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Preface

Rehabilitation enables people with motor, cognitive, and/or sensorial disabilities to
regain functions and autonomy. However, over the past few years, there has been a
reduction in healthcare providers to assist patients with impairments. Fortunately, 
this decline has been accompanied by an increase in information technologies to
support health systems. This new paradigm brings promising perspectives, but
also raises questions regarding the therapy assisted by computers. To address these
issues, this book intends to clarify the multiple domains and application fields of
medical engineering. The volume covers studies on rehabilitation and assistive
technologies and the subtle difference between them. It especially focuses on the
technical challenges and barriers regarding the nature of the disability: motor
versus cognitive. It also provides a comprehensive approach to the recent advances
in tele-health as a complementary medium to support the recovery process, and to
enhance patients’ empowerment and quality of life. Finally, it explains how artifi-
cial intelligence is impacting on tomorrow’s medicine, especially in computer-aided 
diagnosis and self-rehabilitation.

The book is organized into four sections. The first section is an opening chapter
introducing transdisciplinary considerations on interactive technologies. The sec-
ond section is composed of three state-of-the-art studies. Chapter 2 is a systematic
review of the design of a rehabilitation program adapted to technological support. 
Chapter 3 provides a state-of-the-art analysis of the development of usable and 
accessible telerehabilitation platforms. And Chapter 4 addresses the effect of feed-
back control loops on human information processing. The third section focuses on
rehabilitation systems. Chapter 5 presents the case study of a rehabilitation applica-
tion to support the recovery of patients after hip replacement surgery. Chapter 6 
describes another therapeutic platform that makes use of virtual reality for remote
cardiac rehabilitation. Chapter 7 proposes a new approach to restore independent
living through the use of a wearable device and by taking advantage of the plasticity
of the nervous system. The last section is dedicated to assistive systems. Chapter
8 describes an embedded device that assesses in real time the spatiotemporal gait
pattern of patients after stroke injury. Chapter 9 proposes an innovative assistive
system based on the cooperation between multi-agents and reinforcement learning. 
Finally, Chapter 10 completes the scope of the book by addressing cognitive issues
on the design of cooperative games controlled by the brain–computer interface.

Yves Rybarczyk
Dalarna University, 

Faculty of Data & Information Sciences, 
Falun, Sweden
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Chapter 1

Introductory Chapter: 
Transdisciplinary Considerations 
on Assistive and Rehabilitation 
Systems
Yves Rybarczyk

1. Introduction

Interacting with an assistive or rehabilitation device involves an adaptation of 
the cognitive and sensorimotor skills of the human being. This fact suggests that 
a successful development of such a system should imply transdisciplinary studies 
that consider both technological and psychological issues. Figure 1 is a systematic 
representation that describes the phenomena that occur when an individual has to 
carry out an action mediated through an artefact [1]. Natural mechanisms enable 
the users to adapt their behaviours to the new situation. Nevertheless, this natural 
phenomenon presents certain limits and artificial implementations which could 
be necessary to reduce the gap between the human operator and the machine. 
The next two sections explain the processes that underlie the natural adaptation 

Figure 1. 
Natural and artificial processes of adaptation that emerge or can be implemented in a context of  
human-machine interaction.
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happening during the interaction with a tool and how this adaptation can be 
boosted by technological transformations of the artefact based on an anthropocen-
tric approach.

2. Natural adaptation

According to Piaget [2] the adaptation to a new situation is supported by two 
complementary mechanisms described as assimilation and accommodation. This 
finding is based on studies in developmental psychology. Let us take the example 
of the action of banging, which is one of the favourite activities of the babies to 
explore the environment. The fact that the young children tend to replicate this 
same activity on different objects means that the scheme is assimilated by the 
individual. However, in certain situations it could be improper to reproduce a 
banging activity, in particular when the object is fragile like an egg. Since, it is not 
possible to apply the same scheme anymore, a transformation or accommodation 
of this pre-existing scheme is required. The same process seems to happen in adults 
when they have to complete an action mediated by an artefact [3]. According to the 
degree of familiarity with a new object and previous experience with properties of 
this object, the user will have to use former schemes (assimilation) and/or acquire 
new ones (accommodation) to properly interact with the artefact.

Once the appropriate schemes are established, a phenomenon of integration of 
the artefact into the body schema of the user can be observed. Neurophysiological 
evidences support this claim. Iriki et al. [4] recorded the activity of bimodal 
neurons of the monkey’s brain that code for both visual and somatosensorial 
information of the animal’s arm. The yellow, in Figure 2 (left panel), is the space 
that triggers an activation of these neurons if a stimulus is placed in this area. If we 
let the monkey manipulate a rake for a relative short period of time, we can observe 
that the dimension of the area increases in such a way that it includes the length of 
the tool (Figure 2, right panel). A similar result was obtained in a more sophisticate 
setup, in which the animal indirectly perceived its body through a video screen [5]. 
These outcomes tend to demonstrate that, after manipulation, a device could be 
processed by the brain as an extension of the biological body. It is to mention that 
such neurons also exist in the human brain, which suggests that the same integra-
tion of an artefact in the body schema should occur in the case of a human operator.

Nevertheless, these proofs of alteration of the body schema are only demon-
strated with basic equipment, in which the interaction is relatively straightforward. 

Figure 2. 
Representation of the area (in yellow) coded by the bimodal neurons, before (left panel) and after  
(right panel) tool use.
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It can be assumed that the natural adaptation would face its limits if the interactive 
system becomes more complex. In order to overcome these limitations, the next sec-
tion presents successful case studies that implement an anthropocentric approach to 
promote an adaptation by assimilation.

3. Artificial adaptation

The application of an anthropocentric approach consists of modelling and 
implementing human-like behaviours in the assistive system. This method was 
applied in the context of the ARPH project, which consisted of developing a 
telerobot to increase the autonomy of motor disabled people [6]. The robot was 
composed of a robotic arm mounted on a mobile platform. The main limitation 
faced by the teleoperator was the reduced field of view of the robot’s camera, 
which made difficult the remote control of the vehicle. Researches in experi-
mental psychology show that walkers [7] or drivers [8] who have to change their 
direction tend to look to the inner part of the trajectory. It seems that the tangent 
point of the curve provides the individual with the most relevant information 
to guide the movement. This bio-inspired model of visuomotor anticipation 
over the locomotion was implemented on the assistive robot and compared to a 
machine-like behaviour [9]. The results show that the best performances in terms 
of velocity (completion time) and safety (number of collisions) are obtained with 
the human-like behaviour. Besides the raw performance, the quality of the robot 
control is also improved with the visuomotor anticipation, since the vehicle exhib-
its less jerky trajectories (Figure 3). This more natural way of driving suggests a 
better adaptation to the system when the machine replicates human features than 
when these characteristics are absent.

Another example of the benefit of the anthropocentric approach was observed 
with a fundamental law that characterises the human motricity, called 2/3 power 
law [10]. This law defines the relationship between the velocity and the curvature 
of the biological movements. It states that the angular velocity of the end effec-
tor is proportional to the two-thirds root of its curvature or, equivalently, that 
the instantaneous tangential velocity (vt) is proportional to the third root of the 
radius of curvature (rt), as described in Eq. (1). In other words, it means that the 
velocity of the movement decreases in the highly curved parts of the trajectory and 
increases when the trajectory becomes straighter. Rybarczyk and Carvalho [11] have 

Figure 3. 
Characteristics of the trajectories performed by a teleoperator when a machine-like (left panel) vs. a  
human-like (right panel) behaviour is implemented on a remote-controlled robot, to note the smoother  
path when the bio-inspired model is present.
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demonstrated that a teleoperator adapts better to a remote-controlled robot when 
the 2/3 power law is implemented on the vehicle;

                                                      v  t   = k   r  t       
−1 __ 3                                                                        (1)

4. Conclusions

In line with this introductory chapter, the remaining of the book confirms that 
several scientific areas are involved in the development of assistive and rehabilita-
tion systems. First of all, in terms of computer sciences, at least five specialties are 
represented: (i) software engineering, for the proper development of the applica-
tions; (ii) artificial intelligence, for the implementation and assessment of smart 
behaviours; (iii) health computing, to adapt the platform to the medical require-
ments; (iv) serious games, to increase the motivation of the patients; and (v) affec-
tive computing, to interpret the emotional state of the user. The second important 
area is human factors and ergonomics, which focus on (i) human-centred design, 
to make sure that the system is user-friendly, and (ii) user experience, to perform 
usability and accessibility studies. Finally, human sciences (psychology and neuro-
sciences) and health sciences (paramedical fields) have a key role in (i) the design 
of experimental protocols, (ii) data analyses and (iii) adaptation of the traditional 
therapy to the new technologies. The next chapters address the interconnection 
between these complementary areas through the development of solutions for both 
assistive and rehabilitation purposes.
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Abstract

Telerehabilitation uses new information and communication technologies as an 
instrument to ensure a distant rehabilitation service. Patients who underwent hip 
replacement surgery are an excellent case study for the application of this technology. 
Post-surgical rehabilitation guidelines for hip arthroplasty are well known, and the 
correct application has a positive effect on the patients’ prognosis. However, there are 
no complementary guidelines for physical therapy that could be used at a distance 
by patients through a computer platform. This chapter presents a systematic review 
about conventional physical therapy programs for hip arthroplasty. Based on this 
review, we proposed therapeutic exercises adapted to a low cost web-platform. In 
order to reach this objective we will present a brief review of the total hip arthro-
plasty, telemedicine, telerehabilitation and conventional physical therapy approaches.

Keywords: systematic review, telerehabilitation, web-platform, hip arthroplasty, 
physical therapy, functional recovery

1. Introduction

The technological advances and the greater access to knowledge networks have 
generated new treatment prototypes in the health field. An ongoing technological 
possibility that could complement the conventional physical therapy treatment is 
the telerehabilitation (TR) application. TR uses new information and communica-
tion technologies as an instrument to ensure a distant rehabilitation service. In 
addition, this tool optimizes recovery time and saves expenses in health services, 
benefitting both users and healthcare professionals.

The implementation of this technology is supported by: (i) health personnel;  
(ii) the impact on the patient’s budget and the health system (lessening the number of 
medical appointments and therapy sessions, decreasing the time of hospitalization, 
and trips to the hospital); (iii) the expansion of medical care to distant or low-income 
populations; and (iv) the empowerment of the patient in the rehabilitation process.

Patients who underwent hip replacement surgery are an excellent case study 
for the application of this technology. Total hip arthroplasty (THA) involves 
replacing the skeletal surfaces of the hip joint (femoral head and acetabulum). 
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The coxofemoral joint is one of the most important joints in the human body, 
because it is fundamental for walking. The rehabilitation of these patients after 
surgery seeks to relieve pain, restore normal function and improve quality of life. 
Specifically, functional recovery plays an important role to engaging patient in 
activities of daily living (ADL).

Post-surgical rehabilitation guidelines for hip arthroplasty are well known, and the 
correct application has a positive effect on the patients’ prognosis. However, there are 
no complementary guidelines for physical therapy that could be used at a distance by 
patients through a computer platform. A recent systematic review shows that the TR 
application in real time combined with a conventional physiotherapy program is more 
favorable than isolated treatment of musculoskeletal dysfunctions. Thus, the objective 
of this chapter was to report the main results of a systematic review about conventional 
physiotherapy programs for hip arthroplasty and to propose some exercises adapted 
to a low-cost TR platform for the functional recovery. We will present a brief review of 
the THA, telemedicine/TR, conventional physical therapy approaches, the methodol-
ogy used to design the therapeutic intervention program adapted to the low-cost TR 
platform from a systematic literature review, and present the initial results about the 
implementation of some exercises.

2. Hip arthroplasty

The coxofemoral joint is formed by two articulated surfaces—the acetabulum 
and the femoral head—that are related to the hipbone and the femur, respectively. 
The THA consists of replacing the femoral head and the acetabulum with prosthe-
sis. The surgery purpose is to reduce pain, improve mobility and quality of life the 
people with hip osteoarthrosis [1]. The type of THA to be performed will depend on 
the patient needs. In case of people with limited physical activity, a cemented THA 
is performed, while an uncemented THA is performed in people with high activity 
demands [2]. THA and knee arthroplasty are the most frequent surgical interven-
tions in the USA, representing a high economic burden for the public and private 
health system [3, 4].

One of the main intervention shortcomings is related to the prosthesis lifetime, 
which depends on the amount of activity carried out with it. That means if the 
person performs activities with greater load on the lower limbs, the replacement 
period will be shorter compared to a person who performs less activity. Overall, the 
patients’ progress after joint replacement is satisfactory. Nonetheless, a significant 
number of patients may present functional and balance limitations, even 1 year 
after surgery [5].

These limitations may imply deficits in the proprioceptive system that lead to 
altered pattern of movements (e.g., gait difficulties and poor postural control). 
Likewise, these alterations would disturb basic daily activities performance and 
patients’ quality of life [6]. Therefore, balance and proprioception are key factors 
in the treatment to an integral rehabilitation [7]; since there is a positive association 
between equilibrium capacities and functional capacities [8].

3. Telemedicine and telerehabilitation

3.1 Telemedicine

The term telemedicine is used to describe the delivery of health care services, 
clinical information and patient education in all specialties. Telemedicine uses a 
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wide variety of technologies (internet, mobile phones, electronic medical records…) 
to provide healthcare from distance [9]. It provides clinical information, allows 
consultations and helps communication between health professionals and patients, 
regardless the location of the patient. Therefore, telemedicine allows increasing 
access to specialized medical care. Remote patient monitoring happens regularly 
and certain interventions can be performed in real time rapidly and effectively [10]. 
Telemedicine can also be an instrument that helps patients and their caregivers get 
involved in their own care.

A large number of studies in a wide range of disciplines have bid to document 
the telemedicine effectiveness. It has been found that telemedicine is effective in the 
management of adult malnutrition [11]; asthma [12]; heart disease [13],  
diabetes—especially type 2 [14]; arterial hypertension [15] and multiple sclerosis 
[16]. In addition, positive clinical results have been presented for the patient follow-
up and treatment in different situations such as: (1) burned [17]; (2) in palliative care 
[18]; (3) with acute cerebrovascular accident [19]; (4) with mental disorders [20]; (5) 
geriatric [21]; and (6) newborns, children and adolescents [22, 23].

Regardless the area in which telemedicine has been applied; different authors 
state general findings about its potential application. For instance, (1) It is a safe 
and feasible way to provide care and monitor certain groups of patients; (2) It leads 
to a decline in the number of visits to the hospital and decreases the length of stay in 
the hospital, therefore there is a reduction of costs in the health system;  
(3) Professionals and patients seem to follow and be satisfied when using the 
programs; and (4) It promotes self-management of the disease and adherence to 
treatment [24, 25]. Certainly, the increase usage of telemedicine could: (i) provide 
greater access to health services; (ii) offer the opportunity to carry out early inter-
ventions and even work on prevention; (iii) provide a constant follow-up, and  
(iv) involve the patient in the self-management of the disease.

3.2 Telerehabilitation

TR is a telemedicine form that provides remote support (temporary or per-
manent), evaluation and intervention to disabled people who need rehabilitation 
[26]. In the last decade TR has evolved due to the great reduction of costs in health 
services [27]. TR development has been pushed by several factors. Firstly, there is 
better access to specialized services and improved capacity for remote monitoring 
[28]. A second factor was the mobilization difficulties that people who require the 
service may face [26]. It has been shown that less than a third of patients discon-
tinue outpatient rehabilitation 3 months after discharge [29]. In rural areas, trans-
portation can be a burden due to less availability of public transportation or climatic 
factors. Thirdly, TR could defeat financial barriers for families with less purchasing 
power, since financing or using insurance in post-acute care is usually limited and 
expensive [26]. This reduces expenses for both, the user and the provider, because 
several patients can be treated by a single program at any time [27, 30]. Lastly, a key 
factor for TR progress is the connection between the healthcare provider and the 
patient, family members and the community which results in training improve-
ment, which indirectly expands the health workforce [30].

The implementation of this technology is held by: (i) health personnel; (ii) the 
influence on the economy of the patients and the health system (decreased visits 
to the hospital and decreases the time of hospitalization); (iii) the ability of medi-
cal care to reach distant or low-income populations; and (iv) the autonomy of the 
patient in his rehabilitation process [26]. TR has been appropriate to: (i) complete 
pre-operative evaluations; (ii) analyze patterns of movement, gait; and (iii) pre-
scribe orthopedic material [31]. These study trials showed favorable results, by not 
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only improving physical health, reduction of fatigue, but also recovering mental 
health by the lessening of depressive symptoms. In addition, high levels of satisfac-
tion and comfort were reported, as well as significant savings in time and travel costs 
of users [26, 31]. A recent study has aimed to develop a low-cost, online TR platform 
intended to evaluate and monitor patients after a total hip arthroplasty [32].

Despite all favorable aspects of the TR program implementation; there are still 
many challenges to face. The first challenge is to build a good relationship between 
the health provider and the patient. Many patients prefer to receive personalized 
and face-to-face care, lessening the possibilities of adopting this new form of 
approach. Elderly patients tend to have doubts about this kind of treatment method 
whereas it is extremely easy in young patients [30]. Developing an online applica-
tion in smartphones could be one way to establish a relationship through TR [33]. 
These applications would allow a more direct, regular and personalized interaction 
with the patient.

There may also be safety problems, if the patient was alone during the session 
the patient could have an accident or when performing the movements wrongly 
increases the chances to get hurt [33, 34]. In order to avoid these situations, TR 
platforms should include links providing the necessary therapeutic information 
to prevent an accident or detect a wrong execution of the exercises. Likewise, the 
platform should be equipped with a control system able to allow the session to the 
patient, as well as disable it if necessary [32].

The incompatibility of systems and platforms between different operating 
system providers should also be taken care of. This issue has showed conflicts in the 
past when integrating the contents of clinical databases [34]. On the other hand, 
TR is limited when it comes to detecting fine movements or tremors, movements in 
certain planes [33], and emotional states of patients. However, recent studies show 
advances in the development of computer programming for facial gestures recogni-
tion that could be used in TR platforms [35].

4. Conventional physiotherapy

Physical therapy after a THA is essentially performed to improve patient’s 
functionality through posture and gait training. Some of the main focuses during 
treatment are the hip range of motion (ROM), muscle strength, pain and edema. 
The control and improvement of these parameters allows the patient reintegration 
to the activities of daily life (ADL). This reintegration to the ADLs is accelerated 
when the rehabilitation process has an early start. Prompt physical therapy inter-
vention helps reduce hospital stay, as well as costs to the health system [36].

Commonly the therapeutic intervention is classified as early, standard or late. The 
early intervention begins immediately after the surgery, and can be carried out on 
the same day or the next day. The standard phase begins either 1 or 2 days postopera-
tive, while the late intervention begins after the second week post-surgery [36].

Depending on the patient activity, postoperative physical therapy can last 
between 8 to 24 weeks, divided into three or four phases. Stage I (peri-operative) 
lasts for 2 weeks where the focus is the education of the patient about their current 
condition (recommendations when doing certain movements, changes of position, 
training the walk with technical aids, etc.) and performing active mobility exercises 
in the appropriate ROM [37].

Stage II and III focus on muscle strengthening, load tissue adaptation and ROM 
recovery of the hip. This phase is usually distributed in two stages: the first lasts 
two to 8 weeks and the second between two and seven. Manual techniques can 
be used in this stage, but the progressive load with therapeutic exercise should be 
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prioritized, in open and/or closed kinetic chain exercises, resistance exercises with 
elastic bands or different weights. In addition, stability and proprioception work 
should be included, with an emphasis on lumbopelvic and hip stability [37].

Stage IV concentrates on the ADL reintegration, it can last 2 weeks up to 
2 months. The objective of this stage is to reinsert the patient to their normal setting 
(educational, work and/or sports activities). The approach is done through imita-
tion of motor gestures accompanied by exercises of cardiovascular resistance and 
progressive strength. Cheatman and colleagues [37] estimate that after 4 months 
of intervention, the patient can return to his medium impact activities, such as the 
recreational walk. Six months after surgery, the patient can return to high impact 
activities or sports.

In general, physical therapy concentrates on muscle strength, patient education, 
gait retraining, and improvement of hip mobility. It is recommended to perform 
two sessions a day, since it has been demonstrated that in early stages function 
recovery occurs quicker [38]. Evidence also proves that rehabilitation programs, 
with at least three phases, have more beneficial effects for postoperative THA 
patients [37]. Finally, the fulfillment of the health team recommendations and 
complementary work at home are important in the rehabilitation process, accelerat-
ing the patient reintegration to their setting.

As we have shown, post-surgical rehabilitation guidelines for THA are well 
known, and their correct application has benefits on the patients´ prognosis. 
However, there are no complementary guidelines for physical therapy that could 
be used at a distance by patients through a computer platform. A recent systematic 
review shows that the TR application in real time combined with a conventional 
physiotherapy program is more favorable than isolated treatment of musculoskel-
etal dysfunctions [39].

5. Systematic review methodology

5.1 Data sources and searches

An electronic search was performed to identify relevant articles in: PubMed 
Meta-search (1950 to March, 2017), ScienceDirect (1990 to March, 2017), PEDro 
(1950 to March 2017), and Cochrane Database (2000 to March 2017). Key words 
relating to the domains was used: (1) type of exercise: “Join mobility exercise OR 
Functional exercise OR Therapeutic exercise OR Rehabilitation exercise OR Post-
hospital Home Exercise”; (2) clinical term: “Total OR partial hip replacement, Total 
OR partial hip arthroplasty”; (3) type of document: “Position stand OR Clinical 
guide OR Systematic review OR Literature review OR Randomised controlled trials 
[RCTs];” (4) their combination.

5.2 Study selection

The reviewers followed a selection protocol, developed prior to the beginning of 
the review that included a checklist for inclusion and exclusion criterion (Figure 1).  
Articles were eligible for inclusion if they: (a) included passive or active specific 
exercises to strengthen the hip, enhance the static balance and/or restore whole 
joint movement; (b) were carried out on individuals of all age groups and sex with 
total or partial hip replacement; (c) consisted of self-administered home exercise 
programs or a program supervised by a physical therapist; (d) reported that a crite-
rion for entry was total or partial hip replacement of 1 day after surgery and within 
12 weeks to 8 months following surgery; (e) reported one of the following outcome 
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prioritized, in open and/or closed kinetic chain exercises, resistance exercises with 
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(1950 to March 2017), and Cochrane Database (2000 to March 2017). Key words 
relating to the domains was used: (1) type of exercise: “Join mobility exercise OR 
Functional exercise OR Therapeutic exercise OR Rehabilitation exercise OR Post-
hospital Home Exercise”; (2) clinical term: “Total OR partial hip replacement, Total 
OR partial hip arthroplasty”; (3) type of document: “Position stand OR Clinical 
guide OR Systematic review OR Literature review OR Randomised controlled trials 
[RCTs];” (4) their combination.

5.2 Study selection

The reviewers followed a selection protocol, developed prior to the beginning of 
the review that included a checklist for inclusion and exclusion criterion (Figure 1).  
Articles were eligible for inclusion if they: (a) included passive or active specific 
exercises to strengthen the hip, enhance the static balance and/or restore whole 
joint movement; (b) were carried out on individuals of all age groups and sex with 
total or partial hip replacement; (c) consisted of self-administered home exercise 
programs or a program supervised by a physical therapist; (d) reported that a crite-
rion for entry was total or partial hip replacement of 1 day after surgery and within 
12 weeks to 8 months following surgery; (e) reported one of the following outcome 
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measures: motions compensation and self-reported function; (f) were unpublished 
documents such as thesis, dissertations, and presentations in congresses; (g) peer-
reviewed articles; and (h) were not restricted to any specific language.

Articles was excluded if they (a) included only walking, cycling, daily life 
activity or climbing stairs home activity program; (b) did not provide sufficient 

Figure 1. 
Protocol used for studies selection.
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information for establish the rehabilitation exercises, motions compensation and 
self-reported function; and (c) showed inconsistent or internal discrepancies in 
results.

5.3 Data synthesis

The results were grouped under three characteristics: (1) specific passive or 
active exercises; (2) compensation of movements; and (3) self-report function. For 
specific exercises, the search focused on frequency (sets per hour); duration (time 
or repetitions per set); rest (recovery time); as well as the direction and speed of 
movement execution. Motion compensation analyzed the patient’s position and 
the difficulties in performing the exercise. Finally, the function was related to the 
assessment of: (1) pain, (2) functional disability, (3) activities of daily life, and  
(4) perceived effort.

6. Results

6.1 Systematic review

The flow diagram using PRISMA statement depicts the different phases of sys-
tematic review [40]. It maps out the number of records identified, papers included/
excluded, and the reasons for exclusions (Figure 2).

