-axis gyroscope, one 3-axis accelerometer, a 3-axis magnetometer, and
a digital motion processor.

11.3.3.2 Graphical User Interface
The GUI can run in a tactile computer monitor (i.e., Surface Pro-Microsoft, USA).
This interface must present basic information and control panels regarding the status
of the therapy (e.g., current user, session time, start/stop panel, emergency status,
and biofeedback display) (see Fig. 11.5). As was presented in Fig. 11.4, the system
receives the sensory data to be processed, stored, and displayed on the screen. With
this information, the patient has access to visual feedback provided by the HCi.
Hence, the graphical interface should report the synchronized and processed data
from the sensors and allow the user to interact and respond to the requests generated
by the system or the robot. Additionally, the interface must estimate the patient’s
fatigue level or related values, which can be captured employing the Borg scale (a
qualitative measurement that estimates the perceived exertion of the patient, 6 for
low intensity and 20 for very high intensity [69]). This value has to be periodically
requested by the system or the robot.

Figure 11.5 presents an example of the main window (i.e., MainTherapyWindow)
displayed during the therapy time. However, the system can contain additional
functionalities and forms that allow the medical staff to register users, log in to
the therapy session, and set therapy configuration parameters. Additionally, the
system may allow the user to select different modalities of the therapy. In the

Computer
Interaction

GUI

Fig. 11.5 Graphical User Interface to assess the patients’ fatigue, view the therapy parameters as
a form of feedback, configure the robot, monitor sensors, and control the therapy performance
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first modality, the system could only work with the HCi; namely, the system only
measures performance through the sensor interface and stores it in the database.
Additionally, the GUI could request the Borg scale, even if feedback is not displayed
on the screen. This modality is meant to measure a patient’s performance without
providing any feedback or social interaction and can be used for validation purposes
with a control group defined in the baseline. The second modality could incorporate
the social robot to provide social interaction, motivation, and monitoring. Similarly,
the GUI should provide feedback regarding the state of the measured parameters
(biofeedback display, see Fig. 11.5).

11.3.3.3 Social Robotic Agent
The robot module is focused on the interaction between the user and the robot.
This interaction is provided through three robot roles: (i) motivational support, (ii)
performance monitoring, and (iii) online feedback (emergency and warning). A
typical therapy with the robot starts with an initial greeting, where the robot made
an introduction of its functionalities during the rehabilitation program. Then, when
the patient starts the exercise on the treadmill, the performance monitoring state
is activated. During this state, sensory information is analyzed. Depending on the
values given by each sensor, the current state can turn to the online feedback state
or remain in the same state. If the online feedback is activated, two robot behaviors
can be triggered (emergency or warning) when the system detects an increment in
the physiological parameters such as training heart rate, Borg scale, and cervical
posture.

11.4 Case Study: A Social Robot for Gait Rehabilitation with
Lokomat

Patients who suffer from neurological disorders as spinal cord injuries, dementia,
and cerebrovascular diseases like stroke are usually recommended to enter a
physical rehabilitation (PR) program. PR is an active process to achieve a full
recovery or an optimal physical, mental, and social potential to integrate the person
appropriately back into society [70]. This is done through a combination of a (1)
physiological treatment (e.g., cardiovascular, aerobic, and muscle control training)
and (2) cognitive rehabilitation (e.g., language, perception, motivation, attention,
and memory training) according to the patient’s condition [70, 71]. There are
different methods to perform PR. The conventional method is based on the guidance
and manual assistance of the therapist in repetitive exercises that are used to improve
the patient’s performance [72]. In this method, the results depend merely on the
expertise of the physiotherapist and the intensity of the exercises [73]. Alternatively,
robot-assisted PR therapies combine a body weight support (BWS) system with a
lower-limb exoskeleton to train physiological gait patterns on treadmills. Such is the
case of PR with Lokomat, a robotic orthotic device that includes a BWS system to
retrain gait [74].
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Several studies have demonstrated the benefits of robot-assisted PR with Loko-
mat over the conventional therapies, including improvements in cardiovascular
parameters [75], motor control [76], and balance [77], among others. However,
even with robotic aids, PR is complex, and its second component, i.e., cognitive
rehabilitation, has not been fully integrated. In healthcare, including social robots to
rehabilitation procedures has shown progress regarding adherence to the treatments,
assistance, and perception [5,78]. This section presents the design and implementa-
tion of a patient–robot interface using SAR during Lokomat therapies.

11.4.1 Patient–Robot Interface

Following the approach presented in Sect. 11.3.3, Cespedes et al. [79,80] developed
and tested the interface. The system was composed of three main modules: (i) the
sensory module, which allowed the acquisition and processing of sensory data,
(ii) the Graphical User Interface, which was used for the computer interaction and
monitoring, and (iii) the social robot module, in charge of the social interaction and
the assistance of the patients. Figure 11.6 shows the patient–robot interface proposed
for the Lokomat gait rehabilitation therapy using SAR.

Social
Interaction

HR sensor

IMU

Sensor
Interface

Motivation

Monitoring

Social
Robot

Feedback
Data Display

Borg Scale

GUI

Control

Therapy
Visualization

Sensory
Monitoring

Patient-Robot Interface

Fig. 11.6 Patient–robot interface for the Lokomat gait rehabilitation therapy using SAR



11 Socially Assistive Robotics for Gait Rehabilitation 301

Sensory Module
The system acquired and processed the following physiological variables:

• The spinal posture (cervical and thoracic postures), measured with an IMU
BNO055 (Adafruit, USA).

• The heart rate, measured with a Zephyr HxM sensor (Medtronic, New Zealand).
• The patients’ perceived exertion during the exercise, measured with the Borg

scale.

Graphical User Interface
The GUI was in charge of visualizing the therapy’s data and controlling the session
flow. Additionally, it allowed the therapists to interact with the patient and manage
the session. A tablet Surface Pro (Windows, USA) was used to display the interface.

Social Robot Module
The robot’s role was to provide feedback to the patients regarding their physiological
parameters and motivate them during the therapy development. It supported the
therapists while performing other tasks during the session, enabling physical
distancing between the clinicians and the patient. The feedback given by the robot
included nonverbal (imitation of healthy postures) and verbal gestures. The nonver-
bal gestures and the conversation scheme designed for the robot were developed
with a rule-based algorithm. It depended on the events that took place during the
sessions and the types of feedback presented. An NAO V6 robot (Softbank Robotics,
France) was used to achieve the interaction.

11.4.2 Setup and Results

The study took place at the Mobility Group Rehabilitation Center located in Bogota,
Colombia, where patients received Neurological Rehabilitation with Lokomat. A
total of 10 patients were recruited to perform the rehabilitation assisted by the robot
during 15 sessions. A session was conducted per week and lasted around 50 min.
In the end, only 60% of the patients finished rehabilitation with Lokomat. Two
conditions were established: (i) a Control condition and (b) a Robot condition. In the
Control condition, the participants performed a conventional session of neurological
rehabilitation with Lokomat. During the Robot condition, the participants performed
the sessions assisted by the social robot. Patients were monitored in both conditions
through the sensory module and the GUI and received support and additional
feedback from the healthcare staff. Test sessions, where physiological parameters
were measured, were performed at the beginning, in the middle, and at the end of
the study. Afterward, the patients were assigned randomly to start with one of the
conditions during six sessions. Finally, considering the start condition, the patients
changed the scenario during another six sessions.

Two types of variables were analyzed to evaluate the robot assistance. The first
one was quantitative variables, including the unhealthy posture time, the Borg scale,
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and the heart rate at training. The second group was qualitative variables from a
questionnaire to observe the patient’s perceptions of the robot’s role. A Wilcoxon
Signed-Rank test was applied to compare the patient’s progress in both conditions.
This is a non-parametric test used to compare two related samples and assess their
difference [81]. A descriptive analysis was performed for the closed questions in the
qualitative parameters, and a textual data analysis test was performed for the open
items.

The study provided promising results regarding the inclusion of SAR in long-
term PR and expanded the boundaries of robotic-assisted PR:

(i) In the case of patients who started the study with the Control condition,
the percentage of unhealthy posture time regarding both the cervical and the
thoracic postures (for both planes of motion) decreased when performing the
session with the robot. The heart rate was maintained in a healthy range
considering the exercise performed during the session, and the Borg scale was
perceived at a low level.

(ii) Similarly, in the case of patients who started theRobot condition study, the
percentage of unhealthy posture time regarding both postures was lower with
the robot than without it. However, the patients seemed to maintain the posture
after the robot intervention (the unhealthy posture time was lower compared to
the previous group of patients), indicating that the patient learns how to control
the cervical posture on the sagittal plane. Both the heart rate and the Borg scale
were performed in healthy ranges.

(iii) Statistical differences in the different measurements between the Robot and
the Control condition were found. For example, the percentages of unhealthy
posture time were lower in the Robot condition than in the Control condition.
Contrarily, the heart rate and the Borg scale parameters did not show differ-
ences between conditions.

(iv) During the robot condition, many benefits were evidenced. First, the feedback
given by the robot allowed the patients to maintain a healthy posture and
promote full gait rehabilitation. Patients considered that the system was safe
and secure as they were continuously monitored. At the same time, this
monitoring gave the medical team the possibility of performing other tasks
during the session, which enriched the therapy sessions.

(v) An essential contribution of this study is how a patient–robot interface can
enhance the methods in therapy by integrating different sources of information.
For instance, the heart rate is not measured in conventional therapies. With
the system and the robot’s interaction, the clinicians could be warned by
the robot and take action during the therapy if the patients had a high heart
rate. Additionally, the inclusion of the Borg scale provided the clinicians with
precise information regarding the performance of the patients. Altogether,
clinicians could evaluate the patient’s progress, not only in the gait behavior
but also in their cardiovascular functioning and the exertion perceived during
each session.
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(vi) Although, in general, the robot’s sociability was perceived as low by the users,
they highlighted the platform’s potential in PR with Lokomat. Fluid speech and
conversation with the robot is the next step towards better social interaction. At
the end of the sessions, most of the patients suggest using the robot with other
patients. Clinicians’ overall perception was also positive and in accordance
with recent findings that evidence the need for social and cognitive support
during PR [82]. These results showed the potential of SAR in gait rehabilitation
as a tool to enhance the conventional sessions.

11.5 Conclusions

Gait rehabilitation is a primary component of physical rehabilitation processes for
many patients with neurological disorders. Robot-assisted methods to perform this
rehabilitation therapy have shown many physical benefits for patients. Nevertheless,
these methods can still improve substantially as their cognitive component is
explored. Social Assistive Robotics have been used in the last years in therapy
to include cognitive aspects such as patient motivation and engagement. Starting
from the basic concepts of social interaction, relevant characteristics of social
robotics and their importance in rehabilitation processes were presented. After that,
the methodology to design a Patient–Robot interface based on social robots was
guided through a real-world rehabilitation scenario on a treadmill. The impact and
promising future of including SAR in physical rehabilitation were at last shown in
a case study of long-term gait rehabilitation with Lokomat.
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12Serious Games in Robot-Assisted
Rehabilitation Therapy for Neurological
Patients

Angie Pino, Marcela Múnera, and Carlos A. Cifuentes

12.1 Introduction

Robotic rehabilitation therapy has evolved as an innovative solution to overcome
motor impairments caused by neurologic injuries such as stroke or spinal cord
disease. Robotic systems and exoskeletons in rehabilitation favor acquiring lost
motor skills, improving both repetition and intensity of training [1]. These tools
assist the patient in reaching his functionality level and supporting the therapist to
increase the time for an effective rehabilitation process [2].

The technological strategies involve sensors, actuators, and control systems that
give information to the robot to learn and optimize the therapy. However, the
interaction environment is essential in the human–robot interaction in a two-way
exchange of information. In this way, the user transmits information to the robotic
device and receives information from the system once the action has been executed
[3].

Although motor assistance robots, like exoskeletons, are not of a social or purely
interactive nature, it has been shown the importance of implementing additional
tools that, together with it, provide information about the user’s performance during
the therapy process. Thus, after the reasoning, planning, and execution of an
action, the participant retains an informational component that allows the user to
correct or improve the performance [4]. Notwithstanding the above, rather than the
informational component, patient compliance, adherence, and motivation are some
of the most determinative factors that remain challenges in rehabilitation therapies
with robotic devices [2]. During physical therapy, there is evidence that the lack of
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positive feedback is one of the main factors related to non-compliance. In this way,
poor user engagement affects the success of the motor restoration process [5,6]. The
biomedical robot’s design features can significantly influence the motivation and
adherence of patients to robot-aided treatments in the ease of adaptation to training.
Motor task’s difficulty level, modes of interaction, and the quantity and quality of
feedback presented to the patient show how robotic technology is directly involved
in maintaining patients’ interest high during motor rehabilitation [7]. In this context,
serious games are video games based on visual feedback strategies designed to carry
out a learning process from an entertainment environment. These strategies prove to
be solutions to long and repetitive conventional therapies [8–10].

This chapter aims to present strategies based on serious games to encourage
user’s motivation and commitment to therapeutic rehabilitation. To do so, it is
necessary to understand the principles of serious game design and its relationship
with motor learning and neurorehabilitation. Likewise, the design of a serious game
for lower-limb therapeutic purposes using an exoskeleton of variable stiffness is
presented.

This chapter is organized into six sections that include relevant concepts
about adherence, feedback, and gaming experiences in rehabilitation environments.
Section 12.2 presents the importance of motivation and adherence in rehabilitation
therapies focusing on literary reports demonstrating its success in motor therapy.
Section 12.3 defines a serious game based on the game and the therapy component
that characterize it. Section 12.4 addresses the main components to consider when
designing a serious game for therapeutic purposes. Section 12.5 focuses on the
latest developments in serious games for lower-limb rehabilitation. Some of the
most used strategies and the common therapeutic objective of all the games are
presented. Section 12.6 presents the first version of a serious game designed for
motor rehabilitation using an ankle exoskeleton. Its functionality, configuration,
and form of access are presented. Finally, Sect. 12.7 presents the conclusions and
recommendations for future works in this field and the challenges of serious games
in the rehabilitation context.

12.2 Motivation and Adherence to Rehabilitation Therapies

Recent studies traditionally show that long-term rehabilitation therapies produce,
in a habitual way, demotivation and even gradual desertion of the physical therapy
program by part of the user due to a tedious process. Low motivation is a prominent
concern that is significantly affecting therapy success [11]. A motivational character
is associated with a persistent behavioral tendency to work independently to achieve
goals [12]. In a rehabilitation program, this is achieved through active engagement
toward the treatment, leading to greater satisfaction and better therapy outcomes [7].

That said, it is generally thought that motivation is related to the person’s
personality traits. However, it is a factor that depends for the most part on the
interaction between the individual and the environment. Biomedical robot’s design
features can significantly influence the motivation and adherence in robot-aided
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treatments. These aspects are focused on the way the rehabilitation practice is
presented to the patient. That is, the difficulty of the motor task, the ease of
adaptation to training, and the quantity and quality of feedback presented that go
beyond the simple execution of a repetitive task. On the other hand, there is evidence
that a patient’s perception of therapy can influence motivation and improve exercise
adherence [7]. Although most early robotic devices lacked engaging interfaces,
nowadays, the interactivity and virtual reality elements are being developed to
challenge patients and provide additional motivation [2].