6.2 Program design

After inclusion and exclusion criteria application, only 19 studies were included 
for to design the program. These studies provided information about the elabora-
tion of the program stages, as well as to establish the components and rehabilitation 
program objectives. The program stages are shown in Figure 3. For the instant, 
some exercises of the program have been validated in healthy people and patients 
with THA [32, 41].

6.2.1 Stage 1: acute rehabilitation

This stage starts immediately after the intervention. During this stage the main 
objectives are: (i) pain management; (ii) reduce postoperative edema;  
(iii) teach the patient the correct position and transfer changes; and (iv) activate 
and maintain lower limbs musculature (Figure 4).

Pain management: It has been agreed that the local application of cryotherapy 
yields to vasoconstriction and decay in the conduction speed of type C fibers. These 
properties help regulate pain, decrease postoperative edema and internal blood loss 
caused by osteosynthesis material attachment in the bone [46].

Activation and maintenance of the lower limb musculature: After a hip replace-
ment surgery, isometric contraction decreases, leading to stability and functional 
complications. In order to maintain proper gait speed and prevent falls it is impor-
tant to activate hip musculature (quadriceps, abductors and extensors). An effective 
muscular control helps restore patient function and independence [47].

Teaching positional changes and transfer of the patient: One of the goals to reach 
immediately after THA is the patient autonomy on the ADL, during the stay in the 
hospital and later at home. Training on positional and transfer changes is an educa-
tion form, which decreases the stay length in the hospital and improves the patient 
recovery prognosis after the intervention [45].
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Figure 2. 
Flow chart of systematic review process.

Figure 3. 
Stages for acute and post-acute rehabilitation after total hip and knee arthroplasty [42–44].
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6.2.2 Stage 2: early post-acute rehabilitation

This stage starts 3 weeks after surgery and lasts for 16 weeks. It focuses on recov-
ering ROM and flexibility, as well as muscle and gait competence. This stage aims to 
prepare the lower limbs for the next stage of rehabilitation (Figure 5).

Active ROM mobility: After THA surgery the hip ROM decreases, caused by 
different factors such as post-surgical edema, protective muscular contraction, 
pain, capsular retractions, immobilization and patient’s fear. This leads to gait 
deficits, static and dynamic postural instability, and limitation to perform ADL [49]. 
Consequently, patient function and independence are diminished.

Gait reeducation: Generally, gait patterns after THA surgery remain altered. For 
instance, there is Trendelemburg sign with a pelvis tilt towards the limb where the 
load is. This alteration is especially due to the gluteus medius dysfunction, which 
is severely affected during surgery [54]. The gait reeducation aims to recover the 
normal movement pattern. Visual, sensory and auditory feedback give information 
about the movement before it is automatized. It has been shown that reeducation 
with visual feedback promotes return to normal gait patterns in 3 weeks.

6.2.3 Stage 3: later post-acute rehabilitation

This stage lasts from week 12 to several months after surgery. The main objective 
on this stage is based on the functional reinsertion, gaining patient’s autonomy in 
the DLAs (Figure 6).

Functional training: Since THA prevalence is higher in older adults the indepen-
dence on DLA is conditioned to several factors. Among the most frequent factors 
there are physical deconditioning and geriatric syndromes (falls, gait disturbances, 
memory problems) [62]. Progressive strength training has been demonstrated to 
be essential for older populations, focused on reducing and preventing disability. 
Actually, muscle training leads to better static and dynamic postural control. The 
training strategies are based on leisure, recreational cooperative activities and based 
on the patient’s ADL.

Postural control and dynamic stability: Postural control and dynamic stability 
depend on the proprioceptors integrity (articular, myotendinous, neuromuscular). 
Furthermore, after THA, the tissues integrity is lost, producing pain as well as 

Figure 4. 
Stage for acute rehabilitation after total hip and knee arthroplasty [43, 45, 46, 48].
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muscle strength and ROM decrement’s. This condition produces fear in the patient, 
leading to a high risk of falls, slowing down the gait, postural alterations and 
restrictions to perform the DLAs. Proprioceptive training through postural control 
improvement and dynamic stability aims to recover patient’s function, normal gait 
pattern and quality of life [61].

7. Implementation design

This intervention program was designed as a low-cost online TR platform for 
self-motor rehabilitation and remote monitoring by health professionals, in order to 
enhance recovery in patients after hip replacement.

The Kinect camera was used as a natural user interface to capture some exer-
cises performed by patients. The movement quality was evaluated in real time 
by an assessment module implemented according to a Hidden-Markov Model 

Figure 5. 
Components and sub-components for the stage 2 [48–55].

Figure 6. 
Components and sub-components for the stage 3 [42, 54, 56–61].
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approach [63]. The exercise protocol was developed to supplement conventional 
physical therapy executed by patients at the hospital.

Before starting the exercise protocol, the platform requested the user to com-
plete a questionnaire and an assessment about quality of life, functionality and 
DLAs. The questionnaire evaluates the patient’s condition before undergoing the TR 
program. It is composed of three segments that inquire about pain, skin state and 
edema. Depending on user’s responses, the platform allow the exercise program to 
be carried out during the session. The questionnaire served as a filter to access the 
program with the aim to avoid/control possible complications. Quality of life, func-
tionality and DLAs were evaluated through the Oxford Scale for knee arthroplasty 
[64]. The questionnaire had to be completed at the beginning of each TR session 
while the functional evaluation at the end of each phase.

We will present the results of one [32], out of three preliminary studies, 
obtained after the implementation of some exercises proposed in this program. To 
record all movements a Kinect camera located approximately two meters away from 
the subjects was used.

Seven healthy subjects participated in the study comparing the assessment 
completed by four physiotherapists (PTs) with the evaluation performed by the TR 
platform algorithm.

The subjects were trained to perform a hip abduction movement, slow hip and 
knee flexion, hip extension and a sequence of steps forward, to the side and back-
wards. These sequences were repeated 11 times (one of them was used as a refer-
ence). The PTs had to follow an unknown script and it was randomized between 
participants (Figure 7).

The script was composed of six executions with normal ROM, two movements 
with an incorrect ROM and three compensatory movements. For each test, PTs 
were asked to evaluate all angles (ROM and compensations). The results of the 

Figure 7. 
Exercise for weight bearing training stage 3 (late PAR). (A) Initial position, (B) forward, (C) sideway, (D) backward.
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evaluations were grouped into two categories that corresponded to incorrect or 
normal movement execution. The average of the four PTs scores were retained 
for the analyses. In case of a tie, the trial was discarded. Then, each average of this 
dichotomy variable (incorrect versus normal) were compared with the evaluation 
made by the algorithm. It was expected that the result would be different depending 
on the decision threshold.

The results showed that the algorithm corresponds in an 88% with the evalua-
tion made by the PTs. There is certain variability in the performance of the assess-
ment from one exercise to another. For example, the best results are obtained for the 
evaluation of the ROM for hip abduction and the forward and backward sequence 
(accuracy percentage > 90%).

The results of other studies were similar to these showing that it is possible 
to capture and analyze movement using a low cost system [32]. Consequently, 
the assessment of different types of movements, both in healthy people and in 
patients, has a high consistency rate among PTs and the system that is intended to 
be incorporated into a low-cost rehabilitation platform. A recent study validated 
the use of the Kinect within a TR system for THA (KiReS) [65]. This system allows 
PTs to define sets of exercises recorded in front of the Kinect. Successively, the 
patient executes the movement and his performance is compared to that of the 
PT. The movements analyzed were flexion, extension and abduction of the left and 
right hip. The unipodal equilibrium and squat movement executed with the lower 
left and right limb were also analyzed. The results showed a 91.88% consistency 
between the therapist’s performance and that of the patient.

Our results are consistent with this study although our objective was to compare 
the simultaneous clinical assessment of several PTs with the system. However, the 
algorithms proposed in the three preceding studies not only evaluated and analyzed 
the limbs movement but also the compensatory movements. Patients often use com-
pensatory strategies to facilitate movements [66]. Compensatory movements limit 
the limb affected functional recovery and can cause pain. This is the reason why a 
TR system should capture, limit and quantify the compensations. Compensatory 
movements adopted by patients create altered movement patterns that could limit 
the proper use of the affected limb in ADL [67, 68].

The Kinect camera works well especially when the user is facing the device, but 
the recognition of the skeleton from the top and side is not accurate. Moreover, in 
one of our studies the patient’s clothing made it difficult to recognize the skeleton.

The TR could help solve accessibility limitations to rehabilitation services for 
many patients with THA. In addition, it can help reduce health care costs by allowing 
patients to empower themselves in their rehabilitation process. However, one of the 
biggest challenges is to convince the patient of the remote service. One study evaluated 
the feasibility of introducing a TR program for patients with THA, through a survey. 
The results indicated that TR in patients with THA is feasible from the perspective of 
access, feelings and preferences about technology [69]. Another study compared the 
implementation of a telerehabilitation program at home with a conventional rehabili-
tation program [70]. The results showed that the patients who got TR reached the same 
results for the evaluations on functional activities, exercises and patient education. 
Finally, a study comparing a TR program to a conventional THA program did not find 
significant differences in the results between the two programs [71].

8. Conclusions

The systematic review found 19 studies that explained the conventional physical 
therapy for THA. Commonly, the functional recovery is composed of three stages 

23

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Toward a Design of a Telerehabilitation Program for the Functional Recovery in Post-Hip…
DOI: http://dx.doi.org/10.5772/intechopen.85768

Author details

Wilmer Esparza1,2,3*, Arian Ramón Aladro-Gonzalvo1, Jonathan Baldeon2  
and Sophia Ortiz2

1 Facultad de Enfermería, Pontificia Universidad Católica del Ecuador,  
Quito, Ecuador

2 School of Physical Therapy, Universidad de Las Américas, Quito, Ecuador

3 Intelligent and Interactive Systems Lab, Universidad de Las Américas,  
Quito, Ecuador

*Address all correspondence to: wilmer.esparza@udla.edu.ec

(acute, early and later rehabilitation). Based on this review, we designed exercises 
considering parameters such as ROM, coordination and compensation for a low 
cost TR web-platform. The exercises were evaluated at the same time by the PTs 
and by the platform. The algorithm used was able to recognize in real time the 
movements executed correctly and incorrectly in the three parameters mentioned 
above. The results showed compatibility between 88 and 91% (according to the 
movement assessed) between the TR system and the clinical assessment performed 
by the PTs. Furthermore, it is important to note that not all exercises applied in 
conventional physical therapy are possible to replicate in a TR system. This is due to 
the limitations of the movement capture by low-cost systems. Thus, for the moment 
this system can be used as a complement to conventional physical therapy. We can 
conclude that some exercises used as well as the movement analysis system can be 
implemented in a low-cost TR platform.
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Finally, a study comparing a TR program to a conventional THA program did not find 
significant differences in the results between the two programs [71].

8. Conclusions

The systematic review found 19 studies that explained the conventional physical 
therapy for THA. Commonly, the functional recovery is composed of three stages 
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(acute, early and later rehabilitation). Based on this review, we designed exercises 
considering parameters such as ROM, coordination and compensation for a low 
cost TR web-platform. The exercises were evaluated at the same time by the PTs 
and by the platform. The algorithm used was able to recognize in real time the 
movements executed correctly and incorrectly in the three parameters mentioned 
above. The results showed compatibility between 88 and 91% (according to the 
movement assessed) between the TR system and the clinical assessment performed 
by the PTs. Furthermore, it is important to note that not all exercises applied in 
conventional physical therapy are possible to replicate in a TR system. This is due to 
the limitations of the movement capture by low-cost systems. Thus, for the moment 
this system can be used as a complement to conventional physical therapy. We can 
conclude that some exercises used as well as the movement analysis system can be 
implemented in a low-cost TR platform.
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Chapter 3

A Systematic Review of  
Usability and Accessibility in  
Tele-Rehabilitation Systems
Jorge Luis Pérez Medina, Patricia Acosta-Vargas  
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Abstract

The appropriate development of tele-rehabilitation platforms requires the 
involvement and iterative assessments of potential users and experts in usability. 
Usability consists of measuring the degree to which an interactive system can be 
used by specified final users to achieve quantified objectives with effectiveness, 
efficiency, and satisfaction in a quantified context of use. Usability studies need to 
be complemented by an accessibility assessment. Accessibility indicates how easy 
it is for a person to access any content, regardless of their physical, educational, 
social, psychological, or cultural conditions. This chapter intends to conduct a sys-
tematic review of the literature on usability and accessibility in tele-rehabilitation 
platforms carried out through the PRISMA method. To do so, we searched in ACM, 
IEEE Xplore, Google Scholar, and Scopus databases for the most relevant papers 
of the last decade. The main result of the usability shows that the user experience 
predominates over the heuristic studies, and the usability questionnaire most used 
in user experience is the SUS. The main result of the accessibility reveals that the 
topic is only marginally studied. In addition, it is observed that Web applications 
do not apply the physical and cognitive accessibility standards defined by the 
WCAG 2.1.

Keywords: usability, accessibility, telemedicine, tele-rehabilitation,  
systematic review

1. Introduction

Innovation and technological advances involve the offering of valuable products 
and services to improve the quality of life of citizens. In recent decades, the domain 
of telemedicine has reported advances in the control, monitoring and evaluation of 
various clinical conditions [1]. In the field of rehabilitation, numerous studies and 
state-of-the-arts from informatics perspective [2] and different areas of application 
[3, 4], show the effectiveness and advantages of the use of remote rehabilitation 
(or tele-rehabilitation) [5, 6]. Tele-rehabilitation aims to reduce the time and costs 
of offering rehabilitation services. The main objective is to improve the quality 
of life of patients [7]. Tele-rehabilitation cannot replace traditional neurological 
rehabilitation [8]. It is considered as a partial replacement of face-to-face physical 
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rehabilitation [9]. Tele-rehabilitation uses mainly two groups of technologies: (1) 
wearable devices and (2) vision-based systems based on depth cameras and intel-
ligent algorithms [10]. In [5], the authors describe and analyze some characteristics 
and typical requirements tele-rehabilitation systems.

Design and conception of tele-rehabilitations platforms that do not consider 
guidelines, metrics, patterns, principles, or practice success factors can affect 
the access to the service, the effectiveness, quality, and usefulness. It can cause 
problems of confusion, error, stress, and abandonment of the rehabilitation plan. 
Therefore, guaranteeing the correct use of these applications implies to incorporate 
different studies of usability in the life cycle of the interactive system. For this 
reason, aspects of human factors engineering in tele-rehabilitation systems have 
been studied with the aim of providing accessible, efficient, usable and understand-
able systems [11, 12].

User-centered agile development (UCD) approaches allows developers to 
specify and design the set of interfaces of any interactive system in a flexible 
and effective way [13, 14]. The agile development life cycle centered on user 
experience (UX-ADLC) allows iteratively evaluating system interfaces based 
on the results of the previous iteration. The evaluation also includes the errors 
and usability problems encountered [15]. Thus, usability studies are an essential 
aspect of technology development [16]. This is the reason why designers need to 
meet usability and user experience objectives while adhering to agile principles of 
software development. Formative and summative usability tests are methods of 
evaluating software products widely adopted in user-centered design (UCD) [15] 
and agile UX development lifecycle. Both approaches are frequently used in the 
development of software applications. Rapid formative usability should be carried 
out so as to fulfill UX goals while satisfying end users’ needs. Formative usability 
is used as an iterative test-and-refine method performed in the early steps of a 
design process, in order to detect and fix usability problems [15]. Summative 
usability allows for assuring, in later phases of the design, the quality of the user 
experience (UX) for a software product in development. The focus is on short 
work periods (or iterations) where usability tests (formative and summative) must 
be contemplated. This means that quick formative usability tests should be carried 
out to fulfill UX goals [17].

The ISO 9241-11 standard [18] is a framework for understanding and apply-
ing the concept of usability to situations in which people use interactive systems 
and other types of systems (including built environments), products (including 
industrial and consumer products) and services (including technical and personal 
services). Likewise, the usability standard ISO 9241-11 facilitates the measurement 
of the use of a product with the aim of achieving specific objectives with effective-
ness, efficiency and satisfaction in a context of specific use [18].

Usability can be studied through software evaluation methods widely accepted 
in user centered design (UCD) [15]. It can be formative or summative [8]. 
Formative usability consists of a set of iterative tests carried out in the early stages 
of the design process. The aim of the tests is to refine and improve the software 
product, as well as to detect and solve potential usability problems. As a comple-
ment, the summative usability allows to obtain an evaluation of the user experience 
(UX) for a software product in development. Formative usability facilitates deci-
sion making during the design and development of the product, while summative 
usability is useful when studying user experience (UX).

Tullis and Stetson [19] evaluated the effectiveness of the most used questionnaires 
to measure the summative usability. The authors found that the System Usability 
Scale (SUS) [20] and the IBM Computer System Usability Questionnaire (CSUQ ) [21]  

33

A Systematic Review of Usability and Accessibility in Tele-Rehabilitation Systems
DOI: http://dx.doi.org/10.5772/intechopen.85869

are the most effective. SUS provides a quick way for measuring the usability 
through user experience. It consists of a 10-item questionnaire with 5-likert scale 
range from “Strong Agree” to “Strongly Disagree.” The CSUQ focuses on three main 
aspects: (1) the utility, which refers to the opinion of users regarding the ease of use, 
the ease of learning, the speed to perform the operations, the efficiency in complet-
ing tasks and subjective feeling; (2) the quality of the information which studies the 
subjectivity of the user regarding the management of system errors, the clarity of the 
information and the intelligibility; and finally, (3) the quality of the interface which 
measures the affective component of the user’s attitude in the use of the system.

Large part of the tasks in the tele-rehabilitation systems are carried out by 
patients who require to treat a temporary disability. Considering the special needs 
of these users, usability evaluations alone cannot guarantee an appropriate design 
of the system. On the contrary, accessibility studies can provide the mechanisms to 
offer the same means of use to all users of any interactive system. A study combin-
ing usability and accessibility was presented in [22]. The study analyzes how remote 
and/or video monitoring technologies affect the accessibility, effectiveness, quality 
and usefulness of the services offered by tele-rehabilitation systems. To do this, 
the authors provide an overview of the fundamentals necessary for the analysis of 
usability, in addition to analyzing the strengths and limitations of various tele-
rehabilitation technologies, considering how technologies interact with the clinical 
needs of end users such as accessibility, effectiveness, quality and utility of the 
service [22].

For many people, the Web is a fundamental part of everyday life. Therefore, a 
fundamental aspect to ensure the inclusivity of a Website is its accessibility. For 
example, people who cannot use their arms to write on their computer can use a 
mouth pencil [23]. Or someone who cannot listen well can use subtitles to under-
stand a video. Also, a person who has a low vision can use a screen reader to listen 
what is written on the screen [24]. Therefore, Web accessibility means that people 
with disabilities can use the Web without any type of barriers [24]. There are several 
standards related to accessibility that provide guidelines and recommendations 
[25]. Some of the most important, according to the International Organization for 
Standardization (ISO), are the following ones:

• ISO 9241: covers ergonomics of human-computer interaction.

• ISO 14915 (software ergonomics for multimedia user interfaces): multimedia 
controls and navigation structure.

• ISO CD 9241-151 (software ergonomics for World Wide Web user interfaces): 
designs of Web user interfaces.

• ISO TS 16071 (guidance on accessibility for human-computer interface): rec-
ommendations for the design of systems and software applications that allows 
a greater accessibility to computer systems for users with disabilities.

• ISO CD 9241-20: accessibility guideline for information communication, 
equipment and services.

The Web Accessibility Initiative (WAI) [26] from the World Wide Web 
Consortium (W3C) [27] develops Web Content Accessibility Guidelines (WCAG) 
[28] 2.0 (at present 2.1) that covers a wide range of recommendations for making 
Web contents more accessible. These guidelines were considered a standard in 
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rehabilitation [9]. Tele-rehabilitation uses mainly two groups of technologies: (1) 
wearable devices and (2) vision-based systems based on depth cameras and intel-
ligent algorithms [10]. In [5], the authors describe and analyze some characteristics 
and typical requirements tele-rehabilitation systems.

Design and conception of tele-rehabilitations platforms that do not consider 
guidelines, metrics, patterns, principles, or practice success factors can affect 
the access to the service, the effectiveness, quality, and usefulness. It can cause 
problems of confusion, error, stress, and abandonment of the rehabilitation plan. 
Therefore, guaranteeing the correct use of these applications implies to incorporate 
different studies of usability in the life cycle of the interactive system. For this 
reason, aspects of human factors engineering in tele-rehabilitation systems have 
been studied with the aim of providing accessible, efficient, usable and understand-
able systems [11, 12].

User-centered agile development (UCD) approaches allows developers to 
specify and design the set of interfaces of any interactive system in a flexible 
and effective way [13, 14]. The agile development life cycle centered on user 
experience (UX-ADLC) allows iteratively evaluating system interfaces based 
on the results of the previous iteration. The evaluation also includes the errors 
and usability problems encountered [15]. Thus, usability studies are an essential 
aspect of technology development [16]. This is the reason why designers need to 
meet usability and user experience objectives while adhering to agile principles of 
software development. Formative and summative usability tests are methods of 
evaluating software products widely adopted in user-centered design (UCD) [15] 
and agile UX development lifecycle. Both approaches are frequently used in the 
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is used as an iterative test-and-refine method performed in the early steps of a 
design process, in order to detect and fix usability problems [15]. Summative 
usability allows for assuring, in later phases of the design, the quality of the user 
experience (UX) for a software product in development. The focus is on short 
work periods (or iterations) where usability tests (formative and summative) must 
be contemplated. This means that quick formative usability tests should be carried 
out to fulfill UX goals [17].

The ISO 9241-11 standard [18] is a framework for understanding and apply-
ing the concept of usability to situations in which people use interactive systems 
and other types of systems (including built environments), products (including 
industrial and consumer products) and services (including technical and personal 
services). Likewise, the usability standard ISO 9241-11 facilitates the measurement 
of the use of a product with the aim of achieving specific objectives with effective-
ness, efficiency and satisfaction in a context of specific use [18].

Usability can be studied through software evaluation methods widely accepted 
in user centered design (UCD) [15]. It can be formative or summative [8]. 
Formative usability consists of a set of iterative tests carried out in the early stages 
of the design process. The aim of the tests is to refine and improve the software 
product, as well as to detect and solve potential usability problems. As a comple-
ment, the summative usability allows to obtain an evaluation of the user experience 
(UX) for a software product in development. Formative usability facilitates deci-
sion making during the design and development of the product, while summative 
usability is useful when studying user experience (UX).

Tullis and Stetson [19] evaluated the effectiveness of the most used questionnaires 
to measure the summative usability. The authors found that the System Usability 
Scale (SUS) [20] and the IBM Computer System Usability Questionnaire (CSUQ ) [21]  
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are the most effective. SUS provides a quick way for measuring the usability 
through user experience. It consists of a 10-item questionnaire with 5-likert scale 
range from “Strong Agree” to “Strongly Disagree.” The CSUQ focuses on three main 
aspects: (1) the utility, which refers to the opinion of users regarding the ease of use, 
the ease of learning, the speed to perform the operations, the efficiency in complet-
ing tasks and subjective feeling; (2) the quality of the information which studies the 
subjectivity of the user regarding the management of system errors, the clarity of the 
information and the intelligibility; and finally, (3) the quality of the interface which 
measures the affective component of the user’s attitude in the use of the system.

Large part of the tasks in the tele-rehabilitation systems are carried out by 
patients who require to treat a temporary disability. Considering the special needs 
of these users, usability evaluations alone cannot guarantee an appropriate design 
of the system. On the contrary, accessibility studies can provide the mechanisms to 
offer the same means of use to all users of any interactive system. A study combin-
ing usability and accessibility was presented in [22]. The study analyzes how remote 
and/or video monitoring technologies affect the accessibility, effectiveness, quality 
and usefulness of the services offered by tele-rehabilitation systems. To do this, 
the authors provide an overview of the fundamentals necessary for the analysis of 
usability, in addition to analyzing the strengths and limitations of various tele-
rehabilitation technologies, considering how technologies interact with the clinical 
needs of end users such as accessibility, effectiveness, quality and utility of the 
service [22].

For many people, the Web is a fundamental part of everyday life. Therefore, a 
fundamental aspect to ensure the inclusivity of a Website is its accessibility. For 
example, people who cannot use their arms to write on their computer can use a 
mouth pencil [23]. Or someone who cannot listen well can use subtitles to under-
stand a video. Also, a person who has a low vision can use a screen reader to listen 
what is written on the screen [24]. Therefore, Web accessibility means that people 
with disabilities can use the Web without any type of barriers [24]. There are several 
standards related to accessibility that provide guidelines and recommendations 
[25]. Some of the most important, according to the International Organization for 
Standardization (ISO), are the following ones:

• ISO 9241: covers ergonomics of human-computer interaction.

• ISO 14915 (software ergonomics for multimedia user interfaces): multimedia 
controls and navigation structure.

• ISO CD 9241-151 (software ergonomics for World Wide Web user interfaces): 
designs of Web user interfaces.

• ISO TS 16071 (guidance on accessibility for human-computer interface): rec-
ommendations for the design of systems and software applications that allows 
a greater accessibility to computer systems for users with disabilities.

• ISO CD 9241-20: accessibility guideline for information communication, 
equipment and services.

The Web Accessibility Initiative (WAI) [26] from the World Wide Web 
Consortium (W3C) [27] develops Web Content Accessibility Guidelines (WCAG) 
[28] 2.0 (at present 2.1) that covers a wide range of recommendations for making 
Web contents more accessible. These guidelines were considered a standard in 
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2012, the ISO/IEC 40500. Complementary to these guidelines are the W3C User 
Agent Accessibility guidelines [29] (UAAG) and Authoring tool Accessibility 
guidelines [30] (ATAG), which addresses the current technological capabilities to 
modify the presentation based on the device capabilities and the preferences of 
the user.

The World Wide Web Consortium (W3C) provides international standards 
to make the Web as accessible as possible. It comprises the Web 2.0 Content 
Accessibility Guidelines (WCAG 2.0) [31], also known as the ISO 40500 [32], 
which are adapted to the European Standard called EN 301549 [33].

The current version of the accessibility guidelines is “Web Content Accessibility 
Guidelines 2.1” (WCAG 2.1) [23]. WCAG 2.1 consists of 4 principles, 13 guidelines 
and 76 compliance criteria. The four principles refer to [34].

Principle 1—perceptibility: refers to the good practices regarding the presenta-
tion of information and user interface components. It consists of 4 guidelines and 
29 compliance criteria.

Principle 2—operability: the components of the user interface and navigation 
must be operable. It includes 5 guidelines and 29 compliance criteria.

Principle 3—comprehensibility: the information and user interface management 
must be understandable. It has 3 guidelines and 17 compliance criteria.

Principle 4—robustness: the content must be robust enough to rely on the 
interpretation of a wide variety of user agents, including assistive technologies. It 
includes a guideline and three compliance criteria.

Usability and accessibility can be combined to achieve the development of more 
accessible, efficient, equitable and universal tele-rehabilitation systems. This chap-
ter presents a systematic literature review of summative and formative usability 
studies as well as accessibility studies in the context of tele-rehabilitation systems. 
The remaining of the manuscript is composed of four sections. Section 2 presents 
the method used to proceed with the systematic review. Section 3 is a description 
of the most relevant papers in usability applied to tele-rehabilitation. Section 4 
describes the results regarding the accessibility. And Section 5 draws conclusions on 
the main findings of this literature review.

2. Materials and methods

Systematic reviews and meta-analyzes are increasingly crucial in the area 
of health care. In order to optimize meta-analysis reports, an international 
group developed in 1996 a guide called the QUOROM Statement (Quality Of 
Reporting Of Meta-analyses), which focused on information from Meta-analysis 
of a randomized controlled trial [35]. One reason for changing the name from 
QUOROM to PRISMA (Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) was the desire to encompass both systematic reviews and meta 
analyses.

To improve the literature revision processes Quorum evolved until arriving at 
the PRISMA1 declaration that consists of a checklist of 27 elements and a diagram of 
four-phase flow that is applied in this study.2 The PRISMA statement helps authors 
improving the reports of systematic reviews and meta-analyzes. It is used as a basis 
to inform systematic reviews of other types of research.

1 http://www.prisma-statement.org/
2 http://prisma-statement.org/prismastatement/flowdiagram.aspx
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In order to study the current state of Web platforms for tele-rehabilitation of 
patients with motor disability, we undertook a systematic review of the literature 
following the procedures specified in PRISMA. Based on that study, we formulate 
the following research questions:

1. Which studies currently exist on usability in the development of Web plat-
forms for patients who need to perform a tele-rehabilitation?

2. Which studies currently exist related to Web accessibility in the development 
of inclusive platforms for patients who require a tele-rehabilitation?

The bibliographic search of usability and accessibility in the context of tele-
rehabilitation systems was conducted using the ACM, Google Scholar, IEEE 
Xplore, and Scopus databases. Table 1 shows the search chains used for each 
digital library, in order to obtain as many relevant studies as possible. Concerning 
the usability and accessibility, we limited our research to publications from 1990 
to 2019.

There are many studies related to Web accessibility. Therefore, to ensure that the 
search is manageable and focused on tele-rehabilitation, we defined some inclusion 
and exclusion criteria when selecting the articles, such as:

• If the studies had been published in more than one journal or in the proceed-
ings of a conference, we chose the complete version, only.

• We excluded non-scientific conferences and journals and papers that are out of 
the scope of the review.

Digital 
Library

Usability search Accessibility search

ACM acmdlTitle:(usability heuristic evaluation) 
AND recordAbstract:(tele-rehabilitation) AND 
keywords.author.keyword:(usability heuristic 
evaluation)

acmdlTitle:(web accessibility) AND 
recordAbstract:(telerehabilitation) 
AND keywords.author.keyword:(web 
accessibility)

IEEE 
Xplore

(("Document Title":usability OR 
"Document Title":“heuristic evaluation” 
OR "Document Title":“user experience”) 
OR ("Publication Title":usability OR 
"Publication Title":“heuristic evaluation” 
OR "Publication Title":“user experience”)) 
AND ( "Abstract":tele-rehabilitation) AND 
( "Author Keywords":usability OR "Author 
Keywords":“heuristic evaluation” OR "Author 
Keywords":“user experience”)

(("Document Title": accessibility OR 
"Document Title":“web” OR Document 
Title":“web accessibility”) OR 
(“Publication Title": web accessibility OR 
"Publication Title":telerehabilitation)) 
AND ("Abstract": tele-rehabilitation) 
AND (“Author Keywords":web 
accessibility OR "Author 
Keywords":telerehabilitation)

Google 
Scholar

intitle:usability OR "heuristic evaluation" OR 
"User experience" "tele rehabilitation"

intitle: accessibility OR “web” OR "tele 
rehabilitation"

Scopus (SRCTITLE (usability OR "heuristic evaluation" 
OR "user experience") OR TITLE (usability OR 
"heuristic evaluation" OR "user experience")) 
AND ABS (tele-rehabilitation*) AND KEY 
(usability OR "heuristic evaluation" OR "user 
experience") AND (PUBYEAR > 1989)

(SRCTITLE (accessibility OR "web") 
OR TITLE ( accessibility OR "web") 
AND ABS (tele-rehabilitation*) AND 
KEY (accessibility OR "web") AND 
(PUBYEAR > 1989)

Table 1. 
Search strings used for the literature review.
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2012, the ISO/IEC 40500. Complementary to these guidelines are the W3C User 
Agent Accessibility guidelines [29] (UAAG) and Authoring tool Accessibility 
guidelines [30] (ATAG), which addresses the current technological capabilities to 
modify the presentation based on the device capabilities and the preferences of 
the user.

The World Wide Web Consortium (W3C) provides international standards 
to make the Web as accessible as possible. It comprises the Web 2.0 Content 
Accessibility Guidelines (WCAG 2.0) [31], also known as the ISO 40500 [32], 
which are adapted to the European Standard called EN 301549 [33].

The current version of the accessibility guidelines is “Web Content Accessibility 
Guidelines 2.1” (WCAG 2.1) [23]. WCAG 2.1 consists of 4 principles, 13 guidelines 
and 76 compliance criteria. The four principles refer to [34].

Principle 1—perceptibility: refers to the good practices regarding the presenta-
tion of information and user interface components. It consists of 4 guidelines and 
29 compliance criteria.

Principle 2—operability: the components of the user interface and navigation 
must be operable. It includes 5 guidelines and 29 compliance criteria.

Principle 3—comprehensibility: the information and user interface management 
must be understandable. It has 3 guidelines and 17 compliance criteria.

Principle 4—robustness: the content must be robust enough to rely on the 
interpretation of a wide variety of user agents, including assistive technologies. It 
includes a guideline and three compliance criteria.

Usability and accessibility can be combined to achieve the development of more 
accessible, efficient, equitable and universal tele-rehabilitation systems. This chap-
ter presents a systematic literature review of summative and formative usability 
studies as well as accessibility studies in the context of tele-rehabilitation systems. 
The remaining of the manuscript is composed of four sections. Section 2 presents 
the method used to proceed with the systematic review. Section 3 is a description 
of the most relevant papers in usability applied to tele-rehabilitation. Section 4 
describes the results regarding the accessibility. And Section 5 draws conclusions on 
the main findings of this literature review.

2. Materials and methods

Systematic reviews and meta-analyzes are increasingly crucial in the area 
of health care. In order to optimize meta-analysis reports, an international 
group developed in 1996 a guide called the QUOROM Statement (Quality Of 
Reporting Of Meta-analyses), which focused on information from Meta-analysis 
of a randomized controlled trial [35]. One reason for changing the name from 
QUOROM to PRISMA (Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) was the desire to encompass both systematic reviews and meta 
analyses.

To improve the literature revision processes Quorum evolved until arriving at 
the PRISMA1 declaration that consists of a checklist of 27 elements and a diagram of 
four-phase flow that is applied in this study.2 The PRISMA statement helps authors 
improving the reports of systematic reviews and meta-analyzes. It is used as a basis 
to inform systematic reviews of other types of research.

1 http://www.prisma-statement.org/
2 http://prisma-statement.org/prismastatement/flowdiagram.aspx
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In order to study the current state of Web platforms for tele-rehabilitation of 
patients with motor disability, we undertook a systematic review of the literature 
following the procedures specified in PRISMA. Based on that study, we formulate 
the following research questions:

1. Which studies currently exist on usability in the development of Web plat-
forms for patients who need to perform a tele-rehabilitation?

2. Which studies currently exist related to Web accessibility in the development 
of inclusive platforms for patients who require a tele-rehabilitation?

The bibliographic search of usability and accessibility in the context of tele-
rehabilitation systems was conducted using the ACM, Google Scholar, IEEE 
Xplore, and Scopus databases. Table 1 shows the search chains used for each 
digital library, in order to obtain as many relevant studies as possible. Concerning 
the usability and accessibility, we limited our research to publications from 1990 
to 2019.

There are many studies related to Web accessibility. Therefore, to ensure that the 
search is manageable and focused on tele-rehabilitation, we defined some inclusion 
and exclusion criteria when selecting the articles, such as:

• If the studies had been published in more than one journal or in the proceed-
ings of a conference, we chose the complete version, only.

• We excluded non-scientific conferences and journals and papers that are out of 
the scope of the review.

Digital 
Library

Usability search Accessibility search

ACM acmdlTitle:(usability heuristic evaluation) 
AND recordAbstract:(tele-rehabilitation) AND 
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acmdlTitle:(web accessibility) AND 
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IEEE 
Xplore

(("Document Title":usability OR 
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AND ABS (tele-rehabilitation*) AND 
KEY (accessibility OR "web") AND 
(PUBYEAR > 1989)

Table 1. 
Search strings used for the literature review.



Assistive and Rehabilitation Engineering

36

After the search was completed, 243 results were obtained for usability, and 76 
results were obtained for accessibility (Table 2). Then, the title and the abstract of 
these articles were analyzed to identify their relevance to the topic of usability and 
accessibility in tele-rehabilitation systems.

We use the Start LaPes3 2.3.4.2 tool to analyze the databases that meet the search 
criteria and Mendeley Desktop4 1.19.3 to manage all the bibliography, details and 
appointments. This tool helps in the selection process of the scientific articles in 
such a way that it allows us to eliminate the duplicate articles, to register/filter the 
accepted and rejected articles in order to obtain reports that are adequate during the 
meta-analysis process.

Then, in order to study the current state of usability and accessibility related 
to tele-rehabilitation systems, we conducted a systematic review of the literature 
based on the PRISMA procedure [36].

When carrying out the literature review, studies that did not meet the established 
search criteria or referred to another type of usability/accessibility context were dis-
carded. The phases of the selection process according to the PRISMA-based literature 
review for both themes, usability and accessibility, are detailed in the next two sections.

3. Usability review

The phases of the selection process for the literature review of papers on usabil-
ity applied to tele-rehabilitation systems are detailed in Figure 1.

The 26 papers that were selected for further analysis are listed in Table 3.
Usability studies have a significant impact on the quality of the development 

of e-health systems. The potential for e-health to improve healthcare is partially 
dependent on its ease of use [45]. A systematic review presented in 2016 indicates 
that from 40 telemedicine studies, only 7.5% are focused on evaluating the user 
experience of the patients [46]. Academics, technical studies and scientific com-
munities or special groups [60] have been conducted to evaluate the usability in 
e-health systems. [49] propose a methodological framework to perform user experi-
ence analysis of e-health technologies for patients’ engagements. It considers a set 
of self-report measurements such as mental workload [61], system usability [20] 
and negative emotional responses [62], in order to provide descriptive data about 
the user experience of patients. [45] present a systematic review to identify psycho-
metrically tested questionnaires that measure the usability of e-health tools, and to 
appraise their generalizability, attribute coverage, and quality. The main usability 
attributes found during the revisions were: learnability, efficiency, and satisfaction. 

3 http://lapes.dc.ufscar.br/tools/start_tool
4 https://www.mendeley.com/download-desktop/

Digital Library Usability studies Accessibility studies

IEEE Xplore 1 26

Google Scholar 229 29

Scopus 1 7

ACM 12 14

Total 243 76

Table 2. 
The number of research studies identified.
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Likewise, quality appraisal showed that face/content and construct validity were 
the most frequent types of validity assessed.

High levels of usability guarantee the substantial quality-of-life. This leads to 
the acceptance of tele-rehabilitation systems [58]. Likewise, a usability study, to 
evaluate patients’ rehabilitation-evolution, is presented in [51] conclude that the 
usability is one of the advantages of the tele-rehabilitation system for both patients 
and professionals.

In [56], authors study the usability of a rehabilitation system designed to 
demonstrate, instruct and monitor a therapeutic exercise program. The evaluation 
of usability was carried out in two stages. The first stage consisted of a forma-
tive evaluation to identify initial usability problems, defects or omissions in the 
system. Secondly, user evaluation was conducted by using VRUSE, a computerized 
usability questionnaire explicitly designed for the evaluation of virtual reality 
applications [59].

Weiss et al. [55] present the development life cycle, including usability testing, 
of a low-cost remote rehabilitation system based on virtual reality technology. 
The solution was designed to provide remote rehabilitation of the upper extremi-
ties in patients who have had a stroke. The usability study was conducted with a 
population of eight patients. Usability was measured by the 5-point Short Feedback 
Questionnaire (SFQ ) [57]. This instrument documents the enjoyment of par-
ticipants and their perception of success and control while using the system. The 
perception was evaluated by using the Borg scale [63]. The subjective ratings were 
complemented by game performance scores.

In [54], a methodology for a home-based tele-rehabilitation system was pre-
sented. This work was done considering patients who require rehabilitation of the 
arms after having a stroke. The answers were collected via a series of structured 

Figure 1. 
PRISMA 2009 flow diagram chart that shows the selection process of the papers included in the literature 
review for usability.
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After the search was completed, 243 results were obtained for usability, and 76 
results were obtained for accessibility (Table 2). Then, the title and the abstract of 
these articles were analyzed to identify their relevance to the topic of usability and 
accessibility in tele-rehabilitation systems.

We use the Start LaPes3 2.3.4.2 tool to analyze the databases that meet the search 
criteria and Mendeley Desktop4 1.19.3 to manage all the bibliography, details and 
appointments. This tool helps in the selection process of the scientific articles in 
such a way that it allows us to eliminate the duplicate articles, to register/filter the 
accepted and rejected articles in order to obtain reports that are adequate during the 
meta-analysis process.

Then, in order to study the current state of usability and accessibility related 
to tele-rehabilitation systems, we conducted a systematic review of the literature 
based on the PRISMA procedure [36].

When carrying out the literature review, studies that did not meet the established 
search criteria or referred to another type of usability/accessibility context were dis-
carded. The phases of the selection process according to the PRISMA-based literature 
review for both themes, usability and accessibility, are detailed in the next two sections.

3. Usability review

The phases of the selection process for the literature review of papers on usabil-
ity applied to tele-rehabilitation systems are detailed in Figure 1.

The 26 papers that were selected for further analysis are listed in Table 3.
Usability studies have a significant impact on the quality of the development 

of e-health systems. The potential for e-health to improve healthcare is partially 
dependent on its ease of use [45]. A systematic review presented in 2016 indicates 
that from 40 telemedicine studies, only 7.5% are focused on evaluating the user 
experience of the patients [46]. Academics, technical studies and scientific com-
munities or special groups [60] have been conducted to evaluate the usability in 
e-health systems. [49] propose a methodological framework to perform user experi-
ence analysis of e-health technologies for patients’ engagements. It considers a set 
of self-report measurements such as mental workload [61], system usability [20] 
and negative emotional responses [62], in order to provide descriptive data about 
the user experience of patients. [45] present a systematic review to identify psycho-
metrically tested questionnaires that measure the usability of e-health tools, and to 
appraise their generalizability, attribute coverage, and quality. The main usability 
attributes found during the revisions were: learnability, efficiency, and satisfaction. 
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Likewise, quality appraisal showed that face/content and construct validity were 
the most frequent types of validity assessed.

High levels of usability guarantee the substantial quality-of-life. This leads to 
the acceptance of tele-rehabilitation systems [58]. Likewise, a usability study, to 
evaluate patients’ rehabilitation-evolution, is presented in [51] conclude that the 
usability is one of the advantages of the tele-rehabilitation system for both patients 
and professionals.

In [56], authors study the usability of a rehabilitation system designed to 
demonstrate, instruct and monitor a therapeutic exercise program. The evaluation 
of usability was carried out in two stages. The first stage consisted of a forma-
tive evaluation to identify initial usability problems, defects or omissions in the 
system. Secondly, user evaluation was conducted by using VRUSE, a computerized 
usability questionnaire explicitly designed for the evaluation of virtual reality 
applications [59].

Weiss et al. [55] present the development life cycle, including usability testing, 
of a low-cost remote rehabilitation system based on virtual reality technology. 
The solution was designed to provide remote rehabilitation of the upper extremi-
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Figure 1. 
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interviews and seven point Likert-based evaluation questions measuring the level of 
agreement. Ayoade and Baillie [50] present the results of a randomized controlled 
study in which the authors investigated the usability and feasibility of a rehabilitation 

Title Authors Year

An Agile Approach to Improve the Usability of a Physical Telerehabilitation 
Platform

Pilco et al. [37] 2019

Usability study of a Web-Based Platform for Home Motor Rehabilitation Pérez-Medina et al. [38] 2019
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Usability Evaluation of a Vibrotactile Feedback System in Stroke Subjects Held et al. [42] 2017

On the Use of Natural User Interfaces in Physical Rehabilitation: a Web-based 
Application for Patients with Hip Prosthesis

Rybarczyk et al. [43] 2017

USEQ: A Short Questionnaire for Satisfaction Evaluation of Virtual 
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Gil-Gómez et al. [44] 2017

Towards usable E-health. A Systematic Review of Usability Questionnaires Sousa et al. [45] 2017

A Renewed Framework for the Evaluation of Telemedicine Jansen-Kosterink et al. [46] 2016

Development of the telehealth usability questionnaire (TUQ ) Parmanto et al. [47] 2016
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Evaluating Patient Engagement and User Experience of a Positive Technology 
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Telerehabilitation web application for health care Eguiluz-Perez et al. [51] 2014

SEQ: Suitability Evaluation Questionnaire for Virtual Rehabilitation Systems. 
Application in a Virtual Rehabilitation System for Balance Rehabilitation

Gil-Gómez et al. [52] 2013
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Assessment and training in home-based telerehabilitation of arm mobility 
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Perry et al. [54] 2013

Development and validation of tele-health system for stroke rehabilitation Weiss et al. [55] 2012

Usability evaluation of e-motion: a virtual rehabilitation system designed to 
demonstrate, instruct and monitor a therapeutic exercise program

Fitzgerald et al. [56] 2008

Short feedback questionnaire (SFQ ) to enhance client-centered participation in 
virtual environments

Kizony et al. [57] 2006

Formative evaluation of a virtual reality telerehabilitation system for the lower 
extremity

Whitworth et al. [16] 2003

Dimensions of diversity in design of telerehabilitation systems for universal 
usability

Lathan et al. [58] 2000

VRUSE—a computerized diagnostic tool: for usability evaluation of virtual/
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Kalawsky et al. [59] 1999
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and Context
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visualization system. This work has employed the principles of user-centered design 
throughout the development phases of the system. The study was performed with the 
SUS questionnaire [20]. Additionally, metrics significant for both patients and health 
professionals such as quality of life and the improved knee were studied.

Anton et al. [40] present a successful study of usability of a tele-rehabilitation 
system called KiReS [53]. The evaluation was made in a real scenario. The patients 
involved in the study underwent a total hip replacement surgery (THR). The study 
of the subjective perceptions of the patients when participating in the rehabilitation 
sessions was conducted through an empirical 5-point Likert scale questionnaire 
based on 13 statements and described in [48]. The instrument is structured in three 
sections: (1) the system, (2) the user experience, and (3) the user interface. The 
questionnaire also explores the prior knowledge that patients have regarding tele-
rehabilitation systems. In general, the criticisms obtained by the patients were on 
the interfaces of the system [48].

In [16], the formative usability of the Rutgers Ankle Rehabilitation System 
(RARS) was studied involving three simultaneous users and a remote monitoring. 
The authors describe a usability evaluation process where engineers and physicians 
collaborated collaboratively. The usability study uses both traditional and empirical 
methods to assess the viability of the design of the interface.

A SUS questionnaire was used in order to study the usability and user acceptance 
of a sensor system called “Arm Usage Coach” (AUC) that provides VibroTactile 
(VT) feedback if the patient does not move the affected arm above a certain thresh-
old level [42]. The study involved 10 patients who suffered a cardiovascular acci-
dent and had a mild to moderate arm impairment. The experiment made use of an 
AUC device on each wrist. VT feedback was given by the device on the affected arm. 
The usability was measured by using a semi-structured interview and also the SUS 
questionnaire. The results of the SUS questionnaire indicate that nine participants 
responded above 70% and one participant responded below 50%. It means that VT 
feedback is feasible and the AUC can be used as a tele-rehabilitation device to train 
and maintain upper extremity used in daily life tasks.

In [64], a web-based portal supporting several clinical activities and the 
Versatile Integrated System for Tele-rehabilitation video-conferencing system called 
VISYTER were evaluated through the IBM After-Scenario Questionnaire (ASQ ) 
[65], the Post-Study System Usability Questionnaire (PSSUQ ) [66], the Telehealth 
Usability Questionnaire (TUQ ) [47], and two demographic surveys. The use of all 
these instruments allowed capturing subjective and objective information, resulting 
in an effective method to evaluate the usability in tele-rehabilitation systems.

The ePHoRt platform, which is a tele-rehabilitation system to support people 
recovering from a hip replacement surgery, has also been the subject of previous 
usability studies. The first reported usability study was conducted through the 
SUS. The overall score was 81 out of 100, which suggests a good usability of the Web 
application [43]. Next, in [39], the authors assert that the lack of usability may lead 
to problems of confusion, error, and delay, or even abandonment of the physical 
therapy. This study was a preliminary analysis based on an empirical heuristic evalua-
tion. Unfortunately, the study was not significant enough since most of the interfaces 
evaluated do not represent the central aspects of the tele-rehabilitation system. 
Likewise, the study does not consider the efficiency, effectiveness, and satisfaction of 
patients. However, the authors suggest making successive evaluations of usability. So, 
a successive usability study was conducted and presented in [41]. The user experience 
was measured through two aspects: (1) the tasks completion time, and (2) the SUS 
questionnaire [20]. The results were correlated to an empirical sociodemographic 
questionnaire. The overall value of the SUS questionnaire was 76.1 out of 100, which 
can be considered an acceptable evaluation of the usability of the platform.
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throughout the development phases of the system. The study was performed with the 
SUS questionnaire [20]. Additionally, metrics significant for both patients and health 
professionals such as quality of life and the improved knee were studied.

Anton et al. [40] present a successful study of usability of a tele-rehabilitation 
system called KiReS [53]. The evaluation was made in a real scenario. The patients 
involved in the study underwent a total hip replacement surgery (THR). The study 
of the subjective perceptions of the patients when participating in the rehabilitation 
sessions was conducted through an empirical 5-point Likert scale questionnaire 
based on 13 statements and described in [48]. The instrument is structured in three 
sections: (1) the system, (2) the user experience, and (3) the user interface. The 
questionnaire also explores the prior knowledge that patients have regarding tele-
rehabilitation systems. In general, the criticisms obtained by the patients were on 
the interfaces of the system [48].