12.3 Serious Games for Rehabilitation Therapy

Serious games are video games designed to achieve a particular therapeutic purpose
through participation in an interactive experience [8]. This type of strategy and
the ones that include virtual reality systems are promising developments to avoid
discouragement problems and limit lack of enthusiasm in long-term therapy. Several
researchers have proved that its application in lower-limb physical therapy is safe
and effective in improving gait rehabilitation and motor function [13, 14].

This type of augmented feedback operates as an external source that enhances
the interaction between the patient and the therapy. Through intrinsic motivation,
the user believes in his abilities and challenges himself to improve his performance
and rehabilitation outcomes [15]. In general, video games can incorporate different
motivation levels essential to the task and elements that satisfy plasticity and motor
learning principles. Following the above, serious games contain both learning and
entertainment components to engage user attention through a cognitive and motor
process [9].

12.3.1 Game Component

A serious game has its nature as a component of entertainment and fun, which is
considered essential to motivate the patient. The game’s playability is described
as the degree to which the game is experienced as enjoyable, where emotions are
regarded as fundamental during the game experience. Although the aspiration to
achieve the goals can motivate the player to continue playing, the experienced
emotions determine whether the player finds the experience pleasant and continues
to play. Curiosity, virtuosity, and sociality are some of the emotions that might
carry out a pleasurable experience. However, considering that our attention span
is limited, interactive tools must be a mechanism that eludes this limitation and
maintains the user’s attention [16].

The automation of movements and striking graphics has proven to be attractive to
keep the player’s attention. Notably, after an automatization task is fully achieved,
the performance may increase efficiency and speed, allowing for a more controlled
task [16]. These computational environments enable motor learning thanks to the
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ease with which users can adapt to the extrinsic visual, auditory, or even haptic
feedback [15].

12.3.2 Therapy Component

Neurological patients have suffered from an injury to the central nervous system
like stroke or spinal cord disease. The therapy treatment usually considers a
multidisciplinary rehabilitation program specializing in neurorehabilitation and
motor learning [17]. In the same way, serious games consider a therapeutic objective
to recover lost motor skills at a neurological and motor level.

12.3.2.1 Neurological Rehabilitation
According to the World Health Organization, neurorehabilitation is considered an
active process where individuals with an injury or illness can achieve an integral
recovery, mainly at a neurological level. The facilitation of adaptive learning
based on experience and learning processes is the main focus of this type of
treatment [18]. How the brain reorganizes its structure, functions, and connections
to respond to learning processes or gradual recovery from brain damage is known
as neuroplasticity and is the principal objective of any neurorehabilitation system
related to the brain’s ability to change in response [1, 18, 19].

In neurological rehabilitation, motivation, attention, and skill acquisition pro-
mote optimal learning and are also vital factors in the success of therapies to induce
neuroplasticity [20, 21]. It has been shown that enhancing neuroplasticity during
poststroke rehabilitation might help patients overcome their motor impairments
[17, 22].

12.3.2.2 Motor Rehabilitation
Regaining the skills practiced depends mainly on processes that involve cognitive
and motor methods related to practice or experience [15]. Motor learning implies
the acquisition of skilled movements through practice [23]. It leads to changes
at neurological or performance levels, supported in part by the implicit memory
system or by the effect of explicit information in the form of feedback. The type
of practice and its intensity is related to exercise-dependent neuroplasticity, task-
specific practice, and motivation to optimize motor learning and recovery. An
improvement in motor learning has been found due to the perception of self-control
during training employing physiotherapy practice, feedback, and physical assistive
devices [15].

12.4 Serious Games Design

Serious game design involves a broad range of requirements to include entertain-
ment and learning components on the same platform. As seen in Fig. 12.1, the
game’s operation with robotic devices meets a constant loop. The process begins
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Fig. 12.1 Learning loop in serious games design through assistive robotic technology for
rehabilitation

with establishing a mental model in which the player reasons, plans, and makes
decisions. Then, considering the robotic assistance technology systems, the player’s
intention to move is detected, and the movement is executed through the actuators.
The action carried out is interpreted under the rules and the design of the game,
which informs the consequence of the executed action. In this way, the player
receives automatic feedback to modify his cognitive process to advance the game
and start the loop again. This is when the entertainment level must be high enough to
allow people to meet both therapeutic and game goals. Remarkably, these games are
directly related to visual feedback, where the subject performs an action and sees the
result of it immediately on the screen. However, different strategies could be used to
feedback the user, including haptic systems, virtual reality, and even brain–computer
interface.

Within the game strategies, the use of characters to command the game objectives
is one of the most useful in this field. Neurological patients need to know their
position in the game, and the usage of cartoon persons generates the feeling
of “property” and improves interaction with visual strategy [24]. Besides, the
psychological color of game characters is even more critical. Blue and green tones
convey well-being, and red colors capture the players’ attention and convey danger
[25]. Gonçalves et al. [24], include, within the visual strategies, the integration of
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sidebars to relate the effort made by the user with the effort necessary to advance
in the game. This strategy is very beneficial since it informs the game’s needs to
advance and inspires the person to improve.

The therapeutic intervention’s tasks and goals must be individualized to the
learner’s motor abilities and enjoyment [15]. In this way, the serious game design
must include a calibration task before the game according to the control perfor-
mance. This seems to be one of the most valuable requirements in the design of
videogames for rehabilitation. Short and straightforward activities measuring the
maximum abilities of each user are essential to evaluate the calibration to control
the game. Besides establishing the difficulty for each patient, it looks for a non-
excessive effort during the gameplaying.

In general, during the game, the program must have a real-time computation
performance to switch according to the player’s input. Additionally, the system
should guarantee good screen resolution and refresh rate during the sessions.
Finally, bright colors that generate contrast are essential to capture the player’s
attention even more when dealing with older players.

In addition to the general design characteristics mentioned above, the design
of serious games includes four fundamental aspects for the development of enter-
tainment technologies in rehabilitation: (1) interaction technologies, for the active
participation of the user; (2) feedback strategies, which can fulfill the function of
informing, motivating, or focusing the user’s attention; (3) incentive strategies, to
keep the player committed to therapy; and (4) the user performance evaluation,
valuable metrics to inform both the player and the therapist about the results of
the gaming experience.

12.4.1 Interaction Technologies

Generally, serious games in rehabilitation therapy are associated with using a
robotic device in stationary therapy and different control interfaces for motion intent
detection. These strategies favor the interaction between the user and the therapy to
actively operate movement-assistive devices [26]. Therefore, the player interaction
with the games is essential to associate the execution made by the user with the
feedback on the screen. To do that, the use of sensor interfaces is indispensable to
carry out movement intention detection based on neural signals from the central
nervous system, muscle contraction forces, or relative joint rotations and motion of
body segments. Several sensors are involved in this field: electroencephalography
sensors, electromyography sensors, force sensors, inertial sensors, soft wearable
motion sensors, strain sensors, among others [26]. However, the study carried out
by Farjadian et al. [27] showed that the control over position seems to cause less
fatigue and intensity level than the one over force. In this way, movement detection
from the force exerted by the user is not commensurate. Other strategies that involve
changes in the position or joint flexion angle (i.e., inertial sensors, soft wearable
motion sensors) seem to be better options to interact with the system. That said,
despite motion intention can also be derived from explicit commands of the user
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(e.g., by pressing command switches or handling joysticks), these are not relevant
in the motor rehabilitation field [26].

12.4.2 Feedback Strategies

In human performance systems, the term feedback refers to the information about
the movement outcomes or movement performance. Mainly, serious games are
extrinsic audiovisual feedback, also known as augmented feedback, due to the
information that comes from an external source. In general, this information could
be focused to (1) produce a motivation to increase effort, (2) provide information
about errors as a basis for corrections, or (3) direct the learner’s attention toward a
movement goal [21]:

• Motivational Properties: An essential function of this type of feedback is to
act as a “stimulant” to improve the learners’ effort to take on tasks. Rewards,
challenges, and even casual commentaries using keywords to highlight correct
performance or indicate progress motivate to keep going a more extensive
practice [21].

• Informational Properties: An essential part of motor learning feedback is its
information about the action pattern. This feedback is about error guides for
improving future performance [21]. Although this information can come directly
from the therapist, audiovisual resources reporting on performance immediately
or at the end of the session (i.e., metric evaluation results) represent an additional
tool to support the informational process of the interactive experience [13].

• Attentional-Focusing Properties: The main objective of this feedback is to
improve performance and learning. This is accomplished by directing the
subject’s attention to achieving the movement’s goal [21]. As mentioned above,
game characters and brightly colored didactic interfaces are examples of the
strategies that make it possible to capture the participant’s attention.

Any of the strategies mentioned above can be used during a serious game
and supported by feedback from other sensory channels. However, it is crucial to
consider the frequency in which this is supplied since it is sought not to overload the
player with information. In this way, considering neural patients, feedback content
should be adjusted for the user’s learning stage in faded feedback frequency. The
early stages of learning must be more frequent, but the feedback should be reduced
gradually to accomplish permanent skill learning as the player gains experience.
Besides, it must consider when the practitioner internalizes his proprioceptive
feelings of the performed skill [1, 28, 29].

Feedback can be provided positively or negatively. Positive feedback enhances or
amplifies the person’s performance, while negative feedback corrects and regulates
its execution. Therefore, to deal with negative feedback carefully, it has been shown
that it is crucial to handle failure positively in rehabilitation. Positive failure is how
the player fails, but his attitude continues being influenced by the enjoyment of the
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challenge more than nominal success [13]. Therefore, patients would not feel failure
from their physical limitations, and they would be more likely to remain engaged
[30].

12.4.3 Incentive Strategies

Besides the feedback, there is evidence suggesting that clear goals, rewards, and
an optimal challenge are indispensable in game design to increase engagement
and adherence. These strategies are linked with successful rehabilitation where
the player connects himself with the game to self-motivate during the experience
[13, 15, 31].

12.4.3.1 Clear Objectives
Developing clear objectives and instructions has been shown to increase user
motivation and avoid frustration or confusion when interacting with the platform
[13]. The therapeutic intervention’s tasks and goals must be individualized to the
learner’s motor abilities and enjoyment [15]. In this way, self-improvement is
associated with goals or instructions to complete a specific assignment specified in
a task-by-task tutorial. Patients who are unclear about the therapeutic goals during
the game may develop an opposite effect to what is being sought with the interactive
tool. Situations like these and even those in which the tasks or game objectives are
complex for the patient achieve a lead in a decisive way to a low motivation [13].

12.4.3.2 Reward
Gameplaying is motivated by rewarding and challenging experiences where
dopamine is associated with feelings of enjoyment, learning, and motivation [13].
The reward is often given after correcting or correctly completing an assignment.
Several pieces of research included the reward in terms of the score or according to
the amount of the collected items, seeking to encourage the patient to achieve his
highest [24]. Scores are incredibly beneficial in maintaining the patient’s motivation
high throughout the session, improving the video-game experience where a higher
score indicates better performance.

12.4.3.3 Challenge
It is necessary to avoid boredom or frustration by always giving a scaffold practice
from easy to difficult. Multilevel serious games offer the best solution to keeping
the proper level of challenge throughout the interactive experience. This concept
of challenge and difficulty should be administered according to the therapy dosage
to lead to a more significant skill transfer [13]. Patients must be able to fulfill the
serious game’s objectives to avoid frustration, but at the same time, the game must
have a component of difficulty to maintain adherence to the therapeutic process and
to demand the player indirectly to improve his performance.
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12.4.4 User Performance Evaluation

In rehabilitation, evaluating the individual player execution and experience in
serious games is crucial during player–game interaction. This process depends on
the kind of serious game design. However, there are different measurements to
analyze user efficiency during the interactive experience. One of the most effective
is based on the individual player skill, where the progress in achieving goals or
evolution over time is measured [32]. This quantification of the performance/skill
level can be achieved through performance metrics like completion time, the number
of hits, trajectories features, etc. [27]. Parameters as adaptability and progress in
time enable one to know the learner’s progress and actions within the game. Besides,
strategies like learning, gaming experience, and usability are some other subjective
attributes that should be assessed through surveys, scenario analysis, psychometrics,
video observation, or interviews to inform how the practice impacts the participant
[33, 34].

In the analysis of the user’s performance, many studies evaluated the execution
based on the data thrown by the robotic device or according to the game results.
Data from the device mainly included a range of motion and muscle strength. Data
from the game was related to the score and failure (e.g., number of collected items,
number of collisions) [24, 27].

12.5 Lower-Limb Rehabilitation with Serious Games

The application of serious games in rehabilitation has been mainly influenced by the
motor recovery of the upper limb. However, gradually audiovisual strategies have
been developed to support lower-limb therapy, along with lower-limb exoskeletons
or robotic platforms. In the field of stationary rehabilitation, several and different
game environments have been developed. Some of them were designed in collecting
items [24], jumping over obstacles [25], tracking trajectories [35], and reaching
targets [27, 36]. However, what all these developments have in common is the
therapy component that seeks to regain lost mobility of the ankle after a neural
injury.

After a stroke, the loss or reduction of descending input to the spinal centers
is the primary deficit that results in the incapability to activate muscles and
reduce muscle force voluntarily [37]. The ankle joint usually shows an increase
in stiffness and insufficient dorsiflexion movement due to muscle fibers’ changes
in the gastrocnemius or the tibialis anterior. In this case, the spastic ankle tends to
show over 50% more resistance than the average ankle in the displacement [38].
Therefore, the therapeutic objective for neural patients aims at the ankle complex’s
critical movements (i.e., plantar flexion, dorsiflexion, ab-/adduction, and inversion–
eversion) to improve the range of motion of the joint.

Within the serious game experience, different strategies have been found that
favor the rehabilitation process. Farjadian et al. [27] included auditory feedback in
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which collecting the goal was rewarded with a particular sound while colliding with
walls was penalized with a different audio signal. Asín-Prieto et al. [35] besides the
visual feedback of the game, bring in perturbations via a haptic adaptive feedback
approach based on the user performance.

On the other hand, Ren et al. [39] were focused on the therapist’s active
participation through the game settings, including the challenge during the therapy.
Other studies set the game’s difficulty according to facial expression recognition
[25], or through an automatic system that analyses the performance in real-time to
increase challenge [35].

12.6 Jumping Guy: Ankle Rehabilitation Therapy with T-FLEX

To improve the experience during ankle rehabilitation after stroke with a robotic
orthosis, an interface was proposed to follow and challenge the user’s motor
rehabilitation process. In this way, this strategy was thought to be a rehabilita-
tion supplement that, together with interdisciplinary work, contributes to better
therapeutic results. Jumping Guy: Ankle Rehabilitation with T-FLEX is a serious
game designed to improve the results already obtained in the rehabilitation process
with the variable stiffness device T-FLEX (Colombian School of Engineering,
Colombia) (see Chap. 7) contribute to the user’s commitment to it. This game’s
virtual environment and functionalities were performed with Unity software in
version 2.3.1 in C# language and developed to be executed in a Windows 10
operating system. The sprites, sounds, and graphic resources were taken from a free
retro-type game called “Jumping Guy” [40]. From this existing version of the game,
the alternate version is provided with therapeutic objectives. Most of the original
game features were modified to provide the patient with an entertaining experience
during motor recovery.

This serious game tries to vary the therapy intensity throughout audiovisual
feedback. The game involves two main characters: the avatar and the enemies (see
Fig. 12.2). The avatar is the character over which the user has control to trigger a
jump. This action is carried out through combined subject movements of plantar
and dorsal flexion. The enemies, on their behalf, are characters that the user faces,
and in front of them, the player must make the jump to avoid hitting them. The more
enemies are avoided, the higher the player’s score will be.

The challenge is to achieve the highest number of points in 20 min sessions
for each level, considering conventional therapy. In total, there are three levels,
differentiated not only by the game environment but also by the speed at which
the enemies come out, which increases as the levels advance and leads the player to
perform more dorsi-plantar flexion movements. In this way, while the person seeks
to achieve the most significant number of points and overcome oneself, the serious
game seeks to induce neuroplasticity through repetitions. Thus, the brain promotes
the neural systems reorganization to recover the lost motor function.
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Fig. 12.2 Jumping guy
characters. (a) Avatar. (b)
Enemy

The system configuration, serious game design strategies (i.e., for motion
intention detection, providing feedback, evaluating performance), and the final
interactive experience are presented below.

12.6.1 System Setup

The proposed system for serious game ankle rehabilitation includes the following
three critical components (see Fig. 12.3):

1. T-FLEX Exoskeleton: Its principal function is to assist the dorsiflexion and
plantarflexion movements to control the game’s avatar.

2. Graphic Interface: It presented a serious game to engage the user in the therapy
process.

3. IMU: Inertial sensor (100 Hz, BNO055, Bosch, Germany), located at the tip of
the paretic foot. It allowed estimating the user movement intention.

As seen in Fig. 12.3, the participant must be seated in a chair with 90◦ knee
flexion. The lower member where the device is located must be raised, avoiding
contact with the ground. Moreover, the orthosis must be used in its therapy mode
[6]. The T-FLEX electronic system in this operational mode integrates a Raspberry
Pi 3 Board running in Debian operating system where the sensor acquisitions,
algorithms, and controllers are deployed to command the actuators. In this way, the
device executes repetitions and assists the user’s dorsi-plantarflexion movements
(see Chap. 7).

The connection and feedback of the system are carried out using the model
in Fig. 12.4. The system consists of an input signal corresponding to the user
movement assisted with the robotic device. Specifically, these plantar and dorsal
flexion movements are identified with the inertial sensor data (i.e., the angular
velocity along the sagittal plane). The data are taken from the sensor pass through
a pre-processing to perform the detection of movement intent. Only a “jump”
command is transmitted through a TCP/IP model to communicate with the game.
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T-FLEX Exoskeleton

User

Graphic Interface

IMU

Fig. 12.3 Setup for the interaction between the serious game and the variable stiffness orthosis
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Motor 
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User Dorsiplantar 
Flexion

IMU
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Data

Unity Game

Avatar Response

TCP/IP 
Model

Audiovisual Augmented Feedback

Fig. 12.4 General motion control model during the game considering the data acquisition and
processing on the Raspberry Pi 3, and the graphical game response in unity

The TCP communication is configurated through a pair of sockets for each
connector. One works as a server listening to the incoming messages, and the other
one as a client connecting to the applications. In this sense, the data exchange
considers the server in the Unity interface and the T-FLEX’s Raspberry Pi as the
client. Thus, the sockets are opened in both cases with the IP direction and the port,
and only when the game receives the string “jump” the avatar jump will be executed.
In this way, the feedback, according to the movement performed, allows the person
to correct their movement strategy subsequently.

12.6.2 Movement Intention Detection Strategy

The module runs in the Robotic Operating System (ROS) on a Raspberry Pi 3 since
the controllers for the orthosis actuators operate in this framework. As mentioned
previously, all the IMU’s data enter the pre-processing stage, where a 4th-order
Butterworth low-pass filter (cutoff of 6 Hz) removes the electromagnetic noise.
After filtering, the data is analyzed in code to detect in real-time if there is a
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movement intention. To do this, data higher than one rad/s (radian per second)
are analyzed to determine action (see Fig. 12.5). This motion intention detection
process is constantly performed in three different stages of the game: calibration
stage, tutorial, and game stage.

In the calibration stage, a threshold value is set with the angular velocity average
of five movements’ intentions performed by the user and detected by the system.
This stage only ends when the number of movements requested is achieved. Once
the threshold has been established, the system proceeds to either the game stage or
the tutorial stage since both works under the same threshold terms. The tutorial only
differs in considering additional time to teach the desired performance. However, in
both, the filtered data are compared in real-time with the threshold value calculated
before, and the participant is asked to perform his best dorsiflexion movement. In
this way, the avatar jumps, and the exoskeleton executes a repetition only when the
angular velocity is higher than the threshold (see Fig. 12.5). Therefore, the result
observed on the screen is the one that provides feedback on whether or not the
execution made by the participant was sufficient to move the avatar.

12.6.3 Feedback Strategies

The increase in the user’s commitment to rehabilitation and their learning and
participation was fostered through augmented and positive feedback. In general, the
term “losing” was not implemented in the game’s design because the main idea was
to allow the user to reach the maximum score during the established time. In this
way, the reward of the game was always optimistic and looking to avoid frustration.

In addition to the above, the different feedback strategies mentioned in
Sect. 12.4.2 are implemented throughout the audiovisual experience of the serious
game. Mainly, the attentional-focusing feedback is constantly presented through the
graphics, the avatar, and the gameplay:

• Before the Game (Informational Feedback): Before starting the game, the
instructions and the interactive interface’s user position are presented using a
tutorial. In this way, through a short practice similar to the in-game interface,
the tutorial stage shows step by step the directed movements to reach the game’s
primary objective.

• During the Game (Informational and Motivational Feedback): Throughout
the interactive experience, the user is subjected to informative and motivational
feedback, seeking to improve commitment to therapy.
– Informational Feedback: The display modality, besides being visual, is also

auditory. In this sense, the user knows the immediate result of his action
because both sensory channels are stimulated. The reward in terms of the score
is continuously displayed on the screen since the user achieves the game’s
objectives.

– Motivational Feedback: During the game, performance-dependent comments
are also visually implemented, considering direct and straightforward feed-
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Fig. 12.5 Blocks diagram of the user movement intention through the game

back. There are employed keywords to highlight correct performance or
indicate progress (e.g., Good Job! You beat the record!) according to the
score reached for time intervals during the game. This motivation uses fade
feedback, which is more frequent during the initial learning stage (i.e., during
the first levels).
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• After the Game (Informational Feedback): Finally, with a database, additional
augmented feedback is included with the Knowledge of Results (KR), where
the user knows and compares his results into the broader context of the game
[21]. The above was thought to fulfill the informative function to improve motor
learning for both therapist and patient.

12.6.4 Performance Evaluation

The evaluation of the user’s progress during the game was based on the number
of jumps and missed avoiding the enemies, the percentage of precision during the
entire session, and the type of response in front of each enemy. In this last parameter,
it was empirically evaluated when the action was effected to achieve the point. An
ideal skip was counted as one in which the avatar passes without approaching the
enemy. From this, the anticipated or a delayed time response were those in which
the enemy was gently closer in his back or front, respectively (see Fig. 12.6). The
system detects the moment for which the jump is made and classifies, through
trajectory colliders, the type of response of the player when jumping on the enemy
(i.e., from the jump start zone to the end zone). In this way, “Early” was classified
as a jump 0.15 s before the ideal jump, and “Late” was a jump 0.34 s after the ideal.
On the other side, the system also evaluated the user’s precision recorded over time
(i.e., user accuracy every 20 s) to evaluate the user’s adaptability during the session.
However, as the speed increases throughout the levels, all the evaluation metrics
results are maintained for each game stage.

Jump Start Zone Jump End Zone

Ideal 
Jump

Early
Jump

Late
Jump

Fig. 12.6 Possible player responses to the enemy: ideal, early, or late
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12.6.5 Serious Game Experience

This first version of Jumping Guy: Ankle Rehabilitation Therapy with T-FLEX
consists of a 2D adventure game with a single player. The serious game is designed
to be compiled on desktop devices with a Windows platform and with a minimum
architecture of 32 bits. By default, the game is full screen, and its resolution is
640x360. However, the system allows to select the resolution of the game with a
display resolution dialog and the option of a resizable window. This option was
provided and configured in Unity to display initially, right after running the game.
One of the advantages of this mechanism is that it facilitates interaction with any
Windows device, where the user can select the graphic quality of the game and its
screen layout according to his comfort.

Once the game is executed after the display resolution dialog, a first welcome
interface appears, giving details about the connection with the game. As mentioned
in the past, the game connects to the robotic device through a TCP/IP model,
demanding an IP address and a port. In this specific case, the game is designed
to automatically acquire the computer IP address on which it is running with a 3014
connection port number. On the other hand, this interface also informs that the game
results will be gathered in a text file inside the folder where the executable is located.

Important It is critical to ensure that all robotic, sensing, and assistive devices
are connected under the same T-FLEX Network, the game is running on.
Moreover, the Raspberry Pi must function as a client that commands game
communication with the same IP address and port. The client performs
precisely by sending through sockets the encoded “jump” message every
time the lower-limb movement intention is detected during the calibration,
the tutorial, and the in-game stage.

A login interface is directly presented by continuing in the game, including
the game’s name and the user-password system (see Fig. 12.7). The serious game
works with a local MySQL database storing the player’s basic data and his game
results throughout all sessions. However, in the demo version this system is not
enabled; therefore, to continue, it is not necessary to fill out everything or access the
registration option. It is only requested to enter the player’s name in the “Username”
space and continue pressing the “Login” button. The name placed here will be the
one that will differentiate the results text file.

12.6.5.1 Before the Game
Before starting the game, the user is faced with a calibration stage that is necessary
to establish the threshold of surpassing each player. The user is asked to perform five
ankle flexion movements (i.e., dorsiflexion and plantarflexion movements). Visually,
the interface shows both the avatar jump when detecting an intention of movement
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Fig. 12.7 Login interface.
The indicated section
corresponds to the only one
the player must fill out to
enter the game

Avatar
Decreasing 

Jumps Counter

Instruction

Fig. 12.8 Calibration interface. Request the execution of 5 movements of plantar and dorsal
flexion. When the system detects a movement, the avatar jumps, and the counter decreases

and the countdown of the movements made (see Fig. 12.8). Thus, when the user
completes them all, he can already start playing or taking a short tutorial session.
The tutorial is based on a similar experience to the game. However, it works at a
much slower speed, with instructions, and in it, the game does not progress until the
player executes the action requested.

12.6.5.2 During the Game
Once the game is entered, the player finds the avatar located in the lower-left part of
the screen, and a series of enemies generated one by one from the lower right part
of the screen and that advance toward the avatar. These are the enemies, which, as
mentioned previously, must be avoided using the avatar jump. As shown in Fig. 12.9
the interface includes the game points (given for each jump that avoids an enemy),
the time of the remaining session, and a series of visual and motivational messages,
which occasionally appear with the player’s evolution.

The user can pause the game by pressing the space bar on the computer keyboard
during the game. There it can be chosen whether to continue the game or to quit.
If the continue option is selected, the panel disappears, and the game continues its
course. However, if the exit option is selected, the game saves the process carried
out so far in the text file, and the game closes automatically.
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Fig. 12.9 Visual interface design during the game (first level)

12.6.5.3 After the Game
The game ends only when the timer reaches zero. By then, all session data is stored
in the text document, and the system is directed to show the game results regarding
the user’s performance during the session (see Fig. 12.10). Overall, through the
drop-down, it is possible to compare the general results obtained in previous
sessions. However, this is only possible with the local database. On the other
hand, by clicking on the “More Details” button, the interface graphically shows
adaptability over time. This graph is related to the user’s accuracy record evaluated
every 20 s during the whole game session.

Jumping Guy: Ankle Rehabilitation Therapy with T-FLEX is a serious game
whose demo version is available from the T-FLEX public repository at https://
github.com/GummiExo/t_flex. This repository, in addition to containing the
details for the configuration, installation, and connection of the device,
includes a set of files-folders with an executable to start the game. To
download it, you must access the folder titled T-FLEX GAME and run the
application titled ”T_FLEX_Game,” which has the logo of the game.

The demo version, under the T-FLEX Network, allows access to all the game
levels for 5 min each. This version does not make available to access the
user-password system, nor to the in-game results of the previous sessions.
Nevertheless, as mentioned above, enter and store the data is possible without
any hassle.

https://github.com/GummiExo/t_flex
https://github.com/GummiExo/t_flex
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Fig. 12.10 Interface results
model. (a) Interface with the
general results of the session.
The designated session does
not show results from past
sessions. (b) Interface with
adaptability results over time.
Precision graph at 20 s
intervals

12.7 Chapter Conclusions

This chapter has presented serious games as a promising tool in solving patients’
low motivation and commitment to therapy. It has been shown that its application
in the rehabilitation field can considerably improve user participation toward the
treatment. Besides, the importance of both therapy and game components has been
presented to design a learning and entertainment experience.

This chapter also showed through Jumping Guy: Ankle Rehabilitation Therapy
with T-FLEX that strategies such as clear objectives, rewards, challenges, feedback
strategies, and performance evaluation are essential for designing interactive games
in motor rehabilitation. Likewise, the game functionality with robotic devices
requires sensing methods for movement detection and a necessary calibration stage
to individualize the learner’s motor abilities.
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13Assessment of Robotic Devices for Gait
Assistance and Rehabilitation

Luis F. Aycardi, Felipe Ballen-Moreno, David Pinto-Fernández,
Diego Torricelli, Carlos A. Cifuentes , and Marcela Múnera

13.1 Introduction

In the last decades, the development of robotic devices for gait assistance and reha-
bilitation has shown ongoing growth [1, 2]. As these technologies have expanded
and matured, the need for accurate assessment and understanding of how users
perform with the robotic devices has become evident and has been a convergence
point for multiple technology designers. Even if robotic technology’s potential
was and is indisputable, demonstrating its value on a quantitative basis has been
challenging. Trying to address this general concern, many research studies have
started to evaluate robotic devices’ performance, resulting in an abundant and highly
diverse compilation of methods, variables, and protocols. The enormous amount
of information led the robotics community to increase interest in benchmarking to
scientifically assess and compare robotic devices’ performance for gait assistance
and rehabilitation. Even though benchmarks have been long used to verify and
compare the readiness level of different technologies in many domains, not long
ago, the primary approach to compare devices like exoskeletons was only through
competitions, such as Cybathlon [3]. The big challenge of unifying a benchmark
is even more difficult for the specific case of assistive and rehabilitation devices.
The intrinsic interaction of these devices with the subjects complicates finding
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appropriate metrics to measure their performance. Hence, studies in this area
generally have to be accompanied by performance studies of the subject and not
just the robots.

The foundations to build such standards have been laid by recent efforts in
the field of benchmarking bipedal locomotion to consolidate a unified scheme
for humanoids, wearable robots, and humans [4]. Subsequently, work has been
done attempting to organize the available assessment information and identify
performance indicators that could be converted into practical benchmarks [5, 6].