In [16], the formative usability of the Rutgers Ankle Rehabilitation System 
(RARS) was studied involving three simultaneous users and a remote monitoring. 
The authors describe a usability evaluation process where engineers and physicians 
collaborated collaboratively. The usability study uses both traditional and empirical 
methods to assess the viability of the design of the interface.

A SUS questionnaire was used in order to study the usability and user acceptance 
of a sensor system called “Arm Usage Coach” (AUC) that provides VibroTactile 
(VT) feedback if the patient does not move the affected arm above a certain thresh-
old level [42]. The study involved 10 patients who suffered a cardiovascular acci-
dent and had a mild to moderate arm impairment. The experiment made use of an 
AUC device on each wrist. VT feedback was given by the device on the affected arm. 
The usability was measured by using a semi-structured interview and also the SUS 
questionnaire. The results of the SUS questionnaire indicate that nine participants 
responded above 70% and one participant responded below 50%. It means that VT 
feedback is feasible and the AUC can be used as a tele-rehabilitation device to train 
and maintain upper extremity used in daily life tasks.

In [64], a web-based portal supporting several clinical activities and the 
Versatile Integrated System for Tele-rehabilitation video-conferencing system called 
VISYTER were evaluated through the IBM After-Scenario Questionnaire (ASQ ) 
[65], the Post-Study System Usability Questionnaire (PSSUQ ) [66], the Telehealth 
Usability Questionnaire (TUQ ) [47], and two demographic surveys. The use of all 
these instruments allowed capturing subjective and objective information, resulting 
in an effective method to evaluate the usability in tele-rehabilitation systems.

The ePHoRt platform, which is a tele-rehabilitation system to support people 
recovering from a hip replacement surgery, has also been the subject of previous 
usability studies. The first reported usability study was conducted through the 
SUS. The overall score was 81 out of 100, which suggests a good usability of the Web 
application [43]. Next, in [39], the authors assert that the lack of usability may lead 
to problems of confusion, error, and delay, or even abandonment of the physical 
therapy. This study was a preliminary analysis based on an empirical heuristic evalua-
tion. Unfortunately, the study was not significant enough since most of the interfaces 
evaluated do not represent the central aspects of the tele-rehabilitation system. 
Likewise, the study does not consider the efficiency, effectiveness, and satisfaction of 
patients. However, the authors suggest making successive evaluations of usability. So, 
a successive usability study was conducted and presented in [41]. The user experience 
was measured through two aspects: (1) the tasks completion time, and (2) the SUS 
questionnaire [20]. The results were correlated to an empirical sociodemographic 
questionnaire. The overall value of the SUS questionnaire was 76.1 out of 100, which 
can be considered an acceptable evaluation of the usability of the platform.
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A more recent work conducted on an updated version of ePHoRt synthesizes the 
results obtained from a study of effectiveness, efficiency, and subjective user satisfac-
tion [38]. Thirty nine participants tested the platform and were asked to evaluate its 
usability by using the IBM CSUQ. The empirical results based on subjective percep-
tion and self-reported feedback show that the application is useful, effective, effi-
cient, easy to use, and its interfaces are acceptable. In addition, the evaluation of the 
user experience enables us to identify usability aspects that should be implemented, in 
order to improve the visual interface. The experiment indicates that user guidance is 
a critical aspect to ensure good usability of the tele-rehabilitation platform. Likewise, 
the error messages received by users should be as detailed as possible. Finally, in 
[6] the authors suggest to carry out usability tests with real patients and during the 
whole completion period of the rehabilitation program, as indicated in [36]. For this 
purpose, there are usability instruments specifically designed to measure the user 
experience with e-Health platforms, such as SEQ [52], USEQ [44] and TUQ [47].

Pilco et al. [37] is a very recent usability study that makes use of an agile user 
centered design process [13, 14] to assess the ePHoRt platform. The evaluation pro-
cess stated with a heuristic evaluation by using the Nielsen’s 10 heuristics principles 
[67]. In addition, a cognitive workload assessment was performed to complete the 
usability evaluation. Likewise, users were involved through all the stages of the 
iterative refinement process. Usability issues were progressively reduced by apply-
ing improvements suggested from the iterative assessments. For instance, usability 
issues originally cataloged as catastrophic were reduced to zero, major usability 
problems were diminished to 10 (2.75%), and minor usability problems were 
decreased to 141 (38.74%).

4. Accessibility review

The goal of most studies in the area of Web accessibility is to develop inclusive 
applications. However, this is a great challenge, because most applications do not 
follow the WCAG 2.1 standards suggested by the World Wide Web Consortium. Web 
accessibility studies have a high impact and significant benefits in the development of 
tele-rehabilitation applications. The World Health Organization (WHO) [68] estimates 
that more than 1 billion people live with some form of disability. This corresponds 
to approximately 15% of the world’s population. Between 110 (2.2) and 190 million 
(3.8%) people aged 15 years and over have significant operational difficulties.

In addition, disability rates are growing because of the population aging and the 
chronic diseases associated with the increasing life expectation. Disability is now 
considered a human rights issue. People are disabled by society, not just by their 
bodies. Therefore, the universal access to technology must be considered in building 
an egalitarian society. After applying the search strings defined in Table 1  
and using the PRISMA method, a total of 76 publications were recorded for Web 
accessibility. In the screening phase, 14 duplicate articles were excluded, 11 articles 
meeting the inclusion parameters were included, and 51 were rejected as being out 
of the inclusion criteria. In the eligibility phase, a total of 11 articles were assessed 
as fully meeting the inclusion criteria (Table 4). The phases of the selection process 
according to the PRISMA literature review method are detailed in Figure 2.

Table 4 presents the references of the 11 articles selected in the literature review.
Calle-Jiménez et al. [69] explain some of the challenges that exist to develop 

accessible Web platforms in tele-rehabilitation applications for patients after a 
partial or total hip replacement, known as arthroplasty. The authors propose an 
iterative method to improve the level of accessibility through automatic evaluation 
tools. Three online WAVE, AChecker, and TAW tools were applied in the study. The 
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results of the analysis indicate that the studied platform does not comply with all 
WCAG 2.0 accessibility standards.

Acosta-Vargas et al. [70] propose to apply the Accessibility Guidelines for 
educational content, in accordance with the Web Accessibility Initiative, to a 
tele-rehabilitation platform. The accessibility of the Web resources is assessed by 
using the Photosensitive Epilepsy Analysis Tool (PEAT). This open access software 
application applies several WCAG 2.0 standards and is combined with a manual 
evaluation method. The results of the study show that the multimedia resources 
evaluated do not reach an acceptable level of accessibility, as well.

Yu et al. [71] present a mobile health system (m-Health) to assist people with 
chronic diseases and disabilities in their self-management regimens. The authors 
studied the accessibility by using the WCAG 1.0 and 2.0 guidelines. The evaluation 
process was performed manually. The results indicate that on the importance of 
customization of interfaces to improve accessibility.

Acosta-Vargas et al. [72] present an accessibility study performed on a Web 
platform to promote a physical rehabilitation of patients with an arthroplasty. 
Web Content Accessibility Guidelines (WCAG) 2.0 and Website Accessibility 
Conformance Evaluation Methodology (WCAG-EM) 1.0 were applied. The authors 
used tools through plugins installed in the Web browser. WAVE,5 Siteimprove,6 
Open WAX,7 and Tenon8 were used. The results indicate that the tele-rehabilitation 
platform requires improvements to reach an appropriate level of Web accessibility.

5 https://wave.webaim.org/
6 https://siteimprove.com/
7 https://github.com/goonoo/OpenWAX
8 http://tenon.io/

Title Authors Year

Analysis and improvement of the web accessibility of a tele-rehabilitation 
platform for hip arthroplasty patients

Calle-Jimenez 
et al. [69]

2019

Educational resources accessible on the tele-rehabilitation platform Acosta-Vargas 
et al. [70]

2019

An mHealth App for Users with Dexterity Impairments: Accessibility Study Yu et al. [71] 2019

Towards Web Accessibility in Tele-rehabilitation Platforms Acosta-Vargas 
et al. [72]

2018

Personalized technology-enhanced training for people with cognitive 
impairment

Buzzi et al. [73] 2018

Design and Development of One-Switch Video Games for Children with 
Severe Motor Disabilities

López et al. [74] 2017

Internet Use By People Living With Neurological Conditions: a Scoping 
Study

Siegert et al. [75] 2015

Computer-based cognitive training in adults with Down’s syndrome Bargagna et al. 
[76]

2014

Visual Complexity, Player Experience, Performance and Physical Exertion 
in Motion-based Games for Older Adults

Smeddinck et al. 
[77]

2013

Tele-rehabilitation interface strategies for enhancing access to health 
services for persons with diverse abilities and preferences

Winters [78] 2013

Accessibility of e-health services for people with disabilities Bąkała et al. [79] 2010

Table 4. 
Summary of the accessibility papers selected in this review.
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Buzzi et al. [73] propose a Web platform to offer accessible games to individu-
als with cognitive disabilities, such as people with Down Syndrome (DS). Some 
WCAG 2.0 guidelines are applied manually, but no tools are applied in accessibility 
evaluation. The results of this study highlight the importance of motivation and 
flexibility to personalize the content according to the limitations of each user. Based 
on this experience, some basic guidelines for refining protocols for accessibility 
testing with people with DS have been proposed to maximize engagement, increase 
usability, and gather feedback to improve the accessibility of game design.

López et al. [74] argue that video games are not played just for fun, but are a 
useful tool for children’s cognitive, emotional and social development. The article 
contributes to reducing accessibility barriers. The development game, called “Gaming 
NOMON” or (GNomon) is based on a guide of accessibility for videogames. It appli-
cation has been evaluated for children with severe motor disabilities, so the study can 
serve as lessons learned for future research and design of accessible video games.

Richard Siegert et al. [75] indicate that little is known about Internet use among 
people with disabilities. This study explores how people with neurological condi-
tions, such as multiple sclerosis, traumatic brain injury, or stroke use the new 
technologies. Some WCAG standards were applied in the research. The authors are 
not concerned with evaluating the accessibility per se. but the potential benefits of 
Internet for health and the well-being of people with disabilities.

Also, Bargagna et al. [76] describe a set of computerized exercises designed for 
cognitive training of adults with Down Syndrome. The objective of the study is to 
develop a tele-rehabilitation platform by following WCAG 2.0 guidelines for Web 
application. For future studies, the researchers propose to develop more training 
games to investigate the long-term effects of software use and assess its relevance in 
preserving cognitive capacity and individual autonomy in everyday activities.

Figure 2. 
PRISMA 2009 flow diagram chart showing the selection process.
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Smeddinck et al. [77] point out that motion-based video games may have 
a variety of benefits for players and are increasingly applied in physiotherapy, 
rehabilitation, and prevention of older adults. The authors suggest that aspects 
of accessibility and immersion should be considered if the potential benefits of 
motion-based video games are to be harnessed for target groups with a broad 
spectrum of visual impairments. The application does not use WCAG-related 
guidelines, and does not apply specific tools to assess Web accessibility. The results 
show that visual complexity affects the perception of the games. The findings of 
this study can help to improve the design of motion-based games for therapy and 
rehabilitation in older adults.

Winters [78] proposes a preliminary classification scheme for tele-rehabilitation 
processes in order to apply it to human factors and to the analysis of the accessibility 
of electronic systems. The study proposes a novel framework in the development 
of interfaces that lead to a universal access to tele-rehabilitation for people with 
disabilities. This study makes use of some guidelines related to WCAG and Section 
508. The results suggest that during the development of Web applications, acces-
sibility guidelines should be considered in order to have more inclusive Websites.

Finally, Bąkała et al. [79] explain the concept of online health services in Poland, 
which tends to include people with disabilities. The researchers present a compara-
tive analysis of e-health solutions in Poland and in other European countries. They 
conclude that there are possibilities to adapt existing services, in order to include 
people with disabilities. The study analyses the WCAG guidelines, but it does not 
apply tools to evaluate tele-rehabilitation platforms.

5. Conclusions

The main result of the usability review for tele-rehabilitation systems shows 
that the user experience predominates over the heuristic studies, and the most used 
questionnaire to assess user experience is the SUS. Even though it would be relevant 
to carry out user experiences with real patients and in real conditions, there are 
still few usability questionnaires proposed in tele-rehabilitation. Likewise, studies 
do not measure the performance of the patients in terms of completion time of the 
tasks and percentage of errors during the rehabilitation exercises.

Regarding the question of Web accessibility in tele-rehabilitation platforms, 
the review shows that this topic is still marginally studied. Many applications do 
not care about developing accessible and inclusive platforms. Some studies refer 
to Section 508 and WCAG 1.0 and 2.0 guidelines, but they are not applied in their 
entirety in addition, no work applies the WCAG 2.1, which is the most recent Web 
accessibility guideline. It is also to mention the fact that the analyzed studies lack 
the application of combined methods to ensure an adequate level of Web accessibil-
ity. Thus, our review suggests that the development of future e-Health applications 
should apply the guidelines of WCAG 2.1 that will allow access to all types of users 
regardless of their physical and cognitive abilities. This conclusion is particularly 
relevant in the case of the development of tele-rehabilitation platforms, which 
should include both usability and accessibility iterative tests.
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Chapter 4

Dual Loop Theory: Eidetic
Feedback Control and Predictive
Feedback Control
Keiko Tsujioka

Abstract

We have been studying on human information processing and finding out two
types of feedback loop, positive and negative which are used when people under-
stand a sentence. Former one is eidetic feedback control by visual sensory organs
with encoding short-term memory (STM). Latter one is predictive feedback control
by phonological imagery and schema, which help recall and reconstruction or
reformation of concepts concerning with long term memory (LTM). Moreover,
those strategies might be related to their behavior or attitudes. We have hypotheses
that there are individual differences depending on strategies how two loops are
used. Those findings must lead coordinating transformation and learning control
for AI doctor or care assistive robots, which are required to interact with various
types of people so that they can predict their behavior and attitudes through
feedforward control.

Keywords: dual loop theory, eidetic feedback control, predictive feedback control,
human information processing, human-machine interaction

1. Introduction

It has been becoming a key factor for artificial intelligent computers, which are
composed of modern style machine learning system, how they are able to get
involved with human.

Then, in our study, we have conducted experiments over a decade so that we can
clarify human information processing, aiming to improve their interaction of AI
doctor or support robot with human being by predicting their behavior from find-
ing out their individual cognitive traits [1].

Specifically, we have predicted that their traits concerning with information
processing would become clearer by comparing response time to short sentences
between presenting with sound voice and letters. Those short sentences which are
120 questionnaires of psychological testing (YGPI) ask subjects whether they are
the same or not, comparing with their daily ordinary behavior [2]. In other words,
those questionnaires are concerning autobiographical memory [3], which are not
effects of their knowledge or academic ability, but personality of 12 factors which
divided into two factors, emotional and non-emotional [4–6].

From the results of our previous study, correlation coefficient between individ-
ual response time and the criteria of measurement (duration of each reading
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questions or the number of words in one question) in the experiment by sound
voice (listening) was higher than those of by letters (silent reading). And more,
there was greater dispersion of response time among subjects in presenting letters
experiment than former ones. From these reasons, we predicted that there would be
differentiation of individual traits of information processing for letters than those of
sound voice [6, 7].

We have therefore examined response time by silent reading individually and
found out that there were persons of Visual type (N = 12 of 98, r < 0.3) whose
correlation coefficients were much lower than those of Auditory type (N = 31 of 98,
r > 0.5). In addition to this, the average of response time of Visual type persons was
significantly shorter than those of Auditory type [6, 7].

Moreover, we have inspected reaction time of silent reading, especially among
Intermediate type (N = 55), and found out there were another pattern of informa-
tion processing between Emotional and non-Emotional questionnaires [6, 7].

In this paper, we have categorized two types, Eidetic type and Adjusting type,
whose correlation coefficients and response time patters were different with each
other. From these viewpoints, we had formulated a hypothesis (dual loop theory)
and verified them by the experiments of practical collaborative learning in nursing
class. One loop might be concerning positive feedback control (PFC) and other one
might be negative feedback control (NFC) [8, 9]. Epidemic type persons might
have tendency of PFC while they are solving problems. On the other hand, Adjus-
tive type might tend coordinating two cycles (PFC and NFC) [10, 11]. We had
revealed differentiations between the two types of behaviors.

Consequently, we would like to propose that the results of this study might help
AI computer to learn machinery, thereby analyzing Big Data of various students’
results and predicting their individual pattern of behavior so that it can support for
personalized education, for instance, optimizing combination for collaborative
learning.

2. Methods

2.1 System

Our purpose of this study is to clarify human information processing in order to
optimize machine learning for AI computer, which is intended to communicate
interactively with human being.

At first, there were problems in collaborative learning of practical nursing class
at university and we needed to find the solution. After investigating them in 2014,
we have found that there was the main cause of those problems which were failing
at a relationship among team members. Then, we have developed the Personalized
Education and Learning Support System (PELS) in 2015 [1], which helps instructors
and learners to work interactively with each other by optimizing combinations of
team members from the viewpoint of personality (Figure 1).

The main system of PELS is Big Data processing system (1) (Figure 2), [11],
which gathers students’ various data, for instance. measuring their traits (2), record-
ing their behavior, results of their performance, questionnaires, and so on, and
analyzes them (3), then inform them to instructors (4) so that they can make plans
for instructions included teaming members for collaborative learning interactively.

The result of students’ performances at the first semester (Figure 3, upper) has
been improving after introducing PELS to nursing classes, comparing the average
scores with the conventional form in 2014; on the other hand, it has been dealing
from 2015 to 2017 at second semester (Figure 3, right). We have supposed that the
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reason of those phenomena might be influenced by not only their personality but
also their cognitive traits [12], especially concerning with language information
processing, because our lifestyle has been changed dramatically in digital society
even in educational field [6, 7].

From these reasons, we have been examining PELS from the viewpoints of opti-
mizing combination for teaming members, through comparing performances and
individual differences between successful and unsuccessful teams. Combinatorial
optimization, however, is considered that it is difficult to find out precise solution
because of discrete and non-contiguous data structure; therefore, we have decided to
find solution of interactive problems by introducing the method of scaling up [13–15],
which needs to be revised in the field of education. As this scaling up method should
not change the current education system at their university, we have asked

Figure 1.
Local search for solution of combinatorial optimization.

Figure 2.
Local search for solution of combinatorial optimization.

Figure 3.
Changing scores over the years.
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scores with the conventional form in 2014; on the other hand, it has been dealing
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reason of those phenomena might be influenced by not only their personality but
also their cognitive traits [12], especially concerning with language information
processing, because our lifestyle has been changed dramatically in digital society
even in educational field [6, 7].

From these reasons, we have been examining PELS from the viewpoints of opti-
mizing combination for teaming members, through comparing performances and
individual differences between successful and unsuccessful teams. Combinatorial
optimization, however, is considered that it is difficult to find out precise solution
because of discrete and non-contiguous data structure; therefore, we have decided to
find solution of interactive problems by introducing the method of scaling up [13–15],
which needs to be revised in the field of education. As this scaling up method should
not change the current education system at their university, we have asked

Figure 1.
Local search for solution of combinatorial optimization.

Figure 2.
Local search for solution of combinatorial optimization.

Figure 3.
Changing scores over the years.
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instructors and students to participate in experimental practical nursing class and
agree to investigate their problems and solutions continuously [16].

2.2 Measuring system

Before starting those practical experiments, we had been developing the mea-
suring system for individual traits [12], regarding human information processing.
This system is simulated interactive communication between an instructor (A) and
a learner (B) with using ICT (a) ! (b) ! (c) ! (d) (Figure 4). In the field of
educational technology studies, they call this interaction as learning process. When
the learner responses to the instructor (A) after the information or instruction for
assignments from the instructor (A) conveyed to her or him, the one session of
activity has been considered as coming into effect of learning (Figure 5).

From this theory of learning processing, we predicted that language information
processing might be the same as each other (Figure 5, ①). Then, instead of the
instruction or assignment, we decided to use questionnaires of YGPI (Yatabe-
Guilford Personality Inventory), which is consisted of 120 short sentences and 12
factors (10 of 120 each), and more, they are composed of two main factors, emo-
tional and non-emotional factors. Subjects are required to choose responses to
questionnaires among “yes,” “no,” or “either,” comparing with their daily activities
or behavior. The system also measures their response time from the start of
presenting the questionnaire to subjects’ replies (Figure 5, ② and ③). Card has

Figure 4.
Learning processing.

Figure 5.
Human information processing.
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introduced the theory that the perceptional system (τp), cognitive system (τc), and
motor system (τM) are involved in simple reaction time [17, 18].

2.3 Hypothesis

As questionnaires would be the same between those presented by sound voice and
letters, differences of their response time should be the same, except the duration of
comprehension for problem solving (τc2) and decision making of intention (τc3),
which are considered working as high-order functions. Hence, response time, which
is measured in this study, is not the same as simple reaction time but same as complex
reaction time. According to the theory of information processing by Card [17, 18],
reaction time for encoding by perceptive organs (τc1) is correlated with the number of
words, because of cycling for processing with each elements of the word.

The results of our exploratory experiments (over 100 subjects aged from 13 to
64) have been shown, however, that the system of encoding might not be the same
among subjects. Especially, encoding system [19] for letters might be different
individually, and the results of preliminary experiments which have been
conducted in the same conditions (age, sex, history of education, and environment
of experiments) have imprecated the individual differentiation of cognitive system,
included encoding.

From these perspectives, we had introduced the model of human information
processing (Figure 5) into our research. Specifically, it was predicted that there
might be individual differences of information processing, depending on contents
of questionnaires, between emotional and non-emotional factors [4] because of the
encoding system or image schema system (Figure 5; A2, V2) [20], which is
concerning with conceptualization. Those might have effects on their comprehen-
sion (Figure 5; A3, V3) or decision making (Figure 5; A4, V4) strongly.

Consequently, the model of information processing had been reviled to Figure 6
which shows two types of cycle: (4) and (5). Along with previous examinations, the
criteria would be decided for discriminating each other by analyzing correlation
coefficient between response time and duration of reading (listening) or the

Figure 6.
Model of language information processing system.
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number of words, depending on contents; emotional and non-emotional factors. In
this chapter, we will examine hypotheses of “dual loop theory” as below.

There might have existed two loops for human information processing: one
might be a positive feedback control (PFC) and the other might be a negative
feedback control (NFC). Depending on students, which they might choose one
during the problem solving would be different and it might be clarified by analyzing
the response time, regarding the context of questionnaires.

a. In the case of PFC, Loop of (1)(2)(4)(5), (Figure 6), encoded words into
symbols might be feedback directly to perceptive organs in order to
comprehend the next word along with the context of given each
questionnaire. Therefore, this type might have a tendency toward eidetic with
short-term memory (STM) to make their decisions in a short time without
phonologically silent reading.

b. In the case of NFC, Loop of (1)(2)(4)(6)(7)(3)(4)(8), (Figure 6), encoded
words into symbols might be feedback control after phonologization with
image schema and matching meanings of the words with sound voice by
long-term memory (LTM). If there are conflicts between them, s/he might
need to modify either one of them; then, the results would be conveyed to the
cycle of feedforward control (Figure 6; (3)). In this case, they need time to
make decision.

c. Most of the students might use both loops to solve problems and make
decisions for replies. How they might choose one, depending on
questionnaires, would be effects on their performances.

And more over, this tendency might have effects on their personality.

2.4 Methods of experiment

2.4.1 Prototype experiment

2.4.1.1 Purpose

The purpose of prototype experiments is to calibrate the measurement system.

2.4.1.2 Participant

Twenty-eight university students participated in this experiment.

2.4.1.3 Duration

The experiment took place from January to March in 2015.

2.4.1.4 Procedure

The participants were divided into two groups for a counterbalance depending
on orders of the way of presentation by sound voice or letters. Prototype experi-
ments are implemented twice to the same participants in the same way and condi-
tions in January and March, for example, the arrangement of laptop displays on the
desks and seats in the same room.
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2.4.1.5 Data gathering

Each comparative experiment plans to obtain 240 responses and response time
per person. Total amount of data should be 6720 for each element.

2.4.2 Practical experiment

2.4.2.1 Purposes

Under the condition of optimized combinations of team members at this
time by considering inter personality which is predicted by the result of YGPI
and instructors’ experiences, the aim is to find out problems remaining in
collaborative learning class in order to improve students’ performance from
another factor.

2.4.2.2 Participants

Ninety-eight new students at university participated in this experiment.

2.4.2.3 Duration

The experiment took place from April in 2015 to March in 2016.

2.4.2.4 Procedure

Beforehand, the instructors had been introduced how to optimize combination
of team members in teacher training by using personality types and their
experiences. At first, students were explained about the practical experiment and
collaborative learning. After obtaining their agreements, they had participated in
activities of this experiment, for instance, taking personality testing before starting
class, answering questionnaires, collaborative learning in practical nursing class
with optimized team members, and so on. Students were required to wear the
saddlecloth so that observers and instructors can survey their behavior individually
in class.