This chapter presents an overview of the most promising and used measures,
experimental procedures, equipment, sensors, and tools so far identified in the
literature to assess gait robotic assistive and rehabilitation devices. The chapter starts
with the introduction to the basic concepts to understand the implications and ways
to assess the performance of an activity. Thereafter, the different modules towards a
correct assessment are explained.

13.2 Motor Skills, Abilities, and Performance

The assessment of robotic devices for gait assistance and rehabilitation is a multi-
disciplinary area. Engineers and clinicians of different backgrounds have to agree
on common nomenclature and classification systems to conceive standards in the
assessment process. Inspired by the approach by Magill [7], further organized and
discussed by Torricelli et al. [4], three basic concepts are often used to understand
the area: motor skill, motor ability, and motor performance (see Fig. 13.1).

A motor skill, also called action in the motor learning and control research
literature, refers to an activity or task that has a specific goal to achieve. However,
not all activities with a goal are considered motor skills. To be studied as one,
it needs to have other characteristics as: (i) be performed voluntarily, (ii) require
the movement of joints and body segments, and (iii) be learned or relearned (as it
usually happens in the field of rehabilitation) [7]. The most basic motor skill in this
book is walking, but several others will be contemplated in the following sections.

Highly related to the concept of skill is the one of abilities. Motor abilities can
be referred to as the general traits of an individual that are a determinant of his
achievement potential for the performance of specific skills [7]. Let the skill be
walking. The abilities may refer to stability, coordination, compliance, and any other
characteristic needed to walk.

The last concept is motor performance, defined as the level of achievement of the
goal, i.e., how well the goal established in the skill is achieved. The performance
of any motor skill is influenced by (a) characteristics of the skill itself, (b) the
environment in which the skill is performed, and (c) the person performing the skill
[7], as presented in Fig. 13.1. The person is the agent in charge of learning and
adapting the skill through the observation and perception of the performance.

Measuring the level of achievement of a skill is not a straightforward process.
Many ways to assess motor performance have been defined over time. These
different measuring methods are called the performance indicators (PI) [4] and can
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Fig. 13.1 Basic concepts in the assessment of robotic devices that interact with humans

be grouped into two main categories according to Magill. In the first one are the
performance outcome indicators, which indicate the result of performing a motor
skill (e.g., how far or fast a person walked). They provide information where the
primary concern is whether or not the goal of the skill was accomplished. In the
second category are the performance production indicators, which indicate how the
different human systems (e.g., the nervous system, the muscular system, and the
movement of the limbs or joints) function during the performance of a motor skill
[7]. This category includes both kinematic/kinetic measures and the ones defined as
Human–Robot Interaction (HRI) measures [4], which will be addressed in further
sections.

13.3 ClassifyingMotor Skills

A complete understanding and characterization of related motor skills is crucial
to correctly assess the performance of robotic devices used in gait assistance and
rehabilitation. Classifying the motor skills for which these devices are developed
and the possible variations and conditionals involved is the first step in the
assessment process. Several proposals like the ones by Gentile [8] and Fleishman et
al. [9] successfully classify motor skills and motor abilities and are commonly used
in physical therapy and psychology.

Similar to what was established to influence a motor performance in Fig. 13.1,
Gentile classified motor skills according to two general items. The first one is the
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environment, which he divided into: (i) unaltered motion and (ii) with the presence
of inter-trial variability or unexpected disturbances. The second item corresponds to
the function of the motor skill, which is classified according to: (i) the motion of
the body (posture or transport) and (ii) the simultaneous manipulation of an object
during the execution of the task. Furthermore, Fleishman proposed a list of the
“fewest independent ability categories which might be most useful and meaningful
in describing performance in the widest variety of tasks” [9]. In addition to the
abilities previously established as an example for the skill of walking, significant
motor abilities from that list are inter-limb coordination, static and dynamic
strength, limb flexibility, gross body equilibrium, reaction time, speed of limbs,
and control precision [4]. However, Fleishman’s lists should not be considered
exhaustive inventories of all the abilities related to motor skill performance, as the
objective was to identify the smallest number of abilities that would describe the
tasks performed [7].

Based on those two taxonomic proposals, a benchmark for bipedal locomotion
was created to unify a scheme for humanoids, wearable robots, and humans [4]. The
motor skill classification presented here maintains the conventions defined there.

13.3.1 Walking

Walking is undoubtedly the core motor skill to be assessed and the main focus of the
robotic devices described in this book. However, since motor skills can be further
classified according to: (i) environment variability and (ii) the presence of external
disturbances, the relevant motor skills for robotic devices are:

• Walking in a static environment with a constant or absent disturbance:
This includes walking on flat ground, constant slopes, ascending or descending
stairs, and backward walking.

• Walking in a static environment with a variable disturbance:
This includes walking on variable slopes, irregular terrains, and slippery surfaces.

• Walking in a moving environment with a constant or absent disturbance:
This includes walking on a constant treadmill, a constant soft ground, and
walking while bearing additional weight.

• Walking in a moving environment with a variable disturbance:
This includes walking on a variable treadmill, a variable soft ground, when
pushed, overcoming obstacles and slalom or turning.

13.3.2 Standing

Even if most of the efforts when designing a robotic device are devoted to walking,
standing (maintaining an upright posture) is critical motor skill to assess. Standing
is evaluated employing the same two previous variables:
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• Standing in a static environment with a constant or absent disturbance:
This includes standing on a horizontal surface and an inclined surface.

• Standing in a static environment with a variable disturbance:
This includes standing on uneven terrains and during manipulation.

• Standing in a moving environment with a constant or absent disturbance:
This includes standing while bearing additional weight and while periodic tilts
or moving ground.

• Standing in a moving environment with a variable disturbance:
This includes standing in the presence of pushes and while irregular tilts or rough
translations.

13.3.3 Others

Finally, other skills related to the assessment of robotic devices and not included
in either of the aforementioned categories can be of value and are covered. This
includes activities, where the environment is static and there are no or constant
disturbances, such as: lateral stepping, crouching or kneeling, changing from sitting-
to-standing or from standing-to-sitting, and running.

A complete illustrated scheme presented in an interactive application, with the
first step being the selection of a motor skill from the previously listed skills, is
available in the official Benchmarking Locomotion Website [10].

Once the skill is fully determined and characterized, the following action towards
the assessment corresponds to selecting the desired measures to be taken when
performing it.

13.4 Performance Indicators

As mentioned before, there are multiple ways to measure motor skill performance.
A first and useful way to organize them is by grouping them into two categories
defined in Fig. 13.1 that relate to the different levels of performance observations,
as suggested by Magill [7]. The first type, the performance outcome indicators,
received another name in Pinto-Fernandez et al. [5] and will be the one adopted
in this chapter. They label them as Goal-Level variables or measurements. In the
second category, the same authors identified two different subgroups that will also
be used further on. On one side are the kinematic and kinetic indicators focusing
on the limbs, head, or body movements that lead to the observed outcomes. On the
other side are the HRI measurements that relate more to the variables that might
influence the intrinsic interaction between the user and the robotic device. The PIs
that correspond to each of these categories will now be addressed.

www.benchmarkinglocomotion.org


336 L. F. Aycardi et al.

13.4.1 Goal-Level Performance Indicators

To indicate the results of performing a motor skill, different variables can be
considered. The following are the most commonly used Goal-Level PI in the field
of the assessment of robotic devices for gait assistance and rehabilitation:

• Time indicators
This category includes various time-related measurements. One of the preferred
metrics for performance evaluation is the minimum time or the maximum speed
achieved to correctly complete a task. However, another important indicator
under this category is the reaction time (RT), which indicates how long it takes
for a person to prepare and initiate a movement. Time indicators are mostly
calculated during clinical tests, such as the 10 Meter Walking Test (10MWT),
the 6 Minute Walking Test (6MWT), and the Timed Up and Go (TUG) test [5],
and are measured in time units (e.g., sec, min).

• Error indicators
Metrics related to errors have a prominent place in human performance research
and in everyday living activities (assistance and rehabilitation). Multiple ways
of reporting errors are accepted and it is up to the researchers to decide if
they correspond to a study of accuracy either spatial, temporal, or both. Error
indicators can be in the form of: (i) the amount of error in performing criterion
movement, e.g., absolute error (AE), constant error (CE), or variable error (VE),
or (ii) the number or percentage of errors [7].

• Distance
The distance covered when performing a motor skill with a device is frequently
used as PI. In exoskeletons, the 6MWT is found to be the preferred PI in this
category [5].

• Stability (to external disturbances)
Stability can be understood as the ability to maintain equilibrium over the support
base during the motor skill execution [4]. The PIs in this category include:
maintaining the center of mass (CoM) above the polygon of support (what
Fleishman on his list referred to as gross body equilibrium), forefoot and rearfoot
loading, length of the motion path, or confidence ellipse area [5].

• Endurance
This PI generally refers to the ability to perform long periods of functioning or
multiple cycles of work to test the robot’s skills (also in the benchmark proposal).
Nevertheless, it can also apply to other robotic devices as it is usually measured
by the power development per joint, joint stiffness, and battery usage [5].

• Repetitions
PIs under this category are measured with integer numbers and one of the
simplest to recognize. Good examples are the number of successful attempts and
the number of trials or repetitions to complete the task.

• Versatility
Versatility is here understood as the ability of the robotic devices to cope with
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different motor skills in the same run [5]. It is mainly used in cases where
an exoskeleton takes part. This PI can be implemented together with the last
category by measuring the number of successful transitions between tasks, or
independently, with step width adaptability criteria.

Goal-Level PIs, especially time, error, and distance indicators, are very popular
and globally accepted indicators. They are relatively simple and practical to use,
making them particularly useful during competitions in the area (Cybathlon [3],
for example). However, they can be rather insufficient to validate or quantify the
robotic systems’ performance [5], as robotics in rehabilitation and assistance are
highly conditioned to the subject’s performance. Given that these PIs are not very
reproducible, other types of PIs are usually needed.

13.4.2 Kinematic and Kinetic Performance Indicators

Addressing the robotic device’s performance during the motor skill by measuring
the production indicators includes many more parameters to consider than the
outcome indicators. To capture the complexity of the action to be performed
more closely, they require specific instruments and equipment, as presented in the
following sections.

Kinematic and kinetic PIs include many of the most common indicators used
to assess robotic devices [5]. They are traditionally associated with biomechanics
and refer to descriptors of motion without concern for its cause and force as a
cause of motion, respectively [7]. Under this category are the following PIs for the
assessment of robotic devices in the field:

• Spatiotemporal Parameters
They correspond to parameters of distance (spatial) and time (temporal) during
gait. They are considered standard metrics that can grasp the kinematic perfor-
mance’s main features in basic locomotion tasks [5]. The spatial parameters are
related to the step and stride length but can include others like the number of
steps. On the other hand, temporal parameters comprise the cadence, walking
speed and the complete cycle, and individual phase time.

• Kinematic indicators
As previously stated, kinematic indicators are a description of motion without
regard to force or mass. As PIs, they portray the displacement, velocity, and
acceleration of the human and robotic joints. This includes: joint trajectories,
range of motions (ROMs), speed, and CoM position along the three principal
planes of motions (sagittal, frontal, and transverse).

• Kinetic indicators
In kinetic indicators, force is the main parameter to consider in the analysis of
joints. Therefore, these PIs are of joints torques, force, power, and work, global
forces, and power and ground reaction forces (GRF).
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• Symmetry
The symmetry indexes are the percentage of symmetry between the right and left
gait cycle regarding their curve of acceleration or pelvic angles. Pelvic angles are
the tilt, obliquity, and rotation, according to the plane of motion. As the indexes
approach 100, the more symmetry there is along the trial [11].

• Coordination
Coordination PIs come after the previously explained spatiotemporal parameters.
For a cyclic movement, like gait, an indicator of coordination between two limb
segments is the relative phase. This index calculates the phase angles for each
limb segment or limb at a specific point in time and then subtracts one phase
angle from the other [7].

The first three PIs presented in this section are very popular in assessing
exoskeletons as they can grasp the entire complexity of limb dynamics. However,
the kinematic and kinetic indicators are often difficult to compare and replicate
as there are no typical standard setups, data labeling, or experimental protocols.
Symmetry and coordination, on the other hand, are still poorly used in the evaluation
of exoskeletons’ performance [5].

13.4.3 Human–Robot Interaction Performance Indicators

The second type of performance production indicators comprises all the mea-
surements that characterize the synergy between the user and the robotic device.
Given the nature of this group of indicators, HRI PIs include both quantitative and
qualitative variables. The first ones evaluate the user’s physical parameters, while
the others reveal subjective levels of acceptance of the technology by the user during
the interaction. The main PIs in this category are:

• Metabolic cost
Metabolic cost is a way to describe the intensity of an activity or motor skill.
Many indicators can be used to that end. The most frequent PIs are: heart rate,
blood lactate concentration, oxygen consumption, carbon dioxide production,
metabolic power, biological power, work, and calorimetry [5, 12].

• Muscle activity
This type of indicator is the most commonly employed variable for the assess-
ment of HRI. It is generally measured by electromyography (EMG), in which
the intention of movement is captured through muscles’ electrical activity. EMG
recordings are relevant to motor learning and control issues as they can indicate
when a muscle begins and ends activation [7] and can be used to quantify the
effects of a robot on muscle fatigue.

• Brain activity
Research on the relationship between brain activity and performance has led
to rapid brain assessment technology implementation on motor rehabilitation.
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Similar to the previous indicators, brain activity is usually measured by elec-
troencephalography (EEG) recordings.

• Interaction forces
This category does not need any extra information other than the fact that it
is measured through three PIs: the power delivered to the robot, the interface
transmitted forces, and the interaction forces themselves.

• Comfort
Comfort is defined in this document as the user’s perception of the HRI. This
one corresponds to the qualitative variables previously mentioned and has many
ways of being measured. Among the most relevant indicators are pain scales, skin
irritation, sore spots, spasticity, clinical questionnaires, and user sense of comfort
[5].

• Ergonomics
Ergonomics refers to the design and arrangement of things people use to make
the interaction the most efficient and safe possible. The main PIs used in
this category are HR relative position, interface displacements, anthropometric
database percentiles, and adaptability to different height ranges [5].

• Safety
This indicator assesses the condition of being protected from harm or other non-
desirable outcomes. Safety PIs are a mix of both quantitative and qualitative
indicators. Quantitative PIs are the number of falls, blood pressure, and heart
rate. Qualitative PIs include the skin, spine, and joint status after using the robot,
and clinical questionnaires similar to those implemented for comfort.

Some of the most expected performance outcomes and production measurements
here are included in the official Benchmarking Locomotion Website [10]. They
correspond to the second step of selecting the organization of the currently available
metrics and protocols to assess bipedal function into a meaningful taxonomy.

Keeping in mind the provided overview of the motor skills and PI, the only
unexplored and missing area to fully understand how to assess robotic devices in gait
assistance and rehabilitation is the section of the required equipment and sensors.

13.5 Equipment and Sensors

By equipment and sensors, one should understand in this chapter all the set of
tools, devices, and kits, assembled to measure and capture the different PIs for the
chosen motor skills. Regarding their location, the equipment and sensors can: (i) be
mounted or fixed in the testing environment and record from strategic points of the
activity or the specific events, or (ii) be wearable, which means that the user wears
them during the performance of the motor skill. The first type is considered the gold
standard in accuracy for walking kinematics [13], but their main disadvantages are
the price and their limitation to indoor use with a very controlled environment [14].
On the contrary, wearable sensors have become popular due to their affordability
and flexibility of use, together with shorter donning/doffing times [15].

www.benchmarkinglocomotion.org
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This section presents a non-exhaustive catalog of the leading equipment and sen-
sors used to assess the motor skills’ performance, as mentioned earlier, employing
the desired PI. Most of them are depicted in Fig. 13.2. They are grouped in the same
categories used to classify the PIs. Given the purpose of the Goal-Level PIs and their
intention to measure outcomes, most of the metrics are not complex and with simple
equipment like timers, counters, and rulers can be calculated. Therefore, no further
details are presented regarding this kind of PI, except possibly for stability, which
can be addressed with the equipment of other kinematic and kinetic PIs.

13.5.1 Equipment and Sensors for Kinematic and Kinetic
Performance Indicators

The extraction of most kinematic PIs (including spatiotemporal, symmetry, and
coordination) was first done with portable sensors called electrogoniometers.
Afterward, the measurements evolved to 2D and 3D video systems, which need to
be placed in the performance environment, depend on specific laboratory conditions
and imply complex protocols and high economic costs. Nowadays, the extraction is
moving back to relay on wearable sensors like inertial motion units (IMUs).
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13.5.1.1 Electrogoniometers
Electrogoniometers are electromechanical devices that span the joint to be measured
by attaching to the proximal and distal limb segments. They measure the joint’s
angular change by providing an output voltage proportional to the change and
assuming that the attachment segments move with the limb segment’s midline
[16]. The two significant advantages of these devices are ease of use and low cost.
However, a significant limitation in using them is that the angles are only acquired
in a single motion plane [17].

13.5.1.2 Video Systems
Video systems are based on a computer vision approach, in which the main goal
is to extract gait patterns from sequential images [18]. There are both 2D and 3D
configurations and it depends on the complexity of the motor skill and the chosen
PI, which of them to implement. 2D Systems, as electrogoniometers, can record
joint angles in only one plane of motion. 3D Systems, through the inclusion of
depth, can extract joint angles in all three planes. The use of active (LED markers
that are pulsed sequentially) or passive (lightweight reflective markers) markers is
widespread when implementing this kind of system, even though some have worked
their way out of the markers. The leading video systems used in the field are:

• 2D Systems
The Kinect is the most used exemplar of this technology. First developed by
Microsoft, in 2010, collects information from RGB cameras, infrared projectors,
and detectors that mapped depth to perform real-time gesture recognition and
skeletal body detection, among others. In this sense, a biomechanical model
based on rigid segments can be implemented to acquire human motion data [19].
As the human body is modeled, joint angles are acquired while performing a
motor skill. As previously mentioned, it can only record angles in one plane
of motion, and, in this case, users are not required to wear any markers.
Additionally, this equipment is portable (easy to relocate) and low cost. The main
drawback is that it is no longer produced as by 2018, Microsoft discontinued all
Kinect hardware for video games. Moreover, for those who still can get their
hand on them, specific lighting and space conditions (controlled or laboratory
conditions) are required.

Other alternatives to this system include motion tracking software, based
on recordings by a 2D camera (and possible reflective markers) to calculate
almost all kinematic parameters. MaxTRAQ 2D (Innovision Systems, USA) [20]
includes tools and analysis of angles, distances, the center of mass, and more.

• 3D Systems
3D optoelectronic camera systems for motion capture are often regarded as the
gold standard in acquiring biomechanical parameters, given their robustness [21].
They detect light and use it to estimate the 3D position of reflective markers via
time-of-flight triangulations. To correctly place markers on the user and allow an
optimal estimation many protocols have been developed. The accuracy of these
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systems is dependent on the different details of the experimental setup: (a) the
location of each of the cameras relative to the others, (b) the distance between
the cameras and the markers, (c) the position, number, and type of the markers
implemented, and (d) the motion of the markers within the capture volume [22].

Systems of this type are based on fixed cameras, which means they can only
acquire data in a restricted area [23]. The number of cameras, their field of view,
and the space between them condition the total volume in which the skill can
be performed and captured. The most extensive measured range reported, to the
authors’ knowledge, is 824 m2, obtained with a Vicon MX13 (UK) measurement
system [6]. To capture this range, a total of 24 cameras were required.

Among the major drawbacks of these systems are high costs, lack of
portability, constant need for calibration and synchronization, high labor in the
organization and processing of trials, and high sensitivity to alterations in setup.
By increasing the number of cameras increases the level of all of these items.
Further limitations of the system are the necessity of line-of-sight, which means
that the data output will be interrupted when the cameras lose sight of the markers
[6, 24], and the need for dark areas (indoors), as bright sunlight interferes with
the measurements [6].

Important and widely used manufacturers of this technology include: Vicon
(UK) [25–27], Motion Analysis (USA) [17,28,29], Qualisys (Sweden) [20], and
BTS Bioengineering (Italy) [30].

An extensive review of vision-based systems that have been proposed for
tracking human motion in the past years can be found in Moeslund et al. [31].

13.5.1.3 Inertial Unit System (IMU)
An inertial measurement unit (IMU) is a sensor composed of the fusion of
three other sensors: gyroscopes, accelerometers, and magnetometers. Through this
combination of components, the unit can acquire gravitational acceleration and
rotational velocity, to estimate the velocity, acceleration, and orientation of the
element they are attached to. In a person’s lower limbs, they are usually positioned
on the waist, thigh, shank, and foot instep [32–34]. To estimate complex PIs, multi-
sensor arrangements are widely used to assess a specific task. Several studies used a
multi-sensor to estimate and compare the efficacy and precision, analyzing signal
patterns of body segments in different locations [35–37]. They are of relatively
low cost and provide an alternative to 3D systems as they do not require specific
light and space conditions to function properly. Nevertheless, signal processing
can be challenging as it involves the fusion of three sensors and the presence of
cumulative drift error and the growth of quadratic or cubic error [38], which can
distort the measured parameters. There are many commercially available IMUs on
the market. From sophisticated modules like Xsens (Netherlands) to simple units
from manufacturers as Bosch (Germany) [39].

A complete analysis of the accuracy of the three previously presented systems
for the capture and assessment of human motion (aimed but not strictly to sports
applications) can be found in the work by van der Kruk and Reijne [40].
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13.5.1.4 Ground Reaction Force (GRF) Sensors
To calculate kinetics indicators for each of the joints involved in the motor skill,
dedicated software based on inverse kinematics analysis has been developed. The
most prominent exponent is C-motion (Visual3D, USA) [20, 41, 42]. The basic
inputs for this software are: (i) kinematic PI, obtained by any of the motion capture
systems shown before, (ii) ground reaction forces (GRF), and (iii) segmental mass
distribution models. GRF can be measured with two main types of sensors:

• Force Platforms or Plates
A force platform can be understood as a pair of plates, one over another with
force transducers between them at the corners [43]. There are several types
of force plates on the market and they are classified either by how many
pedestals (single-pedestal or multi-pedestal) or by the type of transducer they
employ. The types of transducers commonly found in force platforms are: strain
gauge, piezoelectric sensor, capacitance gauge, Hall effect, and piezoresistive
sensor, each with the advantages and drawbacks inherent in their nature. For
gait analysis, force platforms with three or four pedestals are used to permit
forces that migrate across the plate [44]. They are usually synchronized with 3D
optoelectronic camera systems to provide a simultaneous analysis of the different
PIs [25, 28, 45].

• Pressure Mapping Systems
Pressure mapping systems quantify the interface pressure between two contact-
ing surfaces. They can come in different forms, from walking mats or strip of
carpet-like sensors, to a completely wireless thin insole (in-shoe technology).
These systems use a larger number of sensors (typically in the hundreds,
depending on the size) to capture the pressure distribution and profiles in the
foot, and the position and trajectories of the center of pressure (CoP) during
stance phases of gait. Nonetheless, they have also been used to measure force
profiles during many activities. For example, the F-Scan (TekScan, USA) in-
shoe pressure mapping system has been effectively used to measure GRF during
able-bodied walking [46, 47], and the Pedar-X mobile (Novel Gmbh, Germany)
in-shoe system was used for collecting GRF using a lower limbs exoskeleton
[48].

13.5.2 Equipment, Sensors, and Tools for Human–Robot Interaction
Performance Indicators

As mentioned in the HRI PI characterization, this type of measurement includes
quantitative and qualitative variables. Two big groups of equipment and sensors,
which refer to the user’s physical parameters, describe the majority of the quantita-
tive HRI indicators. The qualitative PIs are clustered in one independent group in
this chapter.
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13.5.2.1 Metabolic Cost Systems
Metabolic cost encloses a variety of PIs, as it was presented in Sect. 13.4.3. Authors
have measured it in numerous ways and with different types of equipment. Some of
the sensors and calculations that best exemplify this are:

(i) Malcom et al. measured the metabolic cost of subjects walking with an
exoskeleton through respiratory gas analysis. They analyzed respiratory gasses with
a computerized O2–CO2 analyzer flow meter (Oxycon Pro, Germany) and estimated
metabolic cost with the formula from Brockway [20, 49]. (ii) Lee et al. equipped
elder exoskeleton users with a facemask connected to a computerized portable
cardiopulmonary metabolic system (Cosmed K4B2, Italy), to measure breath-by-
breath metabolic costs. They also measured the heart rate via a wireless chest-strap
heart rate monitor [29]. (iii) Award et al. measured the energy cost of walking in
individuals in the chronic phase of stroke recovery using an exosuit. They defined
it as mass normalized oxygen consumption per meter ambulated (mlO2/kg/m)
measured with indirect calorimetry (Cosmed K4B2, Italy) and normalized by
body weight (kg) and walking speed (m/min) [42]. Finally, (iv) Arazpour et al.
evaluated the physiological cost index (PCI) of walking (a proxy measure of energy
consumption) in a group of subjects with poliomyelitis. They used a Polar Heart
Rate monitor (Polar, USA) to evaluate the PCI through a calculation including heart
rate at steady-state walking (HRss) and heart rate at rest (HRar) [50].

13.5.2.2 EMG and EEG Systems
Muscle and brain activity and their corresponding subindicators are measured
using the electrical signals associated with each human system as mentioned in
Sect. 13.4.3. For researchers to achieve non-invasive and painless EMG and EEG
recordings, surface electrodes are attached to the skin over muscles (known as
surface EMG or sEMG) or a person’s scalp. Typically, electrodes are placed on
standard locations on the muscles and scalp to measure the voltage fluctuations.
In the EEG case, the electrodes are usually contained in an elastic cap in their
appropriate locations on the scalp to measure the activity of thousands or millions
of neurons immediately beneath them [7]. sEMG systems are widely used to assess
muscle activity PI during gait [28, 29, 51].

13.5.2.3 Clinical Scales and Evaluations
This last group comprises all measurements that cannot be captured or characterized
with sensors or equipment as the ones explained before. This section intends not to
list all the existing tools to assess qualitative PIs, as it would be extensive, but rather
to give examples that have been used in the literature.

A detailed description and compilation of more than 500 measures of clinical
protocols, scales, indexes, and questionnaires are found in the Rehabilitation
Measures Database Website of the Shirley Ryan AbilityLab [52]. Additionally, in
Chapter 14: Experiences of Clinicians Using Rehabilitation Robotics, some of the
most used standardized questionnaires to evaluate user’s ergonomics, comfort, and
safety are presented.

https://www.sralab.org/rehabilitation-measures
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Regarding practical examples of the clinical scales used to assess HRI PI in the
field, the following are some of the reported studies:

(i) Visual analog scales (VAS) are used to assess features like user fatigue, pain,
and comfort [53]. del-Ama et al. implemented a VAS consisting of a 10 centimeter
rectangle. With that scale, the user was asked to rate the pain perception by placing
a mark inside the rectangle, rating from no pain at the left edge of the rectangle, to
intolerable pain at the right edge of the rectangle [54]. (ii) The Ashworth scale (AS)
and the Modified Ashworth scale (MAS) are utilized to evaluate spasticity [54, 55],
and spasm frequency and severity are quantified using the Penn Spasm Frequency
Scale (PSFS) [55]. (iii) To evaluate all aspects of patients’ health and assess if there
has been an improvement or decline in clinical status, the patient’s global impression
of change (PGIC) is used [55]. Finally, (iv) to assess the static balance and fall risk
the Berg Balance Scale (BBS) is usually implemented [56].

13.6 Conclusions

The assessment of robotic devices’ performance for gait assistance and rehabil-
itation is a multidisciplinary area that involves the mastering of many different
concepts. Recent efforts to benchmark bipedal locomotion have settled the basis to
understand the various considerations when classifying a motor skill and measuring
its performance. The overview presented hopes to have organized and explained
the key components one needs to consider when assessing gait robotic assistive
and rehabilitation devices. According to the focus given to the performance, a
reasonably detailed description of the implemented measures was achieved through
the characterization of the existing PI. Additionally, the inclusion of practical
information of their use and application in research intends to favor future studies,
where standardized nomenclature, parameters, and benchmarking, in general, are
included. Finally, some of the most popular equipment, sensors, and tools used
in the literature and commercially available to measure motor performance were
described. The knowledge and understanding of all the components presented
are fundamental in the process of accurately assessing technology towards better
assistance and rehabilitation of patients.
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14Experiences of Clinicians Using
Rehabilitation Robotics

Marcela Múnera, Maria J. Pinto-Bernal , Nathalie Zwickl,
Angel Gil-Agudo, Patricio Barria, and Carlos A. Cifuentes

14.1 Introduction

While there is a consensus that it is essential to involve users in developing
rehabilitation technology, there are few examples of how to do this, and no studies
of which techniques are most effective [1]. In recent years, many useful robotic
devices have been used in daily therapeutic life. The experience shows that the
devices could not always be used successfully. Some impracticability factors such
as being time-consuming, complicated usage, and though wearing, were the reason
for the device’s failure. There is a growing recognition that if medical devices are of
real value, their users’ need and capabilities must be considered [2]. In the case of
rehabilitation robotics, “User” covers both the patients treated with a device, and the
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staff responsible for using the device to treat them [1]. This shows the importance
of involving the clinicians and patients in the development process. In this chapter,
the concept of the users’ involvement in the development process is developed: the
parameters assessed, the stages for this involvement, and the tools used. In the final
sections, the application of these concepts is shown in three case studies.

14.2 Parameters Evaluated in the User’s Input

In the development process [3, 4], the device’s acceptance and practicability should
be considered. Therefore, involving clinicians and patients who are the end- user
group who will work with the device daily is essential. If the clinicians are not
convinced about a device, its success could be significantly doubted [3, 5, 6]. Some
reasons why the clinicians can reject the devices could be the difficulty and time
of the donning/doffing of the devices, the complications in its handling, or if the
device is triggering fear in the patient. Therefore, it is crucial to analyze social
or physical robots’ acceptability and practicability, more specifically [7]. In the
following paragraphs, the key points of the clinicians’ view for the application of
robots in a daily therapeutic environment are presented.