2.4.2.5 Data gathering

1.The results of performance in class; both low and high stakes assignment;

2.YGPI (response, response time, and evaluation (profile));

3.questionnaires and interviews to instructors and students;

4. interaction among students while they are using LMS (learning management
system);

5.record of video in class; and

6.participatory fieldwork.
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2.5 Methods of analysis

2.5.1 Quantitative analyses

2.5.1.1 Calibration

The calibration is done by comparing the average of response time to question-
naires by presenting sound voice or letters obtained in prototype experiments in the
first and the second time, divided by the number of words.

2.5.1.2 Traits of information processing I

The calibration is done by comparing the average of response time to question-
naires by presenting sound voice or letters obtained in practical experiments in
Visual and Auditory types (Table 1), divided by the number of words.

2.5.1.3 Traits of information processing II

The calibration is done by comparing scatter diagrams of response time to
questionnaires by presenting letters and standard reading time (sound voice)
obtained in practical experiments in Eidetic and Adjusting types (Table 2), dividing
into emotional and non-emotion context (Table 3).

2.5.1.4 Evaluation of performance in team

After processing parallel distributions of individual records of performance, low
and high stakes assessments, and traits of information processing (Tables 1 and 2),
a table will be made in order to analyze and evaluate by comparing performances of
teams between success and ill-successes team (Team B and Team C).

Table 1.
Criteria type I.

Table 2.
Criteria type II.
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2.5.2 Qualitative analyses

After processing parallel distributions of individual traits of information
processing (Tables 1 and 2), descriptions of answering questionnaires about psy-
chological testing will be compared between two types of presentation and inter-
personal communication in class or practical training (Team B and Team C).

Then, their differences will be discussed in order to clarify the effectiveness of
collaborative learning.

3. Results

3.1 Prototype experiment

Twenty-eight participants were the same members as the first and the second
implementation on the same seat and the same display for each person. The exper-
iments were conducted by representing counter-balanced by order. The results
were obtained by analyzing the average of reaction time divided by number of
words in a short sentence (Figure 7); both sound voice and letters were not signif-
icantly different between the first and the second experiments. The total average
(first, second) of sound voice was (=2.69, =2.58) and letters (=2.32, =2.20). The
correlation coefficients between response time and the number of words were not
significantly different between the first and the second experiments, both
representing questionnaires by sound voice and letters (Table 4).

From these results, it has been proved with reliability that the level of calibration
was high enough to reproduce scientifically, regarding our measuring system.
Concerning standard deviation, however, letters (SD = 0.93, SD = 0.85) was larger
than sound voice (SD = 0.64, SD = 0.64) (Figure 5). Specifically, when the number
of words was higher, the standard deviation of reaction time to letters became

Table 3.
Comparison of elements between emotion and non-emotion.

Figure 7.
Comparison of response time between the first and the second experiments (left: presented by sound voice; right:
presented by letters).
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larger. This means that there might be individual differences of information
processing among students.

3.2 Practical experiment

3.2.1 Quantitative analyses

3.2.1.1 Comparison of traits for information processing I

As we have mentioned in Section 3.1, from the results of prototype experiments,
we have proved the reliability and the reproducibility of our measurement system.
Then, in a practical experiment, we have used them and gathered data, with the
similar way of procedures and conditions applied in the prototype experiments. As
the standard deviation of response time presented by letters was larger than those of
sound voice, we have checked individual differences of the correlation coefficients
between response time and the number of words. Along with the categorization of
those correlation coefficients, we have divided students’ types as traits of informa-
tion processing I, Visual type and Auditory type. And then, comparing the average
of reaction time between Visual and Auditory type (Figure 8), in the case of letters,
Visual type (=2.01, SD = 0.92, N = 13) responded significantly faster than Auditory
type (=2.65, SD = 0.98, (N = 31)) (Table 5) (t = �21.05, r < 0.001).

3.2.1.2 Comparison of traits for information processing II

Figure 9 shows the different patterns of distributed response time (intermediate
type of information processing I) between eidetic (N = 8 of 11) and adjusting type

Table 4.
Examination of comparison between the first and the second response time.

Figure 8.
Comparison of reaction time between Visual and Auditory types (left: presented by sound voice; right presented
by letters).
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(N = 6 of 10), which were categorized traits by the differences of correlation
coefficients between emotional and non-emotional contexts (eidetic type; X ≤ μ-σ,
Adjusting type; X ≥ μ + σ) (Table 2). In the case of Adjusting type (N = 10), the
average of response time of emotional contexts was significantly faster than those of

Figure 9.
Comparison of reaction time between emotion and non-emotion (upper: Eidetic type; lower: Adjusting type).

Table 5.
Results of tests, the significant differences of reaction time between visual and auditory types.
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non-emotional contexts. This tendency is found in the patterns of the scatter dia-
gram, which shows distributions of each response time how they diff between
emotional and non-emotional contexts. On the other hand, in the case of Eidetic
type (N = 11), there are no differences between them.

Figure 10 shows the quantitative interaction between two types of students,
comparing their scores between the first and the second semesters (F = 5.3, p<
0.01). The average of Eidetic type in the first semester was better than that of
Adjusting type; however, in the second semester, it was reversed.

3.2.1.3 Comparison of team performance

This phenomenon should be examined in detail, checking whether the statistical
results are right or not by seeing individual performances practically. Therefore, we
have chosen team members whose team was success or ill-success in low- and high-
stakes’ assessments. In the case of low-stakes assessments, Team B members’
records were shown the best improvement among teams, comparing pre-post test
scores. On the other hand, in the case of Team C, their records were the worst in
class. Those tests conducted in the first semester, and the average of Team C (=77.5)
was lower than Team B (=87.3). In the second semester, traits of the whole ten-
dency of teams were the same; however, looking into individual performances,
their tendencies were also the same as Figure 10. For instance, both scores of eidetic
type; SubB-2 and SubC-2 in the second semester were lower than in the first
semester, on the other hand, in the case of Adjusting type, SubB-1 and SubC-3, their
scores in the second semester, became much better than those of the first semester.

3.2.2 Qualitative analyses

3.2.2.1 Description

In order to check them from another viewpoint practically, their descriptions of
answering questionnaires were compared among types of information processing
(Appendix 1 and 2).

Figure 10.
Comparison of scores first and second semester.
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Appendix 1 shows descriptive answers to the questionnaire about the compari-
son between auditory and visual presentation of testing. Two of four students, who
are visual type, said that it was easier for them to decide responses or image by
sound voice than by letters. On the other hand, all three students of Adjusting type
have described their responses through self-evaluation by testing.

In Appendix 2, regarding interpersonal communication, which students are
required to obtain in practical field for nursing, all three Adjusting type students
have described that they think it is important. The others have described about the
interactive communication a little more subjectively.

3.2.2.2 Interview

All four members of Team B were interviewed on September 9th in 2018. SubB-2,
however, did not appear at the appointment time. After getting appointment again,
she appeared for the interview. She said that similar cases have repeatedly happened
because it was nothing unusual to make misread message (which caused missing
appointment). Concerning interpersonal communication, it has been difficult for her
in collaborative working in the practical field and it was the best condition in 2015
with Team B members.

In the case of SubB-1 and SubB-4, they both have talked about their strategies to
communicate interactively in collaborative working, even at the specialized treat-
ment department. It seemed that they were able to cope with any persons and cases.

4. Discussion

4.1 Meaning of clarifying human information processing

There are a significant number of studies, which have been conducted about
human information processing in the world [17, 18]. Every study is very important
for us; on the other hand, most of them are still vague and unclear, because we need
to observe real time while it is working, from outside. It should be difficult, how-
ever, to see inside of our mind directly. Therefore, we have developed the mea-
surement of individual traits from cognitive aspects so that we can clarify human
information processing and predict their behaviors. I would like to make it a mean-
ingful measurement; however, it is still exploratory research and data analysis.

Although there might be a lot of methods to find out the mechanism of human
information processing [21, 22], there should be different approaches from each
other to achieve a goal, depending on their own purposes. The end of this study is to
improve personalized education, however, both the environments in society and
educational field have been changing, which must be a lot of elements and always
impact on our cognitive system, in other words, on the way of human information
processing. This means that we always need to find out the problems which might
be courses of ill-success in education.

For instance, in our study case, we have supported collaborative learning in
nursing class, which has been introduced for cutting age electronic equipment. It
must help students when they start to work at hospital, coping with electronic
equipment. On the other hand, they are required to obtain the skill of interactive
communication with patients and coworkers. For this reason, the instructors have
introduced the method of collaborative learning, which needs to divide students
into teams with four members in each. It seems cumbersome to decide the members
of teams, if instructors seek for effective learning, because they would be required
to predict students’ behaviors by analyzing their data, for instance, individual traits
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Figure 10.
Comparison of scores first and second semester.
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Appendix 1 shows descriptive answers to the questionnaire about the compari-
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and their needs. Hence, we have begun to support optimizing combination; how-
ever, there is no exact solution for it [23]. For those reasons, we have developed the
support system or personalized education and learning. This has the measuring
system to provide students’ data to instructors before starting classes.

As I have mentioned above, however, it has been becoming complicated to
combine members of teams. Therefore, if AI doctor or machine would solve this
problem by optimizing combination, personalized education and learning would be
improved. To achieve this meaningful goal, we need to clarify information
processing for interactive communication. This must have synergic effect on AI
doctor, care assisting robots and so on, because they need to obtain the ability of
interactive communication with people by machine learning.

From these viewpoints, this study and the measuring system for clarifying
human information processing must be meaningful to achieve our goal.

4.2 Examination of dual loop theory

We have planned to examine dual loop theory, which I have proposed as
hypotheses and implemented experiments, gathered data, and analyzed them.
Those ideas were hinted by Card’s Model Processor [18], which is a “cognitive
model of the user to be employed by the designer in thinking about the human
interaction with computer at the interface” and “the Recognize-Act Cycle of the
Cognitive Processor,” from the view of LTM and STM as a simple reaction time.
Although they have introduced this model, they have tried to propose another one
(GOES: Goals, Operations, Methods, and Selections) for tasks which can be taken
from the half-second level to the two-second level. Approximately, dual loop theory
model (Figure 6) might be a combination of those two models and we can predict
subjects’ behavior. Many of such models have been introduced; however, there
might be a few to find out individual differences in human information processing.

The idea of this dual loop theory might be similar to the others, however, we
seek for finding out individual differences which patters would indicate some types
of trait concerning with cognitive behavior.

Although having said that, when the model is examined, we need to use previous
studies as references. For instance, by comparing processing between sound voice
and letters [24] and cycle reaction time which is proposed by Card [18], we have
examined calibration of measuring instrument. From the results of analysis for
response time by presenting sound voice have been shown the high level of the
calibration from the viewpoints of reliability and the reproducibility (Figure 7,
left), considering the high correlation coefficient with the number of words which
means cycle of response time. On the other hand, in the letter presentation case, it
was recognized reproducibility; however, its correlation coefficient with the num-
ber of words was not shown high.

From this result, it was predicted that individual differences clearly among
students concerning the way of silent reading. Then, categorized types of trait
(visual or auditory type) by strengthening of the correlation coefficient between
response time and the number of words or duration of reading aloud. There are no
differences between the two types of reaction time represented questionnaires by
sound voice, but recognized significantly differences by letters (Figure 8 under
Table 5). Students of Auditory type have needed time longer than those of Visual
type from starting to silent reading to making decision (Figure 5). This means that
the auditory type might tend to process a word and a sentence with
phonologization, using LTM or NFC loop; conversely, the visual type tends to
process directly encoding symbol using STM or PFC loop.

From these results of analyses, the hypotheses [a] and [b] have been proved,
and next hypothesis [c] should be examined. It was predicted that depending on
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the context of sentences, wemight process themwith different ways, PFC or NFC Loop.
One hundred twenty psychological questionnaires were used as a task for one session,
but they consisted of mainly two types of contexts, emotion and non-emotion. From the
previous studies, when the emotional context is processed, it is considered that we tend
to use STM because the effect of emotion on hippocampal-dependent memory consol-
idation [25, 26]. Then, the categorization of types concerning contexts is performed,
Eidetic [27] and Adjusting type, depending on the differentiation of correlation coeffi-
cients between emotional or non-emotional contexts (Table 2). In the case of adjusting
type, the differentiation of response time was clear, and the average of response time to
emotional contexts is significantly faster than non-emotional ones. This means
that students of Adjusting type might change their strategies to read silently and make
decision depending on contexts. In the case of emotional contexts, they might use STM
or PFC; on the other hand, in non-emotional contexts, their correlation coefficient is
higher and much longer time spent from starting silent reading to making decision
[28, 29]. This means that they might read silently with phonologization of words,
referring concepts of words meaning by sound voice with image schema. This informa-
tion processing might help them to reflect on their comprehension is right or not, which
is considered negative feedback control (NFC).

From these results, we have proved hypothesis (c); however, we would like to
examine more details for this hypothesis.

4.3 Relevance between individual differences and personality

Two teams were selected from the aspect of low stakes assessments (highest and
lowest teams, assessing for ability of conceptual metaphor and collaboration), in
order to examine more in detail from the aspect of individual differences (Table 7).
It is easy to compare the improvement performances among students’ traits and
records or between teams by parallel processing and analyses. The result of the
comparison of the average scores between Eidetic and Adjusting types and between
first and second semesters has been examined this parallel processing and analyses,
which have shown matching with each other.

Moreover, the comparison of those examinations between results of scores and
descriptions of students (Appendix 1 and 2) by parallel processing has shown their
matching. From this viewpoint, whether those results are matching with the evalu-
ation of personality, regarding the factors of lack of objectivity (O Factor) and lack
of cooperativeness (Co Factor) among 12 factors (Appendix 3). Students of
Adjusting type (SubB-1, SabB-4, and SubC-3) have taken low scores for both
factors; in other words, they are evaluated as objectivity and cooperativeness are
strong. On the other hand, students of eidetic type (SubB-3 and SubC2) have taken
high score in both factors, comparing with the former students, which means they
are subjective and a little bit uncooperative.

Consequently, we might be also able to predict their behavior from traits of
information processing. Though the results of our experiments have been proven
useful, they are complicated for us. In addition to it, instructors must be busy to
prepare other instructions for students. From these reasons, AI machine or doctor
which might be able to obtain machine learning is expected and prospected for
matching members of team by optimizing combinations.

5. Conclusions

In this chapter, dual loop theory, which consisted of two kinds of feedback
control, concerning with human information processing, was proposed (Figure 6)
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model of the user to be employed by the designer in thinking about the human
interaction with computer at the interface” and “the Recognize-Act Cycle of the
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model (Figure 6) might be a combination of those two models and we can predict
subjects’ behavior. Many of such models have been introduced; however, there
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The idea of this dual loop theory might be similar to the others, however, we
seek for finding out individual differences which patters would indicate some types
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Although having said that, when the model is examined, we need to use previous
studies as references. For instance, by comparing processing between sound voice
and letters [24] and cycle reaction time which is proposed by Card [18], we have
examined calibration of measuring instrument. From the results of analysis for
response time by presenting sound voice have been shown the high level of the
calibration from the viewpoints of reliability and the reproducibility (Figure 7,
left), considering the high correlation coefficient with the number of words which
means cycle of response time. On the other hand, in the letter presentation case, it
was recognized reproducibility; however, its correlation coefficient with the num-
ber of words was not shown high.

From this result, it was predicted that individual differences clearly among
students concerning the way of silent reading. Then, categorized types of trait
(visual or auditory type) by strengthening of the correlation coefficient between
response time and the number of words or duration of reading aloud. There are no
differences between the two types of reaction time represented questionnaires by
sound voice, but recognized significantly differences by letters (Figure 8 under
Table 5). Students of Auditory type have needed time longer than those of Visual
type from starting to silent reading to making decision (Figure 5). This means that
the auditory type might tend to process a word and a sentence with
phonologization, using LTM or NFC loop; conversely, the visual type tends to
process directly encoding symbol using STM or PFC loop.

From these results of analyses, the hypotheses [a] and [b] have been proved,
and next hypothesis [c] should be examined. It was predicted that depending on
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the context of sentences, wemight process themwith different ways, PFC or NFC Loop.
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but they consisted of mainly two types of contexts, emotion and non-emotion. From the
previous studies, when the emotional context is processed, it is considered that we tend
to use STM because the effect of emotion on hippocampal-dependent memory consol-
idation [25, 26]. Then, the categorization of types concerning contexts is performed,
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cients between emotional or non-emotional contexts (Table 2). In the case of adjusting
type, the differentiation of response time was clear, and the average of response time to
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that students of Adjusting type might change their strategies to read silently and make
decision depending on contexts. In the case of emotional contexts, they might use STM
or PFC; on the other hand, in non-emotional contexts, their correlation coefficient is
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[28, 29]. This means that they might read silently with phonologization of words,
referring concepts of words meaning by sound voice with image schema. This informa-
tion processing might help them to reflect on their comprehension is right or not, which
is considered negative feedback control (NFC).

From these results, we have proved hypothesis (c); however, we would like to
examine more details for this hypothesis.

4.3 Relevance between individual differences and personality

Two teams were selected from the aspect of low stakes assessments (highest and
lowest teams, assessing for ability of conceptual metaphor and collaboration), in
order to examine more in detail from the aspect of individual differences (Table 7).
It is easy to compare the improvement performances among students’ traits and
records or between teams by parallel processing and analyses. The result of the
comparison of the average scores between Eidetic and Adjusting types and between
first and second semesters has been examined this parallel processing and analyses,
which have shown matching with each other.

Moreover, the comparison of those examinations between results of scores and
descriptions of students (Appendix 1 and 2) by parallel processing has shown their
matching. From this viewpoint, whether those results are matching with the evalu-
ation of personality, regarding the factors of lack of objectivity (O Factor) and lack
of cooperativeness (Co Factor) among 12 factors (Appendix 3). Students of
Adjusting type (SubB-1, SabB-4, and SubC-3) have taken low scores for both
factors; in other words, they are evaluated as objectivity and cooperativeness are
strong. On the other hand, students of eidetic type (SubB-3 and SubC2) have taken
high score in both factors, comparing with the former students, which means they
are subjective and a little bit uncooperative.

Consequently, we might be also able to predict their behavior from traits of
information processing. Though the results of our experiments have been proven
useful, they are complicated for us. In addition to it, instructors must be busy to
prepare other instructions for students. From these reasons, AI machine or doctor
which might be able to obtain machine learning is expected and prospected for
matching members of team by optimizing combinations.

5. Conclusions

In this chapter, dual loop theory, which consisted of two kinds of feedback
control, concerning with human information processing, was proposed (Figure 6)

65

Dual Loop Theory: Eidetic Feedback Control and Predictive Feedback Control
DOI: http://dx.doi.org/10.5772/intechopen.89681



and examined by analyzing the results of experiments. The data were gathered
students’ response time, using psychological questionnaires (Figures 4 and 5) and
their records of performances in collaborative learning class and analyzed by the
way of parallel distributed processing. The results were as follows:

1.The prototype experiments were conducted by representing counter-balanced
by order. The results of analyzing the average of reaction time divided by
number of words in a short sentence (Figure 7) in both sound voice and letters
were not significantly different between the first and the second experiments.
Therefore, it has been proved with reliability that the level of calibration was
high enough to reproduce scientifically, regarding our measuring system.

2.The response time to questionnaires of sound voice presentation was strongly
correlated to the number of words which consist of a short sentence of
questionnaires. In presenting letters case, the average of correlation
coefficients was weaker and dispersed than those of sound voice (Figure 7).
From these results, it was supposed that there were individual differences
during information processing while students were reading silently. Then,
their response time was categorized by the strength of correlation coefficients
with the number of words (Tables 1 and 2).

It was found out that the average of response time depending on types was
different between each other. In the case of Auditory type, the average of response
time was significantly longer than those of Visual type (Table 5 and Figure 8).

3.Next, when the sentences were divided into two categories, emotion and non-
emotion, there were found different phenomena among students, regarding

Table 6.
Results of tests, the significant differentiation of reaction time between emotion and non-emotion context for
Adjusting type.

Table 7.
Comparison scores between teams.

66

Assistive and Rehabilitation Engineering

traits of information processing type (Figure 9). In the case of Adjusting type,
the average of response time for emotional contexts was significantly faster
than that of non-emotional contexts (Table 6).

4.Therefore, the average scores of students’ records were compared between
Eidetic and Adjusting types. The result has shown the quantitative interaction
between them (Figure 10).

5.Moreover, we have examined whether those individual differences are
connected to other students’ performances (Table 7, Appendix 1 and 2), and
then, checking the verification of the criteria which classified traits both of
personality and cognitive features (Appendix 3).

6.Finally, we have discussed on hypotheses (2.3), from three aspects: meaning of
clarifying human information processing, the examination of dual loop theory,
and the relevance between individual differences and personality. In conclusion,
the feature of Adjusting type has been shown their way of information
processing by both positive and negative feedback controls, comparing the other
type of students, depending on the context. In addition to this result, we have
checked their performances, descriptions, and interviews practically.

We need to examine this theory furthermore and optimize the combination of
members in order to communicate interactively among students and instructors.
Eventually, those results would help the modern style machine learning of artificial
intelligent to predict human behavior depending on types and consequently
improve their interactive communication with human beings.

In conclusion, dual loop theory would be expected to help us to understand the
system of human information processing and predict our behavior according to its
patterns. It would be also applicable widely to the machine learning system, for
instance, AI doctor and assistive robots which requires the interactive communica-
tion with human.
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Chapter 5

Technical Contributions to the 
Quality of Telerehabilitation 
Platforms: Case Study—ePHoRt 
Project
Patricia Acosta-Vargas, Janio Jadán-Guerrero, Cesar Guevara, 
Sandra Sanchez-Gordon and Tania Calle-Jimenez

Abstract

This chapter proposes three main technical contributions for the development 
of a telerehabilitation platform, named ePHoRT, for patients recovering from 
hip surgery. The first contribution is the application of a diffuse 3D model for the 
detection of rehabilitation exercises after hip surgery. The model applies fuzzy 
logic, which allows identifying in real time if a patient is performing a right or 
wrong movement, assisted by an avatar in 3D. The avatar copies the movements of 
the patient through a Kinect camera. The second contribution involves the proposal 
of an iterative method to improve the usability of telerehabilitation platforms along 
the development life cycle. The proposed method involves the use of an inspection 
method and includes protocols and instruments. This method has been validated in 
the ePHoRT project. Finally, the chapter describes accessibility guidelines for edu-
cational resources. It proposes accessibility standards for the content of educational 
resources in video and PDF formats in the telerehabilitation platform according to 
the Web Content Accessibility Guidelines (WCAG).

Keywords: eHealth, telemedicine, telerehabilitation, hip surgery patients,  
fuzzy logic, usability, accessibility, educational resources, WCAG

1. Introduction

The ePHoRT platform allows hip replacement patients to perform part of the 
rehabilitation treatment at home and communicate the evolution of the recovery 
process to the physiotherapist. The ePHoRT platform has a “practice module” orga-
nized into three stages that are meaningful for the patient’s recovery process. These 
stages are characterized by a growing level in the intensity of the exercises. Stage 1 is 
carried out during the week following the surgery and consists mainly of exercises 
performed lying down. Foot rehabilitation movements begin in stage 2 (the second 
week after surgery). Finally, stage 3 is characterized by functional exercises, which 
consist of preparing the patient to recover a regular walk. The ePHoRT platform 
is in the design stage and follows a process of agile and collaborative development 
focused on the user.
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2.  Application of a diffuse 3D model for the detection of rehabilitation 
exercises after hip surgery

At the present time, it has been seen that intelligent systems embrace a large 
number of daily life tasks and activities of the society. The objective of these systems 
is to solve a variety of existing problems in society more efficiently and with accurate 
results. One of the characteristics of these systems is the interaction between the user 
and the computer [1], which allows the optimal handling of these systems intuitively.

The present work proposes the development of a virtual representation of the 
body structure of a patient who performs rehabilitation exercises. This digital rep-
resentation is called avatar [2], which duplicates the movement of the human being 
that has been detected by a Kinect camera from Microsoft’s Xbox One.

The captured movements are imitated by the avatar and executed in real time. 
Subsequently, if the patient performs an incorrect exercise, the system will show 
an alert with the part of the body where it is moving wrongly, with colors that help 
the patient’s interaction. A detector subsystem applies the diffuse logic technique 
that identifies the execution of rehabilitation exercises; this allows the avatar to be a 
means of interaction between human and computer.