14.2.1 Practicability

Practicability is a critical point for a clinician to use a physical device in their
therapeutic sessions [7]. Practicability is the quality of being able to be done, or of
being likely to be successful. Here, we describe this aspect through three important
parameters found in the literature. First, we have to consider specific target patient
group considerations. The clinician knows the target patient group which will
use the device, and they know where specific problems may occur [3, 8]. The
robotic device which helps physically is usually aimed at patients with neurological
or muscular difficulties. Each target patient group might have specific needs and
limitations [3, 4]. For example, a device targeted for patients who usually are in a
wheelchair needs to be easily donned in a sitting position. Such limitations should be
considered when designing the device, and the clinicians are a very reliable source
for these design considerations [9]. For this parameter, in the case of social robotic
in rehabilitation, the group should be analyzed with the clinicians’ help. Different
points should be clarified and considered, such as age (are the patients comfortable
with using electronic devices?), weight (are the activities appropriate to the patients’
weight group?), fatigue (are the patients motivated to have a certain level of
activities?). Second, the devices should have simple handling. The clinicians are the
end-users and should feel comfortable when working with the device. The usability
of the device should be simple and should not have complicated and deep technical
steps. Typically, the end-users are healthcare personnel without technical robotic
knowledge [3, 8, 10]. Therefore, the possible technical adverse effect should be
explained in a manual [9]. Third, the device should consider the session process
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communication. The clinicians know how to explain the therapeutic session and
the health-relevant problems in a patient-friendly language [3]. In each session, it
is vital to create a safe and pleasant environment for the patient. Ideally, the patient
should understand how the device works and what interactions with the device will
happen. Having the process and interactions communicated to the patient helps the
clinician achieve better compliance [6,11]. In the use of social robots, patients have
more direct contact with the robots. The clinicians’ role is essential to communicate
to the patients that they are not being treated solely by a robot but rather by a
combination of human and machine. Having that communicated, the clinician is
also influential in helping the patient to understand, cooperate with, interact with,
and comply with the robot [3, 6, 11].

For physical robots, there is an additional parameter to take into account: time.
The clinician knows the timeframe in which the device should be used and how
long the donning/doffing should take to have a practical therapeutic session. They
also know which steps are more time-consuming. Ideally, the device should be easy
and not time-consuming to put on. The device donning should be straightforward
with rather a small number of steps and the patient should not need to go through
repetitive actions because this could cause the patient’s loss of energy before the
session starts [9].

14.2.2 Acceptability

Acceptance is defined as a phenomenon that reflects to what extent potential
users are willing to use a specific system [12]. The difference between acceptance
and acceptability is that acceptance is described as the respondent’s attitudes,
including their behavioral responses, after introducing a measure, and acceptability
as the coming judgment before such future introduction [13]. Hence, acceptability
is linked closely to usage, and acceptance will depend on how user needs are
integrated into the system’s development. Previous studies [14–17] showed that
physiotherapists generally had a positive attitude to robotic devices’ potential and
a lack of knowledge about the systems currently being developed. Those studies
indicated concerns about patient confidentiality and the cost and usability of robotic
systems. For instance, a survey demonstrated which features of robotic devices
physiotherapists considered to be desirable around the areas of safety, positioning,
movement control, patient feedback, and display of and access to information
[18]. As shown in the practicability, for the acceptability there are also different
parameters for the physical robots and the social robots.

There are four critical parameters to define the acceptance of physical robots.
First, the physical robot should cause no harm, which is a fundamental design
principle. The clinicians have a good understanding of the human anatomy and the
possible points of contact between the robotic device and the human body [3, 4].
Therefore, they can help understand specific implications of working with the device
and potential harm points in the force transference. In this sense, an example of
pressure points and the danger zones for skin integrity is shown in [9]. Second, the
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device should have a Familiarization phase. Clinicians know how long the patient
needs to familiarize with the new device [8]. The goals of the use of the device as
well as the limits of the device should also be clarified with the patients [3]. This
would help to avoid future deception, insufficient compliance and disappointment.
Third, the robotic device should avoid fear. Having a safe feeling along with a sense
of comfort is desirable for the patients. With a proper knowledge of the device,
clinicians should accurately use the device in their sessions [4, 11]. The role of the
clinician is critical to provide the feeling of being safe and avoiding fear. Clinicians
provide empathy due to the experience of handling patients with different diseases.
Having a safe feeling during the therapy session is essential to achieve compliance.
A patient who lacks information (e.g., how the assistive forces operate in a physical
robot) starts to develop fear and will be rarely convinced to continue to work with
the device [9]. The fourth parameter is relevancy. The clinician can decide if the
device has relevance to the therapy. The device should help the clinician to achieve
a better therapeutic result [3–5].

In the use of social robotics, it is crucial to clarify the Role of the device
additionally. The clinician can discern the needs in therapy that can be helped by
the device and how to implement it in the therapeutic environment. It should be
clarified to the clinicians that the device is aimed to complement their role rather
than replacing them [3]. For that, the clinician should understand how the social
robot works, what its advantage is, and what its limits are [8,10,11]. In the category
of social robots, the insecurity of the role of the clinicians is very high. Therefore, it
is crucial to clarify the vital role of the clinicians next to the device. Generally, the
robot can do a part of the clinician’s work, which gives the clinician the liberty to
perform other tasks [4, 11].

As the field of robotics develops, acceptance levels may rise, but physiother-
apists, and rehabilitation in general, need to be in a position to make the best
use of this by stepping out of established comfort zones. For this, they should
recognize potential benefits to the patients and a broader assessment of cost/benefit
that includes initial cost, storage, maintenance, training, and improved, efficient
outcomes [19].

14.3 Stages for Clinical and Patient Input

Different tools have been used to collaborate between patients, the health staff, and
the device’s designers and developers. Those tools can help at different stages of the
research in the use of new robotic devices. Figure 14.1 presents some of the inputs,
those tools can offer in designing, implementing, and assessing a new robotic device.

14.3.1 Planning Stage

The study of the practicability of a device can be started in planning at the
beginning of the project. From the beginning, a clinician can improve the device’s
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obtained in the different stages of a study

practicability (e.g., make a wearable robot easier to donning and doffing the device).
Working together with the engineers, they can save time through safe usefulness
steps. The cooperation between clinicians and engineers can make the device more
practical for clinicians and patients. Approaching the stakeholders during this stage
can also give information about the context, specific needs, and specific language of
the community.

14.3.2 During the Building Process

Involving clinicians in the planning and producing process support the building pro-
cess and the stakeholder’s integration. In this sense clinicians understand technical
factors involved into the process, trade-offs, and limits. Engineers understand the
clinical process and the challenges of handling patients. This approach also allows
engineers to understand the clinical process and the challenges of handling patients.
Moreover, a clinician involved in the building process can improve compliance
with other clinicians. This factor will simplify and accelerate the implementation
of the device in the therapy. Additionally, including clinicians in device design
helps to overcome many clinicians’ common fear, which is the job replacement.
Concluding, clinicians will ideally tend to see their relationship with the new devices
as cooperation rather than competition.
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14.3.3 During the Implementation

The clinicians’ role is crucial in providing a safe environment for patients when
new devices are being implemented. Clinicians can better explain the device to the
patient (e.g., how the forces work in a physical robot, and when wrong functioning is
generated). The clinician can also define, together with the patient, reasonable goals
and explain the devices. The role of the clinician is also vital in avoiding dangers.
For example, in gait rehabilitation with robotic devices, the patient might get overly
motivated, and therefore the risk of a fall might increase. Participants might lose
their understanding of their physical limits during the interventions.

14.3.4 After the Implementation

After implementing a new device in a rehabilitation process, clinicians’ and patients’
opinions can be collected to view the community’s perception of the device clearly.
This can help to understand their idea of usefulness, difficulty, efficacy, and other
parameters. Additionally, this can help the designers and engineers understand the
challenges in using the device and the improvement possibilities. In the second
section of this chapter, some tools are described. Those tools are divided into
questionnaires, interviews, and focal groups. In the third section ,some specific
examples in rehabilitation are presented. In those specific case studies, it is shown
the use of those tools only at the beginning, only at the end, and at the beginning
and the end of the process.

14.4 Perception Studies and Survey

Ergonomics and comfort are some of the most relevant aspects of user-machine
interaction [20]. Those parameters are often measured using subjective scales. The
idea of comfort for a robotic device in rehabilitation can be seen from different
points of view. It can be related to the physical interface, its usefulness, and its
safety among others. Additionally, the comfort can be related not only to the patient
but also to the health staff that is part of the rehabilitation activity. Concerning
the health staff, the comfort using the device can be related to how this device
contributes to the therapy’s development or can increase its difficulty. All those
parameters can be grouped in the idea of acceptance and perception. This is usually
obtained through qualitative data that is subjective, difficult to analyze consistently,
and open to interpretation, but provides much richer information, explaining and
giving context to the quantitative responses [1].

Some studies discuss the importance of balancing the device’s functional require-
ments as defined by the potential users and the technical requirements from an
engineering perspective. They also highlight the need for suitable strategies to gather
information within a particular population to avoid problems associated with the
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trial of an unfamiliar device. They concluded that feedback from potential users is
essential for device design [21].

In this section, a summary of different techniques to measure acceptance and
perception will be developed. In this case, three methodologies will be explained
(questionnaires, interviews, and focus groups). It seems probable that the most
appropriate method and level of involvement to measure this perception will depend
upon the nature of the device, stage of development, and the nature of the users
involved [1].

14.4.1 Questionnaires

Standardized questionnaires have been proposed to provide a more reliable measure
of people’s perception [22]. These questionnaires have been standardized to have
high reliability and validity measures, and they are compared based on their
sensitivity degrees [23]. In this chapter, some questionnaires to use before the
implementation of a robotic device (i.e., Knowledge, Attitude and Practice KAP
questionnaire), during the intervention (i.e., Working Alliance Inventory WAI), and
after the use of the robotic device (i.e., QUEST, UTAUT) are presented.

14.4.1.1 Knowledge, Attitude and Practice KAP
The Knowledge, Attitude, and Practice (KAP) questionnaire is a representative
survey conducted on a particular population to identify the knowledge (K), attitudes
(A), and practices (P) of a population on a specific topic [24]. In most KAP
studies, data are gathered orally by an interviewer who uses a structured, predefined
questions formatted in standardized questionnaires, making it a quantitative method
that provides access to quantitative and qualitative information [24].

This questionnaire collects the data on the knowledge (i.e., what is known),
attitudes (i.e., what is perceived), and practices (i.e., what is done) of a particular
population [25]. In the first one, it is possible to measure the knowledge level
regarding information acquired by a population and ensure that the tools used are
appropriately suited to the people in question. In the attitudes, the gap between
knowledge and practices is measured and shows the various restrictions people are
bound. In the practices, the information about actual acts carried out by people in
the situation, in their context, is measured [24].

KAP surveys are prevalent in health care because they provide helpful infor-
mation and appear easy to design and execute [26]. KAP can be used before
an intervention to reveal misconceptions or misunderstandings that may represent
obstacles to the activities that would be implemented and potential barriers to
behavior change [24]. It can also measure the impact of education programs [24]
used at the beginning and the end, providing recommendations for implementing
of future projects. KAP surveys burgeon when novel situations arise, such as the
use of robotics in new clinical scenarios or during the COVID-19 pandemic, which
has spawned several KAP studies in the population at large as well as in selected
subpopulations, including health care workers [26].
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Some reasons for conducting KAP Surveys are: (1) To identify the baseline
knowledge, myths, misconceptions, attitudes, beliefs, and behaviors concerning a
specific health-related topic, (2) To understand, analyze, and communicate about
topics or situations of interest in the field, (3) To provide information on needs,
issues, and barriers related to the development of effective, locally relevant public
health interventions, and (4) To measure post-intervention changes, and thus, the
effectiveness of intervention programs that were aimed at correcting and changing
health-related knowledge, attitudes, behaviors, and practice.

Note that a KAP survey essentially records an “opinion” and is based on the
“declarative” (i.e., statements). In other words, the KAP survey reveals what was
said, but there may be considerable gaps between what is said and what is done [24]

14.4.1.2 Working Alliance Inventory (WAI)
The Working Alliance Inventory (WAI) is a method developed to evaluate some
generic degree of success in counseling. This measurement by Hovarth et al. in
1989 is based on Bordin’s pantheoretical tripartite conceptualization (i.e., bonds,
tasks, and goals) [27]. In social robotics, it allows measuring the adaptation to the
devices. These three subscales are assessed with a 36-item-self-report instrument.
The Bond construct measures the degree to which the robot and the patient like and
trust each other (e.g., “My relationship with the robot is important to me ”); the Task
construct evaluates the degree to which the robot and the patient agree on therapeutic
tasks (e.g., “The things that the robot is asking to me do not make sense); and the
Goal construct aimed to measure the degree to which the robot and the patient agree
on the therapy goals (e.g., “The robot perceives accurately what my goals are”).

This measurement has been analyzed and used in studies based on long-term
interaction in social robotics, mainly based on the WAI proposed by Bickmore et
al. in 2005 [28]. For example, to measure the robot interaction, the researchers use
the WAI without the task construct in a study to measure the effects of anticipatory
perceptual simulation on practiced human–robot tasks [29]. On the other hand, in
Kidd et al. in 2008 [30], the interaction between the robot and the users in a long-
term period scenario was measured. The researchers compare the WAI scores of
a group who experienced the interaction with a relational robot with users who
use a non-relational robot. The results show that the bond between the robot and
the users was significantly better for the relational robot. Finally, Abdulrahman
and Richards [31] modeled the therapeutic alliance using a user-aware embodied
conversational agent that promotes treatment adherence. The researchers used the
WAI to investigate the agent’s influence on the adherence and therapeutic outcomes
after 3 and 6 months of interaction.

14.4.1.3 Acceptance and Usability Assessment Based on UTAUT Test
Technology acceptance is commonly described as the favorable reception and
ongoing use of newly introduced devices and systems [32]. Questionnaires used to
assess this acceptance can be specific to an application or be universal. That means,
they can be adapted to different forms of technology. For universal questionnaires,
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three criteria of ISO 9241-11 are the most taken into account: effectiveness,
efficiency, and satisfaction [23].

The Unified Theory of Acceptance and Use of Technology (UTAUT) [33] was
developed as an evolution to the Technology Acceptance Model (TAM) [34]. The
TAM model is the basis for evaluating acceptance in different applications (e.g., e-
commerce acceptance model (EAM), technology acceptance associated with mobile
health devices [35]). However, the TAM has been criticized as it lacks precision
and ignores influential factors such as the complexity of the technology, and user
characteristics that are relevant on many applications [32]. The UTAUT model
has been used in healthcare to evaluate of different devices and technologies,
applications such as web-based devices and rehabilitation technologies [36]. This
acceptance can be from the patients [37] or health care staff [38].

Based on the UTAUT and UTAUT2 models by [33, 39], and the questionnaire
developed by Heerink et al. [40], an acceptance and usability questionnaire can
be designed and adapted. Six categories are usually established in order to evaluate
different perception constructs: Facilitating Conditions (FC), Performance and Atti-
tude Expectancy (PAE), Effort expectancy and anxiety (EEA), Behavior Perception
(BP), Trust (TR), and Attitude Towards Using Technology (AT). Each question is
scored with a 5 points Likert scale (1 strongly disagree, 2 disagree, 3 neutral, 4
agree, and 5 strongly agree). The Facilitating conditions define if the user has the
necessary knowledge to use the system or have previously used similar systems. The
Performance and Attitude Expectancy asks if the user finds the device helpful,
compelling or if it increases the task’s performance. The Effort expectancy and
anxiety ask about the fear, difficulties, or learning necessary to use the system. The
Behavior Perception defined the perception of the user about the communication
and understandability of the device. The Trust can use questions such as, “I would
trust the system if it gave me advice” or “I would follow the advice that the system
gives me.” Finally, the Attitude Towards Using Technology asks about attitudes
such as the fun or interest in using the system.

In social robots, they seek to interact as humans do [41] and this represents a
difference with other technologies. Therefore, the perception models need some
adaptations to meet the social robotics needs [42–45]. Heerink et al. found that
the UTAUT model did not indicate that social abilities contribute accepting a social
robot [40]. This work presents an adapted version of the UTAUT model incorpo-
rating social aspects relevant to assess social robotic agents [46]. They described
user acceptance as “the demonstrable willingness within a user group to employ
technology for the tasks it is designed to support.” This model integrates several
constructs that enable to know social factors influenced by a social robot (e.g.,
anxiety, attitude, facilitating conditions, social influence, intention to use, perceive
adaptability, perceived enjoyment, perceived ease of use, perceived sociability, and
perceived usefulness) [14, 47].

14.4.1.4 QUEST
The user perception can also be assessed after an interaction employing a Quebec
User Evaluation of Satisfaction with Assistive Technology QUEST test [48]. The
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QUEST was designed as an outcome measurement instrument to evaluate a person’s
satisfaction with a wide range of assistive technology (AT). The original QUEST
survey comprises 27 questions related to participants’ satisfaction concerning the
robotic device [49]. The user is asked to indicate the degree of importance they
attribute to each of the satisfaction variables and then to rate their degree of
satisfaction ranging from 1 (not satisfactory at all) to 5 (very satisfactory) [50].
Satisfaction is defined as a person’s critical evaluation of several aspects of a device
[48]. This definition is based on the principle that each variable’s relative importance
needs to be determined by the consumer to interpret the satisfaction data [51]. It was
intended as a clinical and research instrument. As a clinical tool, the rating scale
provides practitioners with a means of collecting satisfaction data to document AT’s
real-life benefits and justify these devices’ needs for these devices. QUEST test, as
a research tool, can compare satisfaction data with other outcome measures such
as clinical results, quality of life, functional status, cost factors, and comfort. It can
also compare satisfaction results obtained with different user groups, settings, and
countries [48].

In the second version of this tool (QUEST 2.0), the instrument is divided into
two domains based on the results of factor analysis [48,52]. Some items concerning
satisfaction are related to the assistive technology device (“Device” domain), while
other items are related to the assistive technology services in which the assistive
device is delivered (“Services” domain) [50]. In the work of Demers et al. in 2002
concerning the QUEST, test–retest reliability was high, with intra-class correlation
coefficients (ICCs) of 0.82, 0.82, and 0.91 for the “Device” and “Services” domains
and the total scores, respectively [48]. The questionnaire is designed for either self-
administration or interview [50]

This tool has been used to assess different assistive technologies like wheelchairs,
exoskeletons, orthesis, among others [50, 51, 53, 54]. In Wearable devices, the
questions concerning characteristics about the device are: dimensions, weight,
adjustments, safety, durability, simplicity of use, comfort, and effectiveness [54].
Questions concerning the service are: service delivery, repairs/servicing, profes-
sional service, and follow-up services [51].

14.4.2 Interviews

A key aspect to the planning of a research project in rehabilitation robotics is
patients and their families and health staff likely to use the system within their
routine practice [1]. A user interview is a User eXperience (UX) research method
during which a researcher asks one user questions about a topic of interest (e.g., use
of a system, behaviors, and habits) to learn about that topic. This technique can be
a quick and easy way to collect user data. Interviews can give insights into what
users think about a new robotic device in a rehabilitation process. They can point
out what people feel is essential in the process and what ideas for improvement they
may have.
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Interviews can be used alone or combined with questionnaires and observations
[1]. For the questionnaires, the interviews can also be done before the design process
to know the context, inform the population; or at the end of a usability test to collect
verbal responses related to observed behaviors. When done at the end of a usability
test, it is best to defer the interview until after the behavioral observation segment
of the usability study. If the perception questions are asked before the participant
tries to perform tasks with the proposed design, it can bias the user to pay special
attention to whatever features or issues were asked about.

Interviews have been used to obtain general impressions about the benefits and
barriers of using robotic therapy devices for in-home rehabilitation [55], the involve-
ment of health staff and members of the public in the design stages of an upper-limb
robotic device [1, 19, 56], to investigate and prioritize the needs concerning the
personal mobility domains and their attitudes towards assistive robots [57], to ask
clinical therapists their perspectives on robotic stroke rehabilitation [58], among
others.

Usually, the data collected at the interviews are analyzed to obtain the more
frequent themes and concerns of the population about a specific goal [55] and
thematic content analysis by underlying recurrent topics [57]. For this analysis is
vital to set a goal for the interview and avoid leading, closed, or vague questions
[55].

Some studies show through interviews the health staff opinion concerning ways
to improve the handling of the robot, additional features that they would like to
see, existing features that they considered unnecessary or undesirable, the type of
patients they would use the system with, the benefits (if any) that they saw in using
the robot; and the barriers (if any) that may limit the use of the robot [56]. In some
cases, interviews alone are not sufficient to meet all the work/task analysis needs.
It is vitally important to observe users doing work in their natural settings, and
to gather and document examples of that work for designers to gain a thorough
understanding of potential users’ work (including its surrounding context) which an
intended application [59].

14.4.3 Focus Groups

The focus groups are a video- or audio-taped small group discussion that explores
topics selected by the researcher and is typically timed to last no more than 2 h
[60]. Unlike user interviews, which are one-on-one sessions, focus groups involve
6 to 9 users [61]. As a qualitative method for gathering data, focus groups bring
together several participants to discuss: (1) a topic of mutual interest to themselves
and the researcher or (2) issues and concerns about the features of a user interface
[60]. This enables the project team to take the user’s perspective and argue from the
user’s point of view [62]. Moreover, it can help researchers to assess user needs and
feelings both before interface design and long after implementation [61].

Focus group participants are usually led through the discussion by a moderator,
often the researcher [60]. For participants, the focus group session should feel
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free-flowing and relatively unstructured, but in reality, the moderator must follow
a pre-planned script of specific issues and set goals for the type of information
to be gathered [61]. The data collected from focus group sessions are typically
analyzed qualitatively [60]. In interactive systems development, the proper role of
focus groups is not to assess interaction styles or design usability but to discover
what users want from the system [61].

Focus groups not only give us access to certain kinds of qualitative phenomena
that are poorly studied with other methods but also represent an essential tool
for breaking down narrow methodological barriers [60]. Focus groups can serve
a variety of purposes related to rehabilitation programs. Among these are to (a)
obtain general background information about a program (b) generate program ideas
that can be subsequently tested, (c) diagnose program problem areas (d) gather
information about clients’ impressions about a program, and (e) learn how clients
talk about the program or topic of interest [63]. However, the information of the
focus groups should be complemented with other techniques due to the inaccurate
data that can be produced because users may think they want one thing when they
need another [61]. Within the realm of qualitative methods, focus groups have much
to offer as an adjunct to other qualitative techniques, such as informant interviewing
and participant observation [60].

In rehabilitation, focus groups can be used to empower its conventional programs
[64]. This technique has been used in e-Health for stroke rehabilitation [65],
with potential users of exoskeletons for Spinal Cord Injury [66], virtual reality
training systems [67], and home-based stroke rehabilitation [68]. In some cases,
through Focal groups, it has been found that the system’s requirements between
patients/informal caregivers and health professionals differed on several aspects
[65]. Therefore, involving the perspectives of all end-users in the design process
of Rehabilitation programs are needed to achieve a user-centered design [65].

In the field of social robotics, focus groups have been used to introduce SAR
and discuss their questions and concerns associated with the technology [69], and
to create new application within the community [70]. Some changes in opinion
and perception are found in the participants once the robotic application has been
explained and they had the opportunity to witness in situ demonstrations [69, 71].

14.5 Clinician’s Experiences and Perception of Robotics

According to the previous section’s perception studies and surveys already men-
tioned, this section presents three studies previously performed. These studies show
different measurements used to evaluate the patient’s and clinician’s perception
and experience with the technology and their results. The first study contemplates
the patient’s and clinician’s perception before using technology. The second study
evaluated only the patient’s and clinician’s acceptability after used the technology.
Finally, the third study evaluated the patient’s and clinician’s perception and
expectations before using technology and their acceptability.
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14.5.1 Expectations of Healthcare Professionals for Robots During
COVID-19

The study of Sierra et al. [72] presents the design and implementation of a
perception questionnaire to assess healthcare providers’ level of acceptance and
education towards robotic solutions for the COVID-19 pandemic. In this work
remarkably, several questionnaires were proposed to evaluate the perception of
medical robotics, as well as of three types of robotics platforms for COVID-19
mitigation and control: (DIS) Disinfection and cleaning robots; (ASL) Assistance,
Service, and Logistic robots; and (TEL) Telemedicine and Telepresence robots.

The researchers designed a qualitative survey to assess health professionals’
concepts, ideas, perceptions, and attitudes toward robotics in managing the COVID-
19 pandemic through the KAP questionnaire. As illustrated in Sect. 14.4.1.1, this
questionnaire collects the data on the knowledge (i.e., what is known), attitudes
(i.e., what is perceived), and practices (i.e., what is done) of a particular population
[25]. It is essential to highlight, as mentioned in Sect. 14.4.1.1, several KAP surveys
on COVID-19 have been reported in the literature. However, they aimed to assess
the overall perception of COVID-19 in patients and survivors, and not to evaluate
robotics perception for COVID-19 outbreak management [73–75]. Therefore, the
survey was designed taking into account three sections, as follows:

• The first part was designed using knowledge-oriented questions. These ques-
tions measure the level of awareness and understanding healthcare professionals
have regarding robotic tools for DIS, ASL, and TEL.

• The second part was designed using attitude-oriented questions. These ques-
tions measure how healthcare professionals feel about robotic tools for DIS,
ASL, and TEL, as well as any preconceived ideas or beliefs they may have about
this topic.

• The third part was designed using practice-oriented questions. These questions
provide insight into how healthcare professionals apply their knowledge and
attitudes regarding robotic tools for DIS, ASL, and TEL through their everyday
actions.

Overall, yes or no questions were rated using 1 and −1 scores, respectively;
the questions asking to rate experience, knowledge about a topic, and questions
formulated as statements were evaluated using a 5-point Likert scale, converted to a
scale from −2 to 2 points.1

Summarizing, 41 (20 women and 21 men, 35.39± 8.48 y.o ) healthcare pro-
fessionals (e.g., nurses, doctors, biomedical engineers, among others) satisfactorily
accomplished the surveys, assessing three categories: DIS, ASL, and TEL robots.
Participants were asked to virtually fill out the perception questionnaires using the

1The results of these surveys are available in the following link https://doi.org/10.6084/m9.
figshare.13373741 [72].

https://doi.org/10.6084/m9.figshare.13373741
https://doi.org/10.6084/m9.figshare.13373741


362 M. Múnera et al.

Google Forms online tool. At the beginning of the form, participants were presented
with the informed consent, which they read carefully and accept before proceeding
with the form. Afterward participants were asked for demographic information
about their profession and their work environment. Preceding the questionnaires,
a brief description of each type of robot was presented (i.e., DIS, ASL, and TEL)
to homogenize the definition of such devices among the participants. Then, the
questionnaires were applied [72].

KAP results (see Fig. 14.2) related to the three questionnaire constructs (i.e.,
knowledge, attitude, and practice) revealed:

i. There is a positive level of knowledge about medical robotics in general for the
surveyed population.

ii. Concerning robots for disinfection (DIS), assistance (ASL), and telemedicine
(TEL), participants indicated that they have a low level of knowledge and
experience with these types of robots.

iii. 82.9% of participants reported a positive attitude towards robots’ usefulness and
benefits in managing and controlling the COVID-19 pandemic.

iv. 65.8% of clinicians recommend using ASL robots in the pandemic.
v. Approximately 60% of the participants assumed a neutral position when asked

if they considered a replacement.

ROB

ASI

DIS
K

TEL

ROB
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DISP
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Fig. 14.2 Likert scale distribution for the KAP construct, K refers to knowledge, A to attitude
and P to practice for the DIS, ASL, and TEL robots. At the same the results of general knowledge
about robots, labeled ROBOT, are reported
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The outcomes (i, ii, iii) showed that participants have a positive level of
knowledge regarding medical robots in general. However, the clinicians’ experience
and knowledge regarding DIS, ASL, and TEL platforms are shallow. Consequently,
the research suggested that the clinician’s awareness and education have to be
increased to understand these tools’ opportunities, functions, and features [72].
Regarding the outcome (iv), i.e., the robot’s role, clinicians prefer platforms
capable of supporting logistic tasks, medication, and food delivery, and monitoring
the environment. In the case of DIS and TEL platforms, a lower perception
was presented. Hence, these technologies’ efforts have to increase the clinicians’
trust and develop comprehensive platforms capable of providing assistance and
disinfection or teleoperation. Finally, concerning the result (v), this suggests that
in the first instance, a familiarization stage is recommendable to increase healthcare
personnel’s trust and motivation as reported in the literature [76]. It is necessary
to carry out education and awareness processes in the medical community [77],
to strengthen the idea that robots can enhance and improve their work. However,
they cannot replace healthcare professionals in fundamental activities. For instance,
Coombs et al. [76] recommend performing a familiarization stage based on culture
theory to understand individuals’ social practices when interacting with the technol-
ogy and their preferences within its usages. This culture theory will increase their
motivation and trust towards technology, such as medical robotics.

14.5.2 Acceptance and Perception of Healthcare Staff in an
Application of Social Robotics in Lokomat Therapy

In contrast to the study presented in the previous Sect. 14.5.1, this section presents
the design and implementation of an acceptance questionnaire to assess patients
and healthcare providers’ level of acceptability after used a Social Assistive Robot
(SAR) during Lokomat therapies. In this work by Raigoso et al. [78], before
implemented the SAR during the therapies, a technology explanation was performed
to inform the patients and clinicians about the possible robot’s role during the
rehabilitation procedure. Three robot assistance tasks were highlighted in this study:
(1) clinicians support, e.g., the social robot give feedback to the patients about their
cervical and thoracic posture; (2) patient’s online monitoring; (3) corrections and
motivations provided by the SAR. Overall, the robot was used to complement the
therapist’s tasks and motivate patients during therapy. It should be noted that, as
mentioned in the previous section, several studies [79,80] recommend this first step
(i.e., technology explanation) to understand better the technology dimensions (i.e.,
the robot’s limitations and capabilities tasks). Afterward, the researches designed
and implemented a questionnaire based on The Almere Model adapted from the
Unified Theory of Acceptance and Use of Technology (UTAUT) questionnaire
[81]. As illustrated in Sect. 14.4.1.3, this questionnaire assesses the perception of
the participants through different constructs (e.g., Psychological factor (PF), Social
perception (SP), Entertainment Level (EL), Effort’s Expectations (EE), Performance
Expectations (PE), and Facility Conditions (FC)).
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Table 14.1 Acceptance questionnaire for lokomat therapy users. Adapted from [78]

Construct No. Questions

PF 1 I think that the robot will give me confidence.