In the work presented by Ichim et al. [2], the development of three-dimensional 
facial avatars is detailed. The system detects facial expression from a template and a 
sequence of recorded images through an optimization that integrates the tracking of 
expression characteristics. This study helps the design of new applications of com-
puter animation as well as online communication based on personalized avatars. In 
addition, demonstrations of several applications in real time that verify the process 
of avatars creation are presented.

In the work published by Pavone et al. [3], the application of immersive virtual 
reality and electroencephalography recording is presented to explore the avatar’s error 
incorporation when it is viewed from a one-person perspective. The avatar activates 
the error monitoring system in a patient’s brain and helps its development. The results 
show that immersive virtual reality can obtain optimal results with the application of 
an artificial agent. These tools improve the fine-tuning learning (motor skills), up to 
critical social functions (reading or anticipating the other people’s intentions).

The study published by Belal et al. [4] presents the study of pulse oximetry. It is 
a technology used to monitor oxygen saturation in neonates and pediatric patients. 
The equipment that measures the pulse oximetry is not precise, whereby they 
generate false alarms. This study proposes the development of a knowledge-based 
system that uses fuzzy logic to classify plethysmogram pulses into two categories: 
valid and artifact. The model correctly classified 82% of the valid segments and 
93% of the distorted segments.

The study developed by Guevara et al. [5] proposes a model of real-time move-
ment detection of patients of rehabilitation from hip surgery. The model applies the 
fuzzy logic technique to identify correct and incorrect movements in the perfor-
mance of rehabilitation exercises using the motion capture device called Kinect of 
Xbox One. It proposes an algorithm that works with a multivariable logic model. 
The diffuse model identifies movements of the patient during the performance of 
rehabilitation exercises. On the other hand, a 3D avatar is applied, which copies and 
graphically displays the real-time exercises performed by the patients.

2.1 Data analysis

The information used for the avatar development was obtained from the capture 
of body points by the Kinect camera of the Xbox One (Figure 1). In this study, 
we gained information of four patients who have gone through hip surgery. This 
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information was collected during 5 weeks of rehabilitation, with high-, medium-, 
and low-difficulty exercises. Patients performed a set of exercises correctly and 
incorrectly, which enabled the avatar real movement.

The detected points were 25, the same ones that can identify any movement in 
three dimensions. For this reason, the database contains 75 attributes. An infor-
mation preprocessing has been carried out to identify the relevant information, 
eliminating repeated data as well as noise.

The attribute selection for the algorithm has been identified as 18 essential 
points of the skeleton detected by the Kinect Xbox One. The specific points are 
0y, 6x, 6y, 10x, 10y, 12x, 12y, 13x, 13y, 14x, 14y, 15x, 15y, 16x, 16y, 17x, 17y, and 
19x. These points determine the movement in a more detailed way, allowing 
depth and opening angle detection. The points selected for the front step exercise 
are those shown in Figure 2 as well as in the lateral step exercise, as shown in 
Figure 3.

2.2 Proposed model

The proposed model uses the points identified in the previous section. With this 
information, we will calculate the speed and angle of the limb opening that have 
performed the rehabilitation exercises correctly. This information is vital to build 
the diffuse model and to determine the patient’s correct posture while performing 
the exercise (arms, shoulders, and head), as well as the execution speed and the 
opening angle.

2.3 Limb opening angle calculation

To calculate the angle of the limbs, we identified starting points defined as 
B(Xi, Yi) and ending point C(Xj, Yj). The value of the angle between points B and C 
is defined as α, as shown in Figure 4. In the same way, the execution speed defined 
as 𝜌𝜌 will be calculated.

Figure 1. 
Body points captured by Microsoft’s Kinect [6].



Assistive and Rehabilitation Engineering

74

2.  Application of a diffuse 3D model for the detection of rehabilitation 
exercises after hip surgery

At the present time, it has been seen that intelligent systems embrace a large 
number of daily life tasks and activities of the society. The objective of these systems 
is to solve a variety of existing problems in society more efficiently and with accurate 
results. One of the characteristics of these systems is the interaction between the user 
and the computer [1], which allows the optimal handling of these systems intuitively.

The present work proposes the development of a virtual representation of the 
body structure of a patient who performs rehabilitation exercises. This digital rep-
resentation is called avatar [2], which duplicates the movement of the human being 
that has been detected by a Kinect camera from Microsoft’s Xbox One.

The captured movements are imitated by the avatar and executed in real time. 
Subsequently, if the patient performs an incorrect exercise, the system will show 
an alert with the part of the body where it is moving wrongly, with colors that help 
the patient’s interaction. A detector subsystem applies the diffuse logic technique 
that identifies the execution of rehabilitation exercises; this allows the avatar to be a 
means of interaction between human and computer.

In the work presented by Ichim et al. [2], the development of three-dimensional 
facial avatars is detailed. The system detects facial expression from a template and a 
sequence of recorded images through an optimization that integrates the tracking of 
expression characteristics. This study helps the design of new applications of com-
puter animation as well as online communication based on personalized avatars. In 
addition, demonstrations of several applications in real time that verify the process 
of avatars creation are presented.

In the work published by Pavone et al. [3], the application of immersive virtual 
reality and electroencephalography recording is presented to explore the avatar’s error 
incorporation when it is viewed from a one-person perspective. The avatar activates 
the error monitoring system in a patient’s brain and helps its development. The results 
show that immersive virtual reality can obtain optimal results with the application of 
an artificial agent. These tools improve the fine-tuning learning (motor skills), up to 
critical social functions (reading or anticipating the other people’s intentions).

The study published by Belal et al. [4] presents the study of pulse oximetry. It is 
a technology used to monitor oxygen saturation in neonates and pediatric patients. 
The equipment that measures the pulse oximetry is not precise, whereby they 
generate false alarms. This study proposes the development of a knowledge-based 
system that uses fuzzy logic to classify plethysmogram pulses into two categories: 
valid and artifact. The model correctly classified 82% of the valid segments and 
93% of the distorted segments.

The study developed by Guevara et al. [5] proposes a model of real-time move-
ment detection of patients of rehabilitation from hip surgery. The model applies the 
fuzzy logic technique to identify correct and incorrect movements in the perfor-
mance of rehabilitation exercises using the motion capture device called Kinect of 
Xbox One. It proposes an algorithm that works with a multivariable logic model. 
The diffuse model identifies movements of the patient during the performance of 
rehabilitation exercises. On the other hand, a 3D avatar is applied, which copies and 
graphically displays the real-time exercises performed by the patients.

2.1 Data analysis

The information used for the avatar development was obtained from the capture 
of body points by the Kinect camera of the Xbox One (Figure 1). In this study, 
we gained information of four patients who have gone through hip surgery. This 

75

Technical Contributions to the Quality of Telerehabilitation Platforms: Case Study—ePHoRt…
DOI: http://dx.doi.org/10.5772/intechopen.83686

information was collected during 5 weeks of rehabilitation, with high-, medium-, 
and low-difficulty exercises. Patients performed a set of exercises correctly and 
incorrectly, which enabled the avatar real movement.

The detected points were 25, the same ones that can identify any movement in 
three dimensions. For this reason, the database contains 75 attributes. An infor-
mation preprocessing has been carried out to identify the relevant information, 
eliminating repeated data as well as noise.

The attribute selection for the algorithm has been identified as 18 essential 
points of the skeleton detected by the Kinect Xbox One. The specific points are 
0y, 6x, 6y, 10x, 10y, 12x, 12y, 13x, 13y, 14x, 14y, 15x, 15y, 16x, 16y, 17x, 17y, and 
19x. These points determine the movement in a more detailed way, allowing 
depth and opening angle detection. The points selected for the front step exercise 
are those shown in Figure 2 as well as in the lateral step exercise, as shown in 
Figure 3.

2.2 Proposed model

The proposed model uses the points identified in the previous section. With this 
information, we will calculate the speed and angle of the limb opening that have 
performed the rehabilitation exercises correctly. This information is vital to build 
the diffuse model and to determine the patient’s correct posture while performing 
the exercise (arms, shoulders, and head), as well as the execution speed and the 
opening angle.

2.3 Limb opening angle calculation

To calculate the angle of the limbs, we identified starting points defined as 
B(Xi, Yi) and ending point C(Xj, Yj). The value of the angle between points B and C 
is defined as α, as shown in Figure 4. In the same way, the execution speed defined 
as 𝜌𝜌 will be calculated.

Figure 1. 
Body points captured by Microsoft’s Kinect [6].



Assistive and Rehabilitation Engineering

76

To complete the movement modeling of the limbs, it has been based on  
Table 1, which details when the rehabilitation exercise is performed in a low, 
correct, or high way.

The diffuse model is based on Table 1 variables, where the patient’s correct 
movement is obtained while performing each of the rehabilitation exercises. Any 
exercise that is outside the range identified as “good” will be detected as “poorly 
executed exercise,” where the system will give an alert that the variable is being 
performed incorrectly. The diffuse model is presented in Figure 5.

The following section describes the avatar design and development process in 
three dimensions using the Blender tool, based on the information captured from 

Figure 2. 
Selected points for front step exercise.

Figure 3. 
Selected points for lateral step exercise.

77

Technical Contributions to the Quality of Telerehabilitation Platforms: Case Study—ePHoRt…
DOI: http://dx.doi.org/10.5772/intechopen.83686

several patients who performed physiotherapy exercises over a period of 4 weeks. 
The exercises performed in this data collection phase were lateral step and front 
step (Figure 6).

The following section describes how the patient’s avatar was designed. This 
avatar will imitate the patient’s movements during rehabilitation.

2.4 Avatar development

The avatar design is fundamentally based on the skeleton in Figure 1, which 
describes all the points detected by the Kinect. This design was then loaded to 
Blender and the scale of the header image adjusted, as shown in Figure 7.

To generate a three-dimensional avatar was necessary to generate two 3D 
windows (two windows for the avatar frontal and lateral view), as can be seen in 
Figure 8.

For the avatar design, the work has to be simultaneous with the modeling of two 
avatars, both doctor (male) and nurse (female). This development has been imple-
mented with all the characteristics of clothing, ethnicity, and age of the employees 

Figure 4. 
Limb opening angle calculation.

Table 1. 
Rules to determine correct or incorrect movement of rehabilitation exercises.
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that work in a health center, as shown in Figure 9. Part of the body of the avatar is 
designed with proportional measures as well as with skin and clothing textures in 
order to have a real shape and contour avatar.

Finally, we obtained two functional avatars that will imitate the patient’s move-
ments in three dimensions. These avatars will be able to move thanks to an inter-
connected system between the Kinect and a diffuse model of detection of speed, 
rhythm, and angles of movement of each of the 75 corporal points. This diffuse 
model is connected to the avatar through Python language and Java for online 
movement, which results in efficient response time.

2.5 Implementation

The telerehabilitation model implementation was obtained with N-layer devel-
opment architecture of the intelligent system. As shown in Figure 10, the architec-
ture covers layers such as a database, application server, web server, and application.

Figure 5. 
Diffuse model for exercise detection in telerehabilitation [5].

Figure 6. 
Exercise images for lateral step and front step.
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The database server contains the patient’s information (name, age, gender, and 
medical history). It also contains the data of each of the rehabilitation exercises 
performed correctly. This allows that during the execution of a movement in the 
rehabilitation, the system can identify if the patient is doing the exercises correctly 
or incorrectly. The application server is the one that contains all the programming to 
register the information in the database, interconnection with devices (Kinect), con-
sumption of complementary applications (avatar in Blender), and system security. The 
application server’s architecture is presented in Figure 11. This architecture is service-
oriented, due to the fact that many add-ons to the system are not executed in Java.

In the business rules layer is the diffuse model of detection of rehabilitation 
exercises. The implemented model uses the points captured by the Kinect, to later 
calculate the angles and maximum and minimum speeds of the limbs, so that the 

Figure 7. 
Skeleton detected by Kinect uploaded to the Blender tool.

Figure 8. 
Front view and side view windows of the doctor avatar.
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rhythm, and angles of movement of each of the 75 corporal points. This diffuse 
model is connected to the avatar through Python language and Java for online 
movement, which results in efficient response time.

2.5 Implementation

The telerehabilitation model implementation was obtained with N-layer devel-
opment architecture of the intelligent system. As shown in Figure 10, the architec-
ture covers layers such as a database, application server, web server, and application.

Figure 5. 
Diffuse model for exercise detection in telerehabilitation [5].

Figure 6. 
Exercise images for lateral step and front step.
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The database server contains the patient’s information (name, age, gender, and 
medical history). It also contains the data of each of the rehabilitation exercises 
performed correctly. This allows that during the execution of a movement in the 
rehabilitation, the system can identify if the patient is doing the exercises correctly 
or incorrectly. The application server is the one that contains all the programming to 
register the information in the database, interconnection with devices (Kinect), con-
sumption of complementary applications (avatar in Blender), and system security. The 
application server’s architecture is presented in Figure 11. This architecture is service-
oriented, due to the fact that many add-ons to the system are not executed in Java.

In the business rules layer is the diffuse model of detection of rehabilitation 
exercises. The implemented model uses the points captured by the Kinect, to later 
calculate the angles and maximum and minimum speeds of the limbs, so that the 

Figure 7. 
Skeleton detected by Kinect uploaded to the Blender tool.

Figure 8. 
Front view and side view windows of the doctor avatar.
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patient can perform a correct rehabilitation exercise. In addition, it detects the opti-
mal distances of movement for complementary points such as the arms, shoulders, 
and head. To calculate the appropriate angles for each of the exercises was necessary 
to identify the starting point B(Xi, Yi), the ending point C(Xj, Yj), and the value of 
the angle α of the triangle formed by the trajectory.

The diffuse model shown in Figure 5 detects the opening angle between the legs, 
hip movement, shoulder movement, head movement, and the speed at which the 
exercise was executed. With these variables, it can be efficiently determined in real 
time if an exercise has been performed correctly or incorrectly [7, 8].

While the patient is performing the exercises, the avatar copies and performs the 
patient’s movements in real time, which makes it easier to graphically identify the 
exact moment of an incorrect movement. The system’s graphical interface devel-
oped in Java and hosted in an Apache Tomcat web server allows user’s access around 
the world through an Internet domain.

The web application is deployed by the user’s device, which must be connected 
to the Kinect motion capture device, that allows it to be connected to the system and 
records the patient’s movement in real time. The system requires a bandwidth greater 
than 2 MB/s Internet access so that the application can perform optimal results.

2.6 Results

The results obtained in this proposal have revealed that the exercise detection 
rate is 97.42% with a false-positive percentage of 2.58%, as shown in Table 2.

Figure 9. 
Doctor avatar (man) and nurse avatar (woman).
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Figure 10. 
N-layer architecture of the telerehabilitation platform.

Figure 11. 
Telerehabilitation system service-oriented architecture.

Correctly classified Incorrectly classified

Well-executed exercise 2100 0

Badly executed exercise 1310 90

Total 3410 90

Table 2. 
Test results in the diffuse model of rehabilitation exercise detection.
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Figure 12. 
ePHoRT active exercise interface.

In addition, it has been observed in the development of the tests that 18% of the 
time, the patients perform correctly an exercise with respect to the angle and only 
27% do it at an acceptable speed during its execution. On the other hand, the detec-
tion time is 0.0045 s while training and 0.002 s in the testing phase.

3.  An iterative method to improve the usability of the telerehabilitation 
system

Usability refers to the degree to which a product can be used to achieve goals in a 
specific context of use [9]. A software product that has not gone through a process of 
usability evaluation will not guarantee that users take advantage of the qualities and 
the benefits of the application. To prevent users from leaving the telerehabilitation 
platform, it is necessary to carry out exhaustive evaluations of usability.

Several studies have highlighted the main advantages of combining heuristic 
evaluation and  cognitive method for usability assessment [10–13], among them: 
facility of interaction with the interfaces, immediacy of the response, non-intrusive 
methods, time or means are not expensive, these tests can be done inside a labora-
tory, good for the requirements refining, does not involve end users, does not 
require a fully functional prototype, does not require advance planning, applicable 
to the stages of design, coding, testing, and implementation of software.

Other studies [12, 14] presented the results of the usability evaluation carried 
out on the iterative design of the prototypes, obtaining advantages such as facilitat-
ing future actions of the end users and improving the learning and development 
processes. However, the authors said that an online prototype has several drawbacks 
since it still presents only part of the final version and a limited one in terms of 
colors and interactive elements. The previous studies do not systematically pres-
ent the evolution of usability, through an orderly and cyclical process. In addition, 
these studies do not show that it is possible to improve the use of telerehabilitation 
platforms without endangering patient safety.

3.1 Experimental design

An experiment was carried out to understand the perceived usability for the 
ePHoRt platform and to determine a baseline on which to initiate the process of 
iterative usability improvement of the platform. Figure 12 shows one on the main 
interfaces of the platform. The experiment began with 23 participants in an age 
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range of 18–24 years old for the first and second iterations, corresponding to the 
first phase of the experiment. For the second phase, the experiment had 39 par-
ticipants for the third iteration and 12 participants for the fourth iteration. The age 
range for these last two iterations was 18–30 years old [15].

3.2 Results

The research results showed improvements in usability through four iterations. 
Each of the iterations contributed with a list of improvements that were imple-
mented according to the severity level.

In the first iteration, the experts found 39 heuristic violations; these violations 
were distributed as follows: 12 of high severity, 16 of medium severity, and 11 of low 
severity. The heuristics with higher incidence and severity were visibility of system 
status, help and documentation, feedback, and extraordinary users.

In the second iteration, the number of usability problems decreased. However, two 
atypical cases were presented: (1) increase in the number of usability problems for 
heuristic “user control and freedom” and heuristic “physical constraint” and  
(2) the number of usability problems that did not vary for the heuristic “match between 
the system and the real world” and heuristic “aesthetic and minimalist design.”

In the third iteration, 14 mock-ups were designed considering the comments of 
the previous iterations. In the heuristic evaluation, there were a total of 92 heuristic 
violations. Experts reported that eight interfaces (57.14%) did not achieve the 
appropriate feedback for users. Therefore, the platform incurred a clear violation of 
the heuristic “visibility of system status.” In addition, of these eight interfaces, the 
experts reported the heuristic violation of “help and documentation” on the Login 
interface and the password reset interface. Finally, experts considered that 42.86% 
of the interfaces (six) were not flexible or efficient in use.

In the fourth iteration, 17 mock-ups were designed, incorporating the observations 
from the previous iteration. The experts reported a total of 364 heuristic violations. 
However, the questionnaire interface had only three low-severity usability problems. 
This value had been decreasing in severity throughout the evaluation process. The 
experts assigned greater importance to the following interfaces: questionnaire, acute 
rehabilitation, active exercise (1/3); acute rehabilitation, active exercise (2/3); acute 
rehabilitation, active exercise (3/3); and acute rehabilitation, learn (1/5) interfaces.

4. Accessibility of educational resources for the telerehabilitation system

The Web [16] has revolutionized our daily life, becoming the primary source of 
information, knowledge, consultation, and provision of services and interaction in 
various areas. Services related to education as well as learning resources are increasing 
around the world; therefore, it is essential that users, regardless of their disabilities, 
have accessible learning resources. This study aims to raise awareness of any profes-
sional who develops educational applications that apply accessibility standards to 
generate inclusive and accessible applications. For within the group of possible users, 
there may be participants with some type of visual disability, such as users with low 
vision and elderly people. On the other hand, we must emphasize that developing an 
accessible application does not have to go against an attractive graphical interface, 
that is, an accessible application does not necessarily have to be “unsightly.”

It is convenient to remember that not all visual disabilities are the same and 
computer management skills also depend on the age of the user, so in the article, 
these two variables will always be considered. Nowadays, it is necessary to consider 
the different levels of education, especially for elderly patients and those with 
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disabilities. Therefore, the educational resources of the Tele-habilitation platform 
must provide instantaneous and ubiquitous access to all types of services and 
content, including documents and digital resources.

The digital educational resources have become a valuable alternative to 
support the teaching and learning processes, taking advantage of the possibility 
of presenting the contents through different multimedia formats. Therefore, it 
is necessary that educational resources for learning apply accessibility features 
that allow the interaction of users regardless of their conditions and preferences. 
This document presents a proposal for the evaluation of the accessibility of 
multimedia educational resources, where it is suggested to apply the WCAG 2.1 in 
addition to a series of phases to automatically and manually assess the level of 
accessibility of the educational resources used in the platform of telerehabilita-
tion of the ePHoRT project.

Accessibility is related to the degree to which people can use or access a service, 
regardless of their technical, cognitive, or physical abilities [17]. Web accessibility 
describes methods and theories to make resources, in their multiple forms, more acces-
sible for all people especially for the elderly and people with disabilities. In general, the 
educational resources of any website or platform must provide universal access, that is, 
if it includes videos, subtitles must be placed so that the content can be interpreted by 
people with visual disability or low vision; if people have hearing problems, an audio 
description should be included, making sure that the resources are inclusive.

The United Nations [18] “Recognizes the importance of access to the physical, 
social, economic and cultural environment, to health and education and to infor-
mation and communication, so that persons with disabilities can fully enjoy all 
human rights and fundamental freedoms.”

According to Kurtz et al. [19], the number of people who have undergone sur-
gery for total hip arthroplasty (THA) has increased significantly in the last 10 years, 
and it is estimated that it will continue to increase.

In line with Ravi et al. [20], THA is a surgery that refers to the replacement of 
the femoral head and acetabulum of the hip joint. This surgery is usually performed 
in older adults, due to degenerative joint disease or progressive wear and tear of the 
joint, and the demographics of patients who decide to undergo THA has become 
increasingly popular.

In agreement with Salavati et al. [21], the young persons may have higher 
functional objectives than older persons, which may modify the structuring of 
rehabilitation protocols. In any of the cases, what is intended after surgery is to calm 
the pain, restore normal function, and improve the quality of life of people.

In this study, we started with the following question: Are multimedia resources 
accessible to all users of the telerehabilitation platform?

It is considered an accessible multimedia resource if the content is available 
to all users, regardless of their disability or application context [22]. It is of vital 
importance that the educational resources of the platform are accessible even for 
people who use a screen reader. This research analyzes accessibility problems with 
multimedia resources, especially those related to video and audio.

According to Rybarczyk et al. [23] in the telerehabilitation platform, learning 
processes can be oriented in different stages of rehabilitation and include preven-
tive, curative, and maintenance processes.

For the early recovery of the patient on the platform, instructions are included 
on the general consequences of the procedures and their likely risks, so it is 
intended to guide the patient through the rehabilitation process at all stages. Proper 
guidance can help the patient make the right movements to reinforce the safety of 
functional tasks and motivate the patient to complete the rehabilitation program. 
Considering that the patient should perform the exercises in a standing position and 
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at a certain distance from the computer, inclusive resources are proposed to guide 
the patient in the learning process. One of the main elements that have proven to 
be useful and efficient in education as a means of transmitting and strengthening 
knowledge is the implementation of multimedia teaching materials, including the 
use of videos, audios, and PDF files, which constitute an excellent support mate-
rial. Conforming to Acosta-Vargas et al. [24], the method used to assess access 
to educational resources consists of identifying the type of resource, reviewing 
access barriers to the resource according to WCAG 2.1, combining automatic 
and manual methods to assess the accessibility of resources, recording identified 
barriers in a spreadsheet, analyzing the results, and finally suggesting possible 
recommendations.

4.1 Accessibility

Baruch et al. [25] indicate that multimedia accessibility policies propose that 
“All multimedia elements such as audio or video, produced or published must be 
accessible at the time of publication.” Multimedia accessibility proposes a simple text 
transcription, so that it is necessary to place a transcript in audio-only recordings, to 
meet all the success criteria suggested by WCAG 2.1. On the other hand, multimedia 
resources according to the World Wide Web Consortium (W3C) [26] include texts, 
images, graphics, animations, video, and sound to present or communicate specific 
information. Consequently, to cover all the parameters that intervene in the acces-
sibility of educational resources, it is necessary to evaluate a set of dependent compo-
nents such as human factors, in this case all the users of the telerehabilitation platform 
are considered, including users with special needs, technological factors to provide 
accessibility, and user interaction with the device in the environment of the platform, 
which include criteria to favor accessibility with the indicated components. ISO/
IEC 40500: 2012 [27] is equivalent to the Web Content Accessibility Guidelines 2.0 
(WCAG 2.0), is related to the Web Content Accessibility Guidelines 2.1 (WCAG 2.1) 
which consists of 4 principles, 13 guidelines, and 76 compliance criteria (success), 
plus an undetermined number of sufficient techniques and counseling techniques.

The four principles are the same as those contained in WCAG 2.0:

• Principle 1—Perceptibility: information and user interface components should 
be presented to users in the way they can be perceived. It has 4 guidelines and 
29 compliance criteria.

• Principle 2—Operability: the user interface and the navigation components 
must be operable. It has 5 guidelines and 29 compliance criteria.

• Principle 3—Comprehensibility: the information and management of the 
user interface must be understandable. It has 3 guidelines and 17 compliance 
criteria.

• Principle 4—Robustness: the content must be robust enough to be based on its 
interpretation by a wide variety of user agents, including assistive technologies. 
It has one guideline and three compliance criteria.

4.2 Method

In March 2012, Web Accessibility Initiative (WAI) published the Methodology 
of Website Accessibility Conformance Evaluation Methodology (WCAG-EM) 1.0. 
In 2014, a new version was published [28]. The WCAG-EM methodology allows 
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determining if the contents of the websites are evaluated to comply with the WCAG 
2.1 accessibility guidelines or not. In this research the WCAG-EM 1.0 was applied. 
In this case, it was used to apply the evaluation of multimedia resources specifically 
to the videos. It consists of five sequential phases, as shown in Figure 13.

Phase 1: Selection of the resource. In this phase, the educational resource to 
be evaluated is selected. For this study, the video located on the telerehabilitation 
platform was selected. Figure 14 shows a screenshot; it is observed that the patient 
performs rehabilitation exercises. It should be noted that this resource is part of the 
patient education section and the educational resources will be hosted on the plat-
form located at http://telerehabilitation.udla.edu.ec/learning/resource/2/media/1.

Phase 2: Identify the type of user. In this phase, the type of users is defined; 
for our case we will focus on older people who have age-related disabilities [29]; 
this may affect the way they use the web, like first, the reduction of the vision that 
includes a sensitivity reduced to the contrast, the perception of the color, and  
the near approach. This makes difficult the reading of the web pages. Second is the 
reduction of physical capacity including dexterity. This makes it difficult to use  
the mouse and click on small targets. Third is the difficulty of listening, including 
the difficulty to hear sharp sounds and separate sounds. This makes it difficult 
to listen to podcasts and other audio, especially when there is background music. 
Fourth, cognitive ability includes short-term memory reduction, difficulty concen-
trating, and being easily distracted, which makes it difficult to track browsing and 
online tasks. These problems are related to the accessibility needs of people with 
disabilities. Therefore, websites, applications, and tools that are accessible to people 
with disabilities are also more accessible to older users.

Phase 3: Identify the user’s real scenario. In this phase, it is determined what the 
patient wants to learn in the telerehabilitation platform so that the educational resource 
adequately explains the process so that the patient learns and reinforces his learning.

Phase 4: Explore and become familiar with the resource. In this phase, we 
review the resource format for our case study and review the video format, size, and 
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duration. This information is relevant to review with the Photosensitive Epilepsy 
Analysis Tool1 (PEAT) [30] of the University of Wisconsin Trace Center. It is 
required that the video is in Audio Video Interleave (AVI) format.

Table 3 records the results obtained in the evaluation with PEAT. It contains 
the video identifier, length of material, luminance flash failures, red flash failures, 
extended flash warnings, result status, and percentage.

Phase 5: List the barriers according to the type of user. In this phase, the possible 
barriers that the user can find in the resource are established, such as the keyboard 
compatibility, the colors with good contrast, the design and bright design, the text 
of voice, extensive links, buttons and controls, video descriptions, customizable 
text, speech recognition, understandable content, notifications and comments, and 
selection to different language types. That relates to the WCAG 2.1 success criteria 
detailed in Table 4.

Phase 6: Evaluate each barrier according to WCAG 2.1. In this phase, the criteria 
of success are evaluated manually according to WCAG 2.1. About the principle of 
perceptible [31], the Guideline 1.2 related to time-based media. According to the 
criterion of success 1.2.1, either only audio or only prerecorded video (Level A), 
it is necessary to provide an alternative that describes the content of the prere-
corded video, for example, placing an audio track. Criteria of success 1.2.2 subtitles 

1 http://trace.umd.edu/peat

Figure 14. 
Screenshot of the resource to evaluate.

URL Description Standard Success criterion Fr Lm Rs Lff Rff Efw

http://
telerehabilitation.
udla.edu.ec/
learning/
resource/2/
media/1

Patient in the 
process of learning 

exercises on the 
telerehabilitation 

platform

WCAG 2.1 2.3 25 00:06.19 P 0 0 0

Fr = frame rate, Lm = length of material, Rs = result status, Lff = luminance flash failures, Rff = red flash failures, 
Efw = extended flash warnings, P = passed

Table 3. 
Evaluation with the photosensitive epilepsy analysis tool.
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(Level A) are as follows: subtitles are provided for all prerecorded audio content in 
synchronized media, except when the media are an alternative media for text and 
are clearly labeled as such. The criterion of success 1.2.3 related to the description 
of audio or alternative of prerecorded media (Level A). It suggests that an alterna-
tive is provided for synchronized media, except when the medium is a multimedia 
alternative to the text and is clearly labeled as such. Success criteria 1.2.4 subtitles 

Success criterion Level Comply

1.2.1 Audio-only and video-only (prerecorded) A 1

1.2.2 Captions (prerecorded) A 0

1.2.3 Audio description or media alternative (prerecorded) A 0

1.2.4 Captions (live) AA 0

1.2.5 Audio description (prerecorded) AA 0

1.2.6 Sign language (prerecorded) AAA 0

1.2.7 Extended audio description (prerecorded) AAA 0

1.2.8 Media alternative (prerecorded) AAA 0

1.2.9 Audio-only (live) AAA 0

Table 4. 
Manual evaluation of the video resource.

Figure 15. 
Recommendations for the creation of accessible videos.
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(live) (Level AA) are as follows: subtitles are provided for all live audio content 
in synchronized media. Success criterion 1.2.5, which refers to the description of 
prerecorded audio (Level AA), provides audio description for all prerecorded video 
content in synchronized media. Success criterion 1.2.6 sign language (level AAA) 
provides sign language interpretation for all prerecorded audio content in synchro-
nized media. Success criterion 1.2.7 related to having an extended audio description 
for all prerecorded video content (Level AAA) to use when the foreground audio is 
insufficient to convey the meaning of the video. Success criterion 1.2.8 on the prere-
corded media alternative (Level AAA) provides an alternative for time-based media 
for all prerecorded synchronized media and for all prerecorded video media only. 
Finally, success criterion 1.2.9 audio only (Level AAA) provides an alternative for 
time-based media that presents equivalent information for live audio-only content 
on media only. Table 2 shows the data of the manually evaluated video resource. It 
contains the success criterion of WCAG 2.1 of the perceptible principle, level, and 
compliance that indicate whether it meets the success criteria, where 1 indicates 
that it meets and 0 indicates that it does not comply.

Phase 7: Record the data with severity problems. In this phase, the results are 
recorded in a spreadsheet; in this case, Microsoft Excel was used. The data record 
and the analysis of the results to replicate the research are available in the Mendeley 
dataset.2

Phase 8: Analyze the results. In this phase, the authors used Microsoft Excel 
statistical graphs. The dispersion graph was applied with the trend line to analyze 
the value of R between the success criteria and compliance with the WCAG 2.1.

Phase 9: Recommendation. In this phase, some recommendations are suggested 
so that the video resource is accessible and inclusive, according to WCAG 2.1. In 
Figure 15 according to the numbering, it is described what it should contain in each 
element so that the video resource is more inclusive and accessible. See details below:

1. Preferences. In this option, it should allow the configuration of subtitles, 
descriptions, keyboard, and transcription.

2. Show the subtitle settings. In this case, it should include the options to config-
ure according to the preference of users such as position, font, font size, text 
color, background, and opacity.

3. Video speed, subtitles, and audio in the application. The user should have the 
option to customize the speed of the video, subtitles, and audio according to 
the user’s preference and disability.

4. Language. In this option, the user could customize and choose the language 
for the audio description and subtitles. This option should allow moving the 
window to the position you want the user to.

5. Audio description preferences. In this option, the media player must allow 
the configuration of the audio description format in several ways so that it is 
displayed in the highlighted form of the color the user wishes while the video is 
presented. In addition, it is vital to include the option of automatic video pause 
and the option to make the description visible. On the other hand, it is essen-
tial to include keyboard preferences using keyboard shortcuts. This option 
should allow moving the window to the position you want the user to.

2 http://dx.doi.org/10.17632/tjf47zxmv2.1
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compliance that indicate whether it meets the success criteria, where 1 indicates 
that it meets and 0 indicates that it does not comply.
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Figure 15 according to the numbering, it is described what it should contain in each 
element so that the video resource is more inclusive and accessible. See details below:

1. Preferences. In this option, it should allow the configuration of subtitles, 
descriptions, keyboard, and transcription.

2. Show the subtitle settings. In this case, it should include the options to config-
ure according to the preference of users such as position, font, font size, text 
color, background, and opacity.

3. Video speed, subtitles, and audio in the application. The user should have the 
option to customize the speed of the video, subtitles, and audio according to 
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4. Language. In this option, the user could customize and choose the language 
for the audio description and subtitles. This option should allow moving the 
window to the position you want the user to.

5. Audio description preferences. In this option, the media player must allow 
the configuration of the audio description format in several ways so that it is 
displayed in the highlighted form of the color the user wishes while the video is 
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2 http://dx.doi.org/10.17632/tjf47zxmv2.1
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6. Visualize the speed of the video. In this option, the user can visualize the speed 
in the video according to the configured speed.

7. Volume. In this option, the user can configure the volume of the audio.

8. Screen. In this option, the user can view the video in full screen.

9. Sign language. In this option, you can include a screen with a description of it 
in sign language.

5. Results

In the evaluation of the accessibility of an educational resource, it is vital to 
combine the automatic tools with manual evaluation. In this case, for the video, 
a resource is not yet known as an automatic tool that performs the evaluation at 
100%. In the automatic evaluation, the tool PEAT was applied, which helps to 
identify the luminance flaw faults, the red flashing faults, and the extended flashing 
warnings that would affect users with epilepsy. According to the PEAT report, it is 
observed that it overcomes the problem.

The evaluation was complemented with a manual analysis when considering 
the possible barriers for the users of the telerehabilitation platform. The results are 
detailed in Table 4.

In Figure 16, it is observed that the video does not comply with the WCAG 
2.1 guidelines, that is, it is not inclusive. When applying the correlation between 
the success criteria and compliance, the coefficient is −0.5. This implies that 
the correlation is negative and moderate. Failures are related to the absence to 
configure user preferences by including keyboard compatibility, colors with good 
contrast, bright design, text to speech, links, buttons and controls, video subtitles, 
customizable text, speech recognition, understandable content, notifications, and 
comments.

The results of this study show that the multimedia resource evaluated did not 
reach an acceptable level of accessibility. Therefore, it is necessary to correct the 

Figure 16. 
Analysis of success criteria vs. compliance.

91

Technical Contributions to the Quality of Telerehabilitation Platforms: Case Study—ePHoRt…
DOI: http://dx.doi.org/10.5772/intechopen.83686

faults to comply with the level of accessibility recommended by the W3C. It is nec-
essary to include accessibility measures in the development of educational materials 
through the application of a checklist to correct the problems identified. The results 
obtained in the evaluation can serve as a starting point to implement future video 
resources considering WCAG 2.1.

The recommendations suggested in phase 9 can provide ideas on how to develop 
and create educational videos to make them more accessible and inclusive. This 
research can serve as base information for future projects with a more significant 
number of educational resources. Future research may propose new methods to 
evaluate multimedia resources. With respect to the videos and sound recordings, in 
both cases, a transcription of the dialogues, a description of the sounds, and control 
of the reproduction speed must be provided. However, the inappropriate use of 
multimedia elements may cause a barrier to user access.

6. Conclusions

The application of the fuzzy logic technique in a telerehabilitation platform 
allowed identifying correct and incorrect movements in the execution of rehabilita-
tion exercises of patients after hip surgery. The main contributions of the proposed 
fuzzy detection algorithm are flexibility, tolerance with inaccuracy, and the ability 
to identify features that best predict different points of movement.

The design of avatars allowed the digital representations of the patient’s move-
ments captured with Microsoft’s Kinect. The main contributions are to monitor 
exercises in real time, to identify the recovery progress of patients, to provide 
medical information to physiotherapeutic, and to facilitate an engaging experience 
for patients.

The limitation that we found in the implemented model is that it was very 
useful for exercises that are performed standing; however there are exercises 
that the patient performs lying down, in which Kinect was not able to capture 
patient’s movements, and it is recommended for future work to use other type of 
sensors.

The web application of a diffuse 3D model for the detection of rehabilitation 
exercises after a hip surgery is systematically related to the usability and accessibil-
ity of the telerehabilitation system in search of achieving inclusive websites that 
display correctly on any device.

The method applied in improving the usability and accessibility of educational 
resources for the telerehabilitation system is very important since access to the 
Internet is a growing trend. This project addressed the importance of applying the 
principles specified in WCAG 2.1 to develop accessible resources. The development 
and execution of this project can serve as a starting point to develop targeted strate-
gies to raise awareness about the importance of the stages of design of a website 
or educational resources, where the accessibility guidelines and criteria must be 
applied in order to achieve equal access to information for all people.

Finally, the system has limitations since it is not possible to guarantee for a web 
page or educational resource to be accessible for all types of users with disabilities or 
to comply with all accessibility standards.
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Abstract

Exercise-based cardiac rehabilitation (exCR) is a key element of a multi-
disciplinary cardiac rehabilitation program towards the care of patients with acute 
or chronic cardiac disease. Many studies have shown that patient’s adherence to 
these programs is low despite evidence that such programs can improve outcomes 
and critical cardiac event reduction. New strategies to improve adherence to exCR 
programs are now being tested using non-hospital solutions that relies on VR gam-
ing technologies. This paper presents such a system called MedBike which allows 
patients to perform an exCR program at home while being monitored in real-time 
by a remote clinician. The paper describes the technical aspects of the system, its 
pros and cons, various gamification strategies, and a recent usability study.

Keywords: virtual reality, haptics, telemonitoring, cardiac rehabilitation

1. Introduction

Exercise-based cardiac rehabilitation (exCR) is a key component of a multi-
disciplinary cardiac rehabilitation program. Advances in medical and surgical 
cardiac treatments have improved the outcome for patients with acute or chronic 
cardiac diseases. In addition to those treatments, cardiac rehabilitation can provide 
great improvements to patient’s outcome by reducing cardiovascular mortality, re-
hospitalization, and improving patient’s quality of life [1]. Patient’s adherence to these 
programs is low despite evidence that such programs can improve outcomes and reduce 
critical cardiac events. These low adherence rates have been shown to be between 15 
and 30% [2–4]. A recent analysis of a large United States study (n = 74, 798)  
have shown that only 5.4% of eligible patients finished an exCR program [5]. 
Adherence to an exCR is critical as non-participants exhibit a 30% lower survival 
rate compare to patient’s following a complete rehabilitation program [6].

Many factors improving the adherence to an exCR program have been identified. 
These factors include lack of physician endorsement, traveling distance from the 
patient’s home to the hospital, lack of transportation, cost (e.g., parking fees), low 
self-motivation, poor social support, low self-esteem, fear of precipitating a cardiac 
event, and lack of enjoyment [4–9]. If one could improve the enjoyment of exCR 
activities using VR gaming technologies, one could increase program adherence as 
patients who have a positive view of exercise are more likely to continue [10, 11].  
A recent study by Taylor et al. [12] reported that simply placing exCR in a home 
was not enough to improve program compliance. There are increasing interests in 
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was not enough to improve program compliance. There are increasing interests in 
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exploring how VR gaming technology can improve CR participation by decentral-
izing the exCR process, increasing accessibility to rehabilitation, and increasing its 
comfort and enjoyment. This approach follows a recommendation by the American 
Heart Association’s that internet-based techniques can be used to improve cardiac 
rehabilitation for both patients and healthcare providers [13].

Cardiac rehabilitation therapy is a long-term and tedious treatment. In recent 
years, virtual reality (VR) technologies have reduced in price and increased in 
visual quality and is now being used for many medical applications such as: thera-
pies in CR [14], pain reduction [15, 16], stress reduction and skill training [17], 
telerehabilitation [18], and education [19]. Virtual rehabilitation applications using 
gaming technologies to improve interests to a rehabilitation program and the ability 
for a therapist to adapt a patient specific exercise program locally or remotely using 
the internet is currently being explored. By using VR technologies, a therapist can 
set a variety of controlled stimuli, monitor patients’ responses during the exercise 
program, and offer clinical assessment and options [20, 21]. Using these VR sys-
tems, patients are immersed in a virtual environment, allowing them to perform 
safely physical activities [22]. Research [23] in the human physiological response to 
immersive VR systems was able to demonstrate that a significant increase in cycling 
time, distance, and caloric expenditure can be observed in healthy seniors and 

Figure 1. 
MedBike the VR-based telemonitored exercise cardiac rehabilitation system.
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juniors using such systems. A review on how VR system can help enhance exercise 
performance, enjoyment, and dissociation can be found in [24].

This paper describes the MedBike cardiac rehabilitation system (see Figure 1) 
which consists of a mountain bike mounted on a wirelessly controlled program-
mable resistance machine connected to a Unity 3D based VR game engine. Using 
this system patients can cycle through a virtual landscape where the bicycle resis-
tance is modulated by the virtual world terrain and maximum/minimum forces set 
by a clinician. During the exercise program, the patients are monitored remotely 
by an exCR clinician in real-time using wireless biometric sensors (ECG, blood 
pressure, and pulse oximetry) and a bidirectional audio-video Internet connection. 
Section 2 describes the basic element of the MedBike system design specifications 
and implementation. Section 3 describes our current attempt to improve adherence 
to exCR programs through VR gamification. Section 4 describes MedBike effective-
ness to improve exCR from a usability, adherence, and fitness point-of-view. We 
then conclude by discussing the pros and cons of the system.

2. MedBike system overview

Numerous designs for instrumented bikes have been proposed in the literature 
and in industry; additionally, a number of patents have also been awarded. The 
closest to our system, in which a VR controllable resistance system was developed 
for a cardio fitness application was proposed in [25, 26]. Commercial virtual reality 
cycling systems that use VR and instrumented bicycles have appeared on the market. 
The Italian company Widerun [27] offers clients to connect a normal bike to their 
resistance device, put on a VR headset, and cycle across a virtual terrain representing 
world-class cycling circuits. Their system can provide variable resistance based on 
the in-game environment. The overall visual quality is good but is not equal to the 
image quality produced by Unity 3D game engine. Their system uses a Head Mounted 
Displays (HMD) for immersion but as demonstrated in our lab, HMD are highly 
disorientating which may result in falls. Their system also does not provide free steer-
ing/breaking capabilities. The American company Zwift [28] is the one that closely 
resembles the VR aspects of MedBike. Contrary to our system, Zwift’s worlds are 
static and not very engaging and cannot be modified easily for gamification. Zwift’s 
graphics rendering suffers from many visual anomalies like aliasing and poor level 
of details via pop-up. Most of these commercial systems target the pro-cycling niche 
market focusing mainly on exercise performance and training, not medical applica-
tions. Most are them are dedicated cycling systems and cannot be easily modified for 
gamification. None of these systems offers patient sensor-based telemonitoring.

Following numerous discussions with CR clinicians, we came up with design 
specifications for the system that are as follows:

• Privacy and data transmission integrity are critical;

• VR experience does not need to be stereo or use HMDs because of concerns for 
patient’s balance and the loss of awareness of his/her environment;

• All patient’s telemetry sensors should be medical grade;

• Telemetry sensors must be easy to install by the patient;

• Patient’s interface must be intuitive and must be easy to use and should not 
necessitate computer technical knowledge;
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• The patient system must be able to work on public internet services with 
bandwidth not exceeding 5 Mbps;

• A patient should be able to see animated avatars of other patients connected to 
the system;

• Clinician should be able to monitor six patients at a time which include:

 ○ Real-time access to patient’s vital signs, current power produced, cadence, 
etc.;

 ○ Access to data from previous MedBike sessions, including from player ses-
sions (sessions completed individually without clinician);

 ○ Patient’s medical records;

 ○ Secure video conferencing with each patient;

 ○ Ability to specify exercise parameters such as target power and cadence 
ranges that must be achieved;

 ○ Ability to record medical notes and performance of the patient during a 
session.

2.1 Patient’s VR system

One can see in Figure 2 the patient’s MedBike hardware configuration. The 
system consists of a mountain bike mounted on a wirelessly controlled resistance 
machine (KICKR) from Wahoo Inc. The resistance machine is connected to the 
patient’s PC using an ANT+ interface. The bike is also instrumented with a profes-
sional wireless (ANT+) cadence sensor. In addition, a steering sensor composed of 
a rotary encoder is mounted on the handle bar, digitized by a Phidgets board and 
connected by USB to the graphic PC. The bike is also instrumented by an Android 
tablet mounted on the handle bar which is responsible for collecting the vital sign 
sensors (ECG, Oximeter, Blood Pressure meter) using Bluetooth (Figure 3). The 
tablet is also used as the main interface for the patient initiating authentication, 
selecting and modifying menu items, and controlling bike system states. The 
high-end graphic control PC is a machine that renders Unity 3D world which is 

Figure 2. 
MedBike patient hardware.
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synchronized with the bike sensors and the training parameters specified by the 
clinician. This computer system is used as a data transmission HUB (See Figure 4) 
and is responsible to:

• Render the Unity 3D world based on bike sensor data (see Figure 5);

• Control the bike programmable resistance machine using the virtual world 
terrain and resistance limits specified by the clinician;

• Establish encrypted audio/video connection between the clinician and the 
patient using WebRTC;

• Perform medical data transmission to the patient’s data using standard encryp-
tion algorithm;

• Save patient information to a cloud-based server using Django application and 
a MySQL database;

• Receive encrypted clinician information that set the minimum and maximum 
cadence as well as the power ranges a patient should achieve during his/her training;

• Update, using the internet, other cyclist avatar locations and status if the 
system is in multi-player mode.

2.2 Clinician’s telemonitoring system

On the clinician side, the system is based on a high-end PC where all the informa-
tion from up to six patients can be displayed and analyzed (see Figures 6 and 7). The 
session starts by first establishing patient and clinician authentication credentials 
with the MedBike server. Once established, each patient is attributed an encryption 
key to encode the information transmitted during the session.

For each patient, the clinician set a unique exercise program using an exercise 
program editor. Each patient-specific exercise program can have an arbitrary 
number of stages with different lengths and target power outputs. Typically, these 
exercise programs include a warm-up, exercise, and cool-down stages. Other 
programs can also be specified such as high-intensity interval training (HIIT) 
parameters. These exercise programs include:

Figure 3. 
Android tablet for interface and data HUB.
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tablet is also used as the main interface for the patient initiating authentication, 
selecting and modifying menu items, and controlling bike system states. The 
high-end graphic control PC is a machine that renders Unity 3D world which is 
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Global values: These values apply to all stages of the exercise prescription.

• Target resistances: It is specified by the minimum and maximum resistance 
allowed for the bike trainer to use. These values range from 0 (no resistance) to 
100 (full resistance).

• Rate of perceived exertion (RPE) Scale and Target RPE: The RPE scale to use 
and the optimal range of RPE values. Optimal values specified here will appear 
in green on patient’s tablets, except for the pediatric scale, which has its own 
color coding. Default optimal values for the adult scale are between 11 and 15.

Figure 4. 
MedBike system dataflow.

Figure 5. 
Patient’s VR display.

101

MedBike: Virtual Reality for Remote Cardiac Rehabilitation
DOI: http://dx.doi.org/10.5772/intechopen.85651

• Weekly goal: This is the recommended number of single player exercise ses-
sions per week.

• Target oxygen saturation: Optionally, a target minimum oxygen saturation 
value can be specified.

Per-Stage Values: These values define the various exercise stages in the prescrip-
tion. Stages can be added, removed, and their position adjusted. Each stage includes 
the following values:

• Stage Name: the name of the stage (e.g., warm-up, exercise, etc.).

• Stage Duration: the length of the stage, in minutes and seconds.

• Target Power: the target power in Watts for this stage. These values are used to 
adjust the difficulty of the bicycling experience for the patient. If the power 
requirements input here are high, then the patient will be given a higher 
resistance to work against to increase their power output.

• Target Cadence: optionally, a target cadence in RPM.

• Target Heart Rate: specify minimum and maximum heart rate targets for the 
patient.

• RPE Prompts: specified, the system can automatically prompt patients for RPE 
at predetermined times.

• Blood pressure (BP) measurements: if specified, the system can automatically 
initiate a blood pressure measurement after a certain percentage of the stage is 
completed.

The system generates a post session report which was developed in partnership 
with cardiac rehabilitation clinicians, to best meet there clinical reporting require-
ments. The system also allows the clinician access to past session reports. A typical 
session report (which are stored on the MedBike server) include:

• The session time and date

• The session mode as either clinical or single player

• The session duration

• The session biodata summary

 ○ The heart rate Min/Avg/Max values and % of blood oxygen saturation

 ○ The RPE peak value

 ○ The blood pressure (mmHg) at the beginning of the exercise, during the 
exercise, and after the exercise

• The bike session summary

 ○ Min/Avg/Max power and cadence

 ○ Total displacement performed during the exercise in the virtual world
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• Full ECG data documentation:

 ○ A complete ECG recording of the session, viewable on a mm-calibrated 
grid;

 ○ Annotated ECG recording;

• Clinician session notes

2.3 Patient privacy and data integrity

MedBike system was designed to guarantee patient’s privacy and data integrity. 
This is critical as MedBike runs on public networks. MedBike preserves patient’s data 

Figure 7. 
Clinician’s display focusing on one patient.

Figure 6. 
Clinician’s display showing six patients in a session.
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privacy in two ways (see Figure 8). MedBike data are transmitted to a cloud-based 
data server, located in a secure location near the hospital, using a HTTPS encryption 
scheme. Using this scheme, the clinician and patient can exchange a new encryption 
key every session. The communication between MedBike and the cloud-based data 
server is hidden to port scanning using a virtual peripheral network (VPN). Once 
the encrypted connections are established with each patient, the clinician can then 
monitor them in full confidence. Because the clinician operates the system from 
within the hospital intranet, it is also possible to access the patient medical records 
in full security. Access to the patient medical records is critical to the rehabilitation 
process as it will allow the clinician to define specific exercise programs for each 
patient based on their physical condition. To validate data integrity, during a session, 
the clinician can observe the values of the bio-sensors and determine if they are in 
acceptable ranges. In addition, transmission errors of the data sent from patient to 
clinician can be detected using the integrity mechanisms built into the AES-GCM 
cipher used for encryption. As for the data integrity uploaded to the cloud-based 
server the system rely on the inherent validation process of the HTTPS services.

2.4 MedBike bandwidth requirement

As part of our initial design, we had to guarantee that MedBike could operate on 
the average home networking environments (~5 Mbps). In MedBike most of this 
bandwidth is used by WebRTC at a video resolution of 640 × 480 pixels. Additional 
bandwidth is required to upload files to the cloud-based server every 2 min. The 
largest file is for the ECG data with a size of 500 kB per file (with an ECG sampling 
rate of 100 Hz). If one counts all data transfers, MedBike requires a total bandwidth 
of 2.5 Mbps up/down which is well in the range of home networking.

2.5 Virtual reality rendering using MedBike data

In this project, we have used Unity 3D version 5.3 game engine to display to the 
patient a virtual world composed of trees, terrains, roads, and avatars representing 
other patients. One can see in Figure 5 a typical patient’s display with the virtual 
world rendering and session information.

Figure 8. 
MedBike secure networking.
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other patients. One can see in Figure 5 a typical patient’s display with the virtual 
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To integrate the MedBike data (resistance, cadence, and steering) into the Unity 
3D environment, we created new classes of objects that control the virtual camera 
in accordance to the avatar representing the patient.

Virtual Camera Update: By using bike speed and steering sensor measurements, 
one can change the new virtual camera position and direction to reflect the motion 
of the patient. The new position   p →   (u (t + ∆ t) , v (t + ∆ t) )   of the virtual camera is defined by:

    
 
       p →   (u (t +∆ t) , v ( t +∆ t) ) =  t →   (u (t) +  (c(t)∆ t ∙  d  u  (t) ) , v (t)  + 

                                                                          (c(t)∆ t ∙ dv(t))  +  p →    (u (t) , v (t) )       
 
    (1)

where   p →   (u (t) , v (t) )   is the current position of the virtual camera relative to the digital 
terrain defined by a parametric surface   t →   (u, v)   where (u, v) are the parametric coor-
dinates of the surface. The variables  c (t)   is the bike speed as measured by the sensor 
and    

 
   (  d u (t) ,  d  v   (t) )   

 

    is the change in direction as measured by the rotary encoder. The 
rotary encoder has a resolution 1440 data points per revolution, which allows for an 
accuracy of 0.25 degrees. The rotary encoder is connected to a high-speed Phidgets 
encoder interface board connects directly to the PC via USB. A Phidgets API is used 
to read data from the encoder. The encoder is coupled to the steering column to detect 
rotation. One can see in Figure 9 a close look at the rotary encoder setup.

Computing resistance: To compute the resistance that the KICKR must apply 
to the bicycle back wheel, a complex haptic rendering algorithm must be used (see 
Figure 10). The algorithm is initialized with a target power specified by the clini-
cian, the minimum allowable resistance, the speed as measured by the KICKR, 
the current power produced by the patient, and the back wheel circumference. 
The resistance applied to the bicycle back wheel is continually adjusted to help the 
rider achieve a target power output. This allows workloads to be specified in Watts 
instead of arbitrary resistance values.

The resistance applied is calculated as follows. If linear speed is  ≤ 0.025 m/s 
the resistance is held at the minimum allowed resistance. Otherwise, the target 
resistance value (R target) is updated to the resistance value delayed by 1 second  
(R delayed) plus or minus a small increment depending on the different between the 
power reported by the trainer and the target power output. The current resistance 
value applied by the bike trainer is then linearly interpolated toward the target 
resistance by 5%.

Figure 9. 
Rotary encoder setup.
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2.6 Multiplayers capability

In addition to the audio-visual connection (using WebRTC) between the clini-
cian and each patient, each patient can see the avatars of the other patients using the 

Figure 10. 
MedBike resistance controller algorithm.

Figure 11. 
Remote patient represented as an articulated avatar.
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multiplayer capabilities of Unity 3D. At each patient’s location, the avatars are fully 
animated and allow each patient to cycle and communicate with the other patients 
as a group. One can see at Figure 11 a typical avatar representation. Each patient is 
personalized by changing the avatar’s bike and cycling garment colors.

3. VR gamification to encourage adherence

Gamification has already been used in other telerehab programs for improv-
ing motor movement following surgical intervention [28, 29] and have shown to 
improve greatly adherence.

The first version of the VR simulation was built to represent a real-world 
outdoor biking experience. This virtual world consisted of beautiful trees, lakes, 
and mountains (see Figure 5) that the patient could explore at their own leisure 
alone or with another participant represented as a virtual avatar. No gaming aspect 
was added to this first version. Extremely positive feedback was received toward 
the experience, particularly being connected with a guiding clinician during weekly 
sessions. However, this VR world was limited in its ability to provide entertainment 
to the patient, an element we believe is truly important for establishing ongoing 
compliance to exercise CR programs. Two new VR worlds were developed to lever-
age the advantages of gamification.

Game for Pediatric Cardiac Patients: A VR world was developed for a pediatric 
cardiac rehabilitation program with a gaming environment specifically designed to 
engage child users into following a rehabilitation program (see Figure 12). The new 
game was designed for children with single heart ventricles who have undergone a 
corrective Fontan procedure and are severely deconditioned. Because of the high 
intensity interval training required for those patients, the game has two modes 
that alternate from a rest period to high-intensity exercise period. During the rest 
periods, the game requires that the patient explore the virtual world and collect 
strange roaming animals in order to acquire points. During the high intensity 
exercise periods, the patient must chase an animal into a wormhole by increasing 
their cadence to a specific level that if reached will eventually transport the user 
to a new world. The game for this project was created to integrate flawlessly into 
an exercise program designed specifically to train individuals with this condition. 
Furthermore, with the other inclusive features, such as remote monitoring (ECG 
and SpO2), one can suggest the safety of higher exercise exertion in these children, 
which may convince parents to encourage more aggressive uptake of daily physical 
activity for their children. Exercise tolerance is strongly correlated with long term 
health outcomes; thus, individuals with significantly reduced capabilities such as 
Fontan patients, should be directed to improve their baseline exercise levels [30]. 
This project is of particular importance, as there is currently no cardiac rehabilita-
tion standard protocol for pediatric patients, particular those with a history of a 
Fontan procedure. Thus, this project will assist in providing an evidence base for 
pediatric cardiac rehabilitation programs.

Virtual Spin-Class: With the great ability of Unity 3D to develop rapidly various 
game scenarios, a third application of MedBike was developed for encouraging 
exercise for mild cardiac disease and others who would benefit from exercise 
participation. Using the multiplayer capability of Unity 3D, a spin-class version of 
the system was developed. The game consists of numerous bikes (currently max 
six bikes) to be connected via the internet to a central cloud-based game engine 
that allows registered participants to chase moving targets, or each other, and to 
score points depending on their physical performance measured by wireless ECG 
sensors. Each participant is represented by an avatar (like Figure 11) that can be 
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personalized at the beginning of the game. The virtual landscape is an island where 
participants must discover special targets that if collided with will cumulate points. 
The spin-class instructor can change the island level of difficulties by increasing the 
programmable bike resistance. The winner of the game will be the participant with 
the most points and with the best physical condition as measured by the sensors. 
In this version there is no clinician online. Instead, the sensor data is automatically 
analyzed by an advanced machine learning algorithm to determine exercise level 
performance and to detect from the ECG any abnormal condition that should be 
reported to the spin-class instructor and the participant. This version of MedBike 
will be deployed this summer at a local sports facility at the University of Alberta 
where it will be tested for usability and how it improves adherence to an exercise 
program.

4. Is MedBike effective for exercise-based cardiac rehabilitation?

4.1 A randomized pilot feasibility study

In 2017–2018, we conducted a small medical pilot project to assess:

1. The feasibility to perform home-based CR exercise using the MedBike system;

Figure 12. 
Patient virtual reality experience for the pediatric rehabilitation game. The top image is during the rest phase 
and the bottom image is during the high intensity interval phase.
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In this version there is no clinician online. Instead, the sensor data is automatically 
analyzed by an advanced machine learning algorithm to determine exercise level 
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will be deployed this summer at a local sports facility at the University of Alberta 
where it will be tested for usability and how it improves adherence to an exercise 
program.

4. Is MedBike effective for exercise-based cardiac rehabilitation?

4.1 A randomized pilot feasibility study

In 2017–2018, we conducted a small medical pilot project to assess:

1. The feasibility to perform home-based CR exercise using the MedBike system;

Figure 12. 
Patient virtual reality experience for the pediatric rehabilitation game. The top image is during the rest phase 
and the bottom image is during the high intensity interval phase.
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2. How MedBike can improve patient compliance to CR (frequency of exercise 
sessions and number of total hours spent exercising);

3. The effectiveness of MedBike at improving fitness levels (quantified using 
a standardized exercise tolerance test via a bicycle ergometer) and reduce 
cardiovascular risk (as determined by measuring BP, A1c, smoking status, and 
lipids).

We hypothesized that home-based CR using the MedBike system is feasible and 
will effectively improve program compliance using VR gamification and patient risk 
factor reduction by real-time monitoring. To prove this hypothesis 11 subjects  
(5 controls) were recruited into a feasibility randomized pilot control trial. 
Inclusion criteria was:

• Recent percutaneous cardiac intervention (PCI) or coronary artery bypass 
grafting (CABG);

• A left ventricular ejection fraction (LVEF) ≥45%;

• Internet connection (~5 mb/s download).

4.2 Feasibility study method

Each qualifying and consenting patient was enrolled in a standardized cardiac 
rehab program (based on the University of Alberta’s Jim Pattison Centre for Heart 
Health protocol) consisting of 8 weeks of personalized exercise prescription. At the 
beginning of the study, patients were enrolled and randomized into the MedBike 
group, or standard of care group (control). Those randomized into the MedBike 
arm of the study were provided with the custom built MedBike VR exercise bik-
ing system with remote patient monitoring and clinical video conferencing; the 
standard of care group participated in a standard supervised exercise program 
carried out at the Jim Pattison Centre for Heart Health. In the MedBike group, the 
system was delivered to patient homes prior to the beginning of their first con-
nected exercise session with the clinician. The control group received a standard 
exercise program which included one supervised in-hospital session per week, 
with a recommended additional four unsupervised exercise sessions, outside of the 
hospital. The additional four sessions were also recommended to the MedBike group 
with the option of using the MedBike system in the offline unsupervised mode 
(exercise data was still stored and sent to the MedBike server). Before beginning the 
exercise program, each patient was consulted with to design an exercise program 
that best allows for their clinical and physical development. Effort tolerance was 
largely based on an initial exercise tolerance test (ETT), which is used to direct the 
level to which the patient can begin their physical exercise regime. The ETT was 
also used to gauge exercise improvement during the study by performing a baseline 
and post-test at 8 weeks. During supervised sessions, the MedBike group used only 
the exercise bike. The control group were encouraged to only use cycling as their 
form of cardiorespiratory training during their hospital sessions, however, they 
were also given the option to perform, in addition, strength training and additional 
cardio exercises. This may have biased the comparison results of the ETT, but not 
the quantity or duration of total exercise performed over the 8 weeks. The MedBike 
platform was set up with the ability of the clinician to modify the exercise program 
and cycling resistance in real time, allowing for personalized program progression. 
Clinical communication was allowable through bi-directional video/audio feeds, 
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whereby the clinical could communicate with one single patient individually or the 
group of patients collectively. The remote monitoring medical grade sensors of the 
system allowed for ongoing heart rhythm, blood pressure and oxygen saturation 
assessment; relevant data was selected from the session recordings and included in 
the custom report.

4.3 Feasibility study results

No difference in ETT improvement (1.69 vs. 1.57 min) was observed. On the 
other hand, MedBike patients exercise adherence and participation was higher:

• total number of hours exercised (318 vs. 239 hours);

• total number of exercise sessions (315 vs. 246);

• average sessions per subject (63 vs. 49.2);

• average number of sessions per week (7.88 vs. 6.15).

Since this was a small feasibility trial, it was not fully powered, nor was it reliable 
to calculate the statistical significance of our findings, but it did allow us to gain 
some preliminary information on efficacy trends. Our work suggested that:

• Using VR gamification MedBike system can increase individual exercise ses-
sion adherence within the rehab program;

• The installation of MedBike in each home was relatively easy but better system 
diagnostic tools are needed to perform better on-site remote testing;

• We were able to demonstrate that MedBike can indeed be used by non- 
technical patients. Most patients had no problem starting the system and 
communicating with the clinician;

• Despite a few issues with unreliable home internet connections, the bandwidth 
of the average home internet services was enough to allow the clinician to 
perform rehabilitation sessions;

• The clinician interface and data display were sufficiently good to be useful 
during a session;

• Most of the patients enjoyed doing exercise using the virtual game.

• Many patients also greatly appreciated not having to go to the hospital to do the 
exercise program. They also appreciate not having to pay for parking and the 
system ability to integrate their rehab program into their lifestyle.

5. Conclusion

We presented in this paper the technical aspects and the measured performance 
of MedBike. Developing MedBike around Unity 3D has been an excellent design 
choice because of its flexibility and ease of programming new functions. In addi-
tion, Unity 3D is one of the video game industry standards and the development of 
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additional games is relatively easy. During the pilot project in the patient’s home, 
we were able to demonstrate that the system can work on a standard home internet 
connection. Before the medical pilot study, we performed numerous (40 persons) 
usability studies in our laboratory to optimize the interface design. Over 90% of 
the users of MedBike were very impressed by its performance and would certainly 
like to use it capabilities for their home exercise program if the system was not so 
expensive. The main reason for MedBike high-cost is because we use the KICKR 
from Wahoo and a relatively high-end mountain bike making the average price of 
the bike to be around $5 K CAN. By using low-cost stationary bikes ($265), a new 
low-cost ($300) resistance control system based on stepper motor controlling a 
simple bike, and a SONY Play station 4 ($350) instead of a graphic PC, we were able 
to design a low-cost system that will be below $1500.

The current version of MedBike has shown to be effective for delivering exercise 
programs to post procedural and event cardiac patients, saving time, encouraging 
adherence to the exercise program, and ensuring patient safety by direct clinician 
monitoring. We also believe that by adding a machine learning functionality that 
will analyze the MedBike biometric data in real-time to determine if the exercise 
level fits in the bounds of the prescribed exercise program safely, the system can be 
extensively used in sports facilities or at home to encourage higher activity levels in 
an older and detrained population.
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Abstract

The number of people living with various grades of disability is now in excess 
of 1 billion. A significant portion of this population is dependent on caregivers and 
unable to access or afford therapy. This emerging healthcare challenge coincides 
with new knowledge about the self-learning, self-organizing, neuroplastic nature 
of the brain, offering hope to those trying to regain independence after disability. 
As conditions such as stroke and dementia begin to affect more and more people in 
the younger age groups, there is an urgent, global need for a connected rehabilita-
tion solution that leverages the advantages of neuroplasticity to restore cognitive 
and physical function. This chapter explains a novel approach using a Synergistic 
Physio-Neuro learning model (SynPhNe learning model), which mimics how 
babies learn. This learning model has been embedded into a wearable, biofeedback 
device that can be used to restore function after stroke, injury, the degenerative 
effects of aging or a childhood learning disability. This chapter enumerates the 
clinical studies conducted with adult stroke patients in two scenarios—with thera-
pist supervision and with lay person supervision. The results indicate that such a 
learning model is effective and promises to be an accessible and affordable solution 
for patients striving for independence.

Keywords: SynPhNe, stroke, rehabilitation, wearables, biofeedback, neuroplasticity, 
EEG, EMG, sensors

1. Introduction

In a systematic review of 151 studies, there was insufficient evidence that tradi-
tional neurological treatment methods were effective in improving muscle strength, 
synergies, muscle tone, dexterity, or ADLs after stroke [1]. Kollen et al. reviewed 
735 available published (clinical) stroke rehabilitation trials [2]. They concluded 
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Abstract

The number of people living with various grades of disability is now in excess 
of 1 billion. A significant portion of this population is dependent on caregivers and 
unable to access or afford therapy. This emerging healthcare challenge coincides 
with new knowledge about the self-learning, self-organizing, neuroplastic nature 
of the brain, offering hope to those trying to regain independence after disability. 
As conditions such as stroke and dementia begin to affect more and more people in 
the younger age groups, there is an urgent, global need for a connected rehabilita-
tion solution that leverages the advantages of neuroplasticity to restore cognitive 
and physical function. This chapter explains a novel approach using a Synergistic 
Physio-Neuro learning model (SynPhNe learning model), which mimics how 
babies learn. This learning model has been embedded into a wearable, biofeedback 
device that can be used to restore function after stroke, injury, the degenerative 
effects of aging or a childhood learning disability. This chapter enumerates the 
clinical studies conducted with adult stroke patients in two scenarios—with thera-
pist supervision and with lay person supervision. The results indicate that such a 
learning model is effective and promises to be an accessible and affordable solution 
for patients striving for independence.

Keywords: SynPhNe, stroke, rehabilitation, wearables, biofeedback, neuroplasticity, 
EEG, EMG, sensors

1. Introduction

In a systematic review of 151 studies, there was insufficient evidence that tradi-
tional neurological treatment methods were effective in improving muscle strength, 
synergies, muscle tone, dexterity, or ADLs after stroke [1]. Kollen et al. reviewed 
735 available published (clinical) stroke rehabilitation trials [2]. They concluded 
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that conventional treatment approaches induce improvements that are confined to 
impairment level only and do not generalize at a functional improvement level. In 
contrast, they stated that the treatment strategies that incorporate a strong empha-
sis on functional training may hold the key to optimal stroke rehabilitation and that 
appropriate intensity and task-specific exercise therapy are important components 
of such an approach. This was later reconfirmed to various degrees by others [3, 4].

Several commercially available devices have been built to deliver repetitive 
movements to an impaired human hand for stroke survivors to regain the use of 
the hand. However, the dysfunction of the natural afferent feedback pathways and 
proprioception hampers the sensory learning process of the patient and its conver-
sion to execution of movement. This contributes to an inadequate restoration of 
functionality despite reducing impairment at a gross motor level [4, 5]. External 
manifestations of movement such as trajectory, force, acceleration, range of motion 
and the like are ultimately dependent on adequate, appropriate, and timely self-reg-
ulation of brain and muscle activity specific to various tasks. After an event such as 
stroke, various compensatory strategies come into play to execute the same move-
ments, which, left unaddressed, become learned behavior. Re-engaging the human 
being’s innate sensory learning mechanisms to regain the appropriate muscle and 
neural strategies is, therefore, a challenge and an unmet need. If high repetition-
based rehabilitation is embarked upon without such re-learning, one runs the risk 
of post-trauma compensatory strategies being unknowingly reinforced in the brain, 
thus restoring movement and function in only a limited manner [6, 7].

1.1 Learning in a rehabilitation context

The body learns coordination for task performance by using all the lessons learnt 
from neuro-muscular, inter-limb, intra-limb, and eye-hand co-ordination [8, 9]. 
The specific strategies used are not only different from task to task for a person, 
but also differ for any one task between persons [10]. Initially, it was thought that 
the muscle synergies eliminated the redundant degrees of freedom by constraining 
the movements of certain joints or muscle [10]. But this does not work very well 
with the initial pathological constraints of an impaired arm. It has also been shown 
that constraining the movement of certain joints and muscles requires more energy 
and neural commands, and hence increases the number of neural signals required 
to perform the task [11]. However, some strategies are fundamental to all move-
ment, such as maintaining an agonist-antagonist balance in the appropriate muscle 
groups, a moderation of effort to make repetitions possible during rehabilitation 
without being confounded by fatigue, and an active brain state which allows one to 
bring attention to the task at hand in a consistent manner. Facilitating such general 
strategies with technology rather than directly and artificially controlling indi-
vidual, task-specific strategies is less complex, requires lower computational power 
and could facilitate a generalization of such useful strategies to other activities. This 
could in turn result in higher degrees of independence.

As an illustration, let us consider how humans learn handwriting. This is usually 
done by tracing over an existing alphabet or joining dots in the shape of an alpha-
bet. Here, constraints are mind imposed based on visual cues while no constraints 
are placed physically on the hand. These mind-imposed constraints involve seeing 
a pattern and responding with a pencil, like a sort of static imitation. Everyone may 
choose a different strategy to impose these constraints, based on the kinematics of 
the more proximal joints and natural synergies of muscles proximal to the point 
where control is desired. This is like the uncontrolled manifold hypothesis for motor 
learning and involves a mechanism by which brain and body complement each 
other in real-time in managing elemental and contextual variables [12]. Hence, 
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there does seem to be some convergence between motor learning theory and how 
developmental biology describes babies and infants learning in an associative, 
Hebbian manner using their sensory and motor faculties. The next question is 
whether such learning can be used as a pathway to undo the maladaptive, compen-
satory brain-muscle strategies that are common among chronic stroke patients with 
upper arm disability and help re-educate the adoption of appropriate strategies.

1.2 Self-regulation and its impact on learning and neuroplasticity

Stroke is an injury that affects not only body but also cognition and cardiovas-
cular health, among others. Hence, it resembles a systemic injury or trauma even in 
mild to moderate cases. Healing of such systemic injuries has the final pathway of 
self-management or self-regulation [13, 14]. Self-regulation is ingrained by a bio-
logical, natural model of learning driven by the feedback and feedforward of infor-
mation [13]. Self-regulation essentially requires a measure (absolute or relative), 
some facility to monitor changes in real-time, and some training to help develop the 
skill to modify the measure and move it in a desired direction [14, 15]. In the area of 
motor recovery, similar benefits of “self-control” have been demonstrated [16] but 
it is not very clear whether it can result in improvement in functional tasks.

Exercise is one way of providing an enriched motor environment. It facilitates 
plasticity in the brain and protects against the erosive effects, and this is one 
of the fundamental principles of early mobilization and continuing long term 
therapy. However, not all exercise regimens are adaptive, and some may even be 
maladaptive. In animal studies, the location and type of injury appear to dictate to 
some extent whether the intensity of motor rehabilitation training results in pro-
plasticity, neutral or adverse contralesional hemisphere effects [17]. Additionally, 
the contralesional hemisphere appears to benefit from early, intense, motor enrich-
ment while the perilesional area may be most helped by a gradual, modest increase 
in therapy. On another note, if the motivation to use the impaired limb after stroke 
is reduced due to ineptitude, pain or fatigue in that limb and there is a correspond-
ing increased reliance on the other extremity, “learned non-use” of the impaired 
limb is the result [18].

While remarkable improvements in function have been reported when the 
non-impaired arm is constrained, as in constraint-induced therapy [19], excessively 
intense therapy can also lead to increased chances of secondary tissue loss due to 
reduction of brain derived neurotrophic factor (BDNF) expression in the brain 
during recovery [20]. Thus, while early onset of therapy using repetitive practice is 
vital to recovery, too much of it can exaggerate the extent of injury. This becomes 
even more significant because commonly used clinical assessment tests are not 
sensitive to small changes and do not allow the experimenter to distinguish between 
actual neurological recovery and behavioral compensation [21]. Just as neuroplasti-
city is a mechanism which can be leveraged to regain function, training of inappro-
priate, compensatory muscle and neural strategies, adopted unknowingly, can just 
as easily get ingrained in the brain and may take a long time to undo. The chances 
of this happening are heightened after stroke, when touch