2 Using the robot will generate stress.

3 I think that the robot express emotions during the sessions will be uncomfortable.

4 I think that the robot will increase the concentration during the therapy.

SP 1 I think that using the robot in rehabilitation could be more enjoyable.

2 I think that the interaction with the robot would be nice.

3 Using the robot will give me satisfaction.

EL 1 I think that the therapy could turn boring with the use of the robot.

2 I think that I will enjoy more the therapy with the robot.

3 I think that the robot company will make the therapy more enjoyable.

EE 1 Following the robot’s instructions would be difficult.

2 I think that using the robot would improve Lokomat therapy.

3 I think that use the robot will be easy.

PE 1 I think that the robot will be helpful during the rehabilitation process.

2 I think that use the robot will make the therapies faster.

3 I think that the presence of the robot will affect the engagement in the therapy.

4 I think that the use of the robot will motivate the patients to perform better the
rehabilitation.

FC 1 I consider that the robot can be challenging to control.

2 I consider that the robot could be adapted to any scenario.

3 I would like the robot to reduce the workload I have during the rehabilitation
procedure.

The survey used in [78] consisted of 40 questions based on the constructs
above. The questions are divided into 36 closed questions, 32 items are evaluated
through a 5-point Likert scale (i.e., 1: strongly disagree to 5: strongly agree), four
dichotomous type questions answered with three scores (i.e., Yes, No, Maybe); and
four open questions. It is essential to highlight that to avoid the bias in their results;
the researches implemented for the closed questions, positive (e.g., “The therapy
is more enjoyable if a robot participates in it”) and negative formulation ( e.g.,
“The therapy can be boring using the robot”). An illustration of the implemented
questionnaire is shown in Table 14.1.

A total of 88 healthcare professionals and patients involved in physical rehabili-
tation procedures based on Lokomat therapies in two different countries (Colombia
and Spain) satisfactorily accomplished the surveys online using the Google Forms
online tool. UTAUT results (see Fig. 14.3) related to the six questionnaire constructs
proposed in this questionnaire revealed that the robot’s perception is primarily
positive (PF, 63.92%; SP, 82.5%; EL, 73.29%, and PE, 67.17%). However, a
negative perception was found in the Effort’s Expectation and Facility Conditions
constructs (EE, 51.14%; FE, 43.63%) [78]. These results are interesting because
most patients and clinicians think robot usage can be tricky (e.g., ease of use,
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Fig. 14.3 Likert scale distribution for (FC), (PE), (EE), (EL), (SP), and (PF) construct of
the acceptance and perception questionnaire applied to patients and clinicians. (*) Statistically
significant differences between patients’ and clinicians’ groups

understand, and follow up the robot instructions, among others) considering the
EE construct. In FC, the results show that the participants perceive that the robot
role is exclusive for specific treatments and cannot be used in various tasks apart
from the rehabilitation procedures [78]. This perception is expected as the robot’s
interaction is unknown for the users, suggesting that an introduction phase is needed
to implement the robot in the future. In fact, in the literature, several studies [82,83]
recommend performing an initial stage where the participants could interact with
the technology and understand it to increase the acceptance of the robot in the time.

Summarizing, the results are very encouraging as they highlight the positive per-
ception of different kinds of participants (clinicians and patients) towards the robot
in a physical rehabilitation scenario. More than 60% of the population evaluated
accept the social robot in the PR with Lokomat. On the other hand, measuring
the perception and acceptance in the first stage allows an initial perspective to
the participants’ needs and expectations. Moreover, the results also show that it is
essential to perform a stage to present the robotic system’s capabilities and introduce
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the technology (i.e., robustness and capabilities of the SAR system) to understand
and integrate the system in the rehabilitation. The results allowed to build a social
robotic interface to work with the patients. Results showed that the robot’s support
improves the patients’ physiological progress by reducing their unhealthy spinal
posture time, with positive acceptance. 65% of patients described the platform as
helpful and secure [17].

14.5.3 Expectation vs. Reality: Attitudes Towards a Socially
Assistive Robot

This section presents a user perception and acceptance questionnaire to assess the
attitudes towards a socially assistive robot designed to support the outpatient phase
of cardiac rehabilitation therapies.Casas et al. [47] designed and implemented a
questionnaire based on the adapted version of the UTAUT model [33] for social
robots to evaluate clinicians’ and patients’ perceptions before and after using a SAR
during therapies. It is essential to emphasize that in the literature, there is some
evidence [84–86] that the modified UTAUT is a reliable method to assess social
acceptance, investigate users’ reactions, and analyze the societal impact. In this
context, this model has been successfully used in healthcare to evaluate various
applications. For instance, acceptance of web-based aftercare devices [87], therapist
acceptance of new technology for rehabilitation [5, 36], among others.

On the other hand, in Casas et al. similar to Raigoso et al presented in
Sect. 14.5.2 participants had no previous experience with the robotic system.
Hence, the researchers provided a technology explanation, i.e., participants were
briefly contextualized about SAR systems, the benefits that they can provide, and
the variables that are measured in this application, followed by the presentation
of a video where the real cardiac scenario is displayed and the robot with its
functionality can be appreciated [47]. The system used was comprised of a sensor
interface, aiming to measure all relevant therapy variables such as cardiopulmonary
parameters (e.g., heart rate and blood pressure), spatiotemporal parameters (e.g.,
speed, cadence, and step length), and exertion perception scale. Moreover, the robot
behaviors were designed in three situations (motivation, warning, and emergency)
to interact with the patient while monitoring its performance, and to communicate
with the therapists if an event of emergency occurs during the therapy (e.g., heart
rate over the maximum allowed level and dizziness) [47]. Afterward, to analyze
patients’ perception and attitudes towards incorporating this technology in clinical
applications, such as cardiac rehabilitation, from both perspectives), two conditions
were defined:

1. Intervention condition: Patients had a long-term interaction (more than 18
weeks) with the system and experienced the benefits and disadvantages.

2. Control group, where an interview was conducted for patients with no experi-
ence with the robot.
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Besides, Casas et al. analyzed how clinicians are familiar with technology and
the effects this might have on rehabilitation programs. Hence, a group of clinicians
that work at the clinic in areas associated with cardiac rehabilitation were invited to
participate in a focus group at the clinic. This focus group aimed to introduce SAR
and discuss their questions and concerns about the technology [47].

Overall, the purpose of having three conditions in [47] was to contrast initial
attitudes and expectations against a post-interaction period, to understand how the
users can accept this technology more. Therefore, a total of participants performed
the study, i.e., this questionnaire was administered to a group of 20 patients without
experience with the robot (control group, male = 63.15%, female = 36.84%), eight
patients (intervention group, male = 87.5%, female = 12.5%) who spent 18 weeks
with the robot during therapy, and 15 clinicians (focus group, male = 6.66%, female
= 93.33%, age 36.86 ± 8.78 years old, years of expertise years 11.13 ± 7.68) who
work on the cardiac rehabilitation service.

Regarding the implemented UTAUT model in Casas et al. [47], it integrated
several constructs (Usefulness (U), Utility and Advantages (U/A), Perceived Utility
(PU), Safety (S), Perceived Trust (PT), Ease of Use (EU), Perceived Sociability
(PS), and Social Presence (SP)), which provided insight into the social factors
influenced by the SAR in cardiac rehabilitation scenarios. An example of the
questionnaire used for the patients is illustrated in Table 14.2 and an example of
the questionnaire implemented to the clinicians is in Table 14.3. The questions were
based on a Likert scale. However, the questions were formulated only in a positive
manner.

For the patient group (i.e., intervention and control condition), the UTAUT results
(see Fig.14.4) allowed comparing the expectation and perception regarding a social
robot’s role in cardiac rehabilitation. Overall, the perception presented in both

Table 14.2 Perception questionnaire for patients. Adapted from [47]

Construct No. Questions

U 1 I consider that using robots it is a good tool to assist cardiac rehabilitation
therapies.

2 I consider that my interaction with the robot was comfortable.

3 I am satisfied with the work that the robot did.

PU 1 I think that the use of the robot helps me to compromise to do a good job.

S 1 I consider it was easy to give information to the robot.

EU 1 I consider that the robot’s instructions were clear.

PT 1 The robot made me confident.

2 It gave me confidence that the robot guides my therapy.

PS 1 I find the robot pleasant to interact with.

2 I think the robot is nice.

SP 1 When interacting with the robot I felt like I am talking to a real person.

2 I can imagine the robot to be a living creature.

3 I often think the robot is not a real person.
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Table 14.3 Acceptance questionnaire for clinicians. Adapted from [47]

Construct No. Questions

U/A 1 I consider that using robots is a good tool to measure the HR and the BP during
CR sessions.

2 I consider that using robots it’s a good tool to alert me if there is an abnormal
heart rate.

3 I consider that using robots can help me carry out my tasks faster.

4 I consider that the verbal motivation given by the robot could help the patient to
be more productive.

U 1 I might find the system easy to use.

2 Learning to use the robot could be easy for me.

PU 1 I consider that using robots can bring benefits for the patients.

2 I feel that the robot could replace me.

3 I consider that using robots could aid me to evaluate the therapy better.

S 1 The robot would represent a risk to the patient’s health.

PT 1 I would feel safe using the robot in the therapies.

2 I would trust the robot to help me guide the therapy.

3 I would be afraid to use a robot in therapy.

PS 1 I would like that the interaction between the patient and the robot can be
pleasant.

2 I would like the robot to act as a friendly companion.

3 I would like to choose the program that the robot should perform during therapy.

SP 1 I consider that the interaction with the robot might feel like talking to a real
person.

2 I would consider good if the patient had the feeling that the robot will observe
him in therapy.

3 I consider patients would usually think that the robot is not a real person.

groups can be interpreted as positive; however, some categories showed differences
between both conditions. For instance, the perceived trust (PT) is higher in the
intervention group, than in the control group, which expressed low confidence in the
robot. This is an expected reaction associated with the lack of experience and contact
with the robot and suggested that the trust in the robot will influence the continuous
use of the system in the future [88]. Moreover, the results showed for the utilitarian
factor, which encloses ease of use (EU), perceived utility (PU), and usefulness
(U), which are fundamental for the engagement in long-term relationships [88]
differences between both conditions. Specifically, the following:

• The (EU) construct suggested that the intervention group perceives more ease
of use than the control group; this is due to the time that these patients spent
interacting with a robot where they had the opportunity to realize how complex
the interaction with the robotic platform can be, in contrast to the patients in the
control group who had limited knowledge of the system and its functionality, it
is difficult to understand the complexity of the use of the platform.
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• The (PU) construct showed a higher positive percentage in the intervention
group than in the control group; although control patients perceive a high
degree of utility, it can be evidenced that after the interaction, this expectation
is overcome. This is because patients who had the opportunity to interact
with the robot throughout the rehabilitation process expressed motivation and
encouragement to perform better.

• The (U) construct was mainly focused on patients’ perception of the system
and its functionality (e.g., robot interventions, adaptability, manipulation, among
others.). In this case, the same pattern as the previous categories was found.
The intervention group attributes more usefulness to the system than the control
group [47].

These results reflect the positive impact that the platform provided and the
potential that it might have in future cardiac therapies. In general, the results of
the utilitarian factor suggested the perception of the robot is better qualified for the
group who interact with the robot more times as they are familiarized with it [14].

Intervention

Clinicians
Control

Intervention

Clinicians
Control

Intervention

Clinicians
Control

Intervention

Clinicians

Control

Intervention

Clinicians
Control

Intervention

Clinicians
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Fig. 14.4 Likert scale distribution for (SP), (PS), (PT), (PU), (S), and (U) construct of the
acceptance and perception questionnaire applied to patients (i.e., control and intervention) and
clinicians. (*) Statistically significant differences between patient groups
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For the clinician group, the UTAUT results (see Fig.14.4) showed positive
opinions regarding (U/A), (U), (PU), (PT), and (PS) categories, which means that
clinicians think that the robot and the parameters measured are helpful and reliable
in cardiac rehabilitation sessions [47]. The results reported:

• The (S) construct was scored negative; however, the research stated that it is
due to the question formulation and that the results regarding this construct were
positive as the clinicians did not consider the robot a risk for the patients.

• The (SP) perception showed a neutral response in general; this can be due to
the robot’s perception as a social agent before the focus group was performed.
In this case, the responses related to this construct showed that clinicians think
that the robot could not have social skills as the humans (e.g., emotion and living
creature) due the robot is perceived like an object [47].

One of the essential aspects of these results was the clinician perception change,
i.e., some clinicians perceived incorporating a social robot as a thread, as they regard
the robot as a potential replacement. However, after the technology explication, the
system’s demonstrations and its objectives (e.g., the researchers emphasize that the
robot must be considered as a tool that can improve its efficiency during therapy), the
clinician’s system perception turned into a positive one, where they showed interest
and provided suggestions for the system improvements.

Summarizing, Casas et al. [47] demonstrated how the participants (patients and
clinicians) present a lower expectation of the robot’s usefulness, sociability, safety,
and data reliability concerns before interacting with the SAR. However, after the
technology explanation or after a considerable interaction time with the robotic
platform, this expectation is overcome. Although there is a bias when people
consider using this kind of technology, once they can become familiar with the
social robot and interact for an adequate period, their attitudes and perception
towards the SAR become more positive. The use of this interface has shown that
patients felt more encouraged to perform physical activity and continue with the
rehabilitation when they perceived that monitored and supervised by the system,
demonstrating that it can be implemented as a reliable tool that would potentially
leverage tasks carried out by health professionals [15].

14.6 Chapter Conclusions

Acceptance, perception, and the overall opinions of clinicians and patients can
change how effectively a new device can be used in a clinical setting. Those concepts
cover a series of different parameters for the community, like the ease of use,
the time it adds to the therapy, and the physical and emotional comfort for the
patient. Several techniques can be used to analyze these opinions and to quantify
this qualitative information. Those techniques, like questionnaires, interviews, and
focus groups, can be used before or during the design of the application, before or
during the implementation of the device, or after for a post-treatment assessment.
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The time of use of these techniques can give different information: the knowledge
of the device before its application, the adaptability to its use, the challenges and
improvement possibilities, among others. Finally, the case studies presented in this
chapter show the overall positive perception of clinical staff and patients using
robotics in the clinical process. It also showed some fears and challenges and how
this can be overcome with the appropriate information about the application. This
highlights the importance of the use of these techniques and the new opportunities
for robotics in rehabilitation and clinical programs.
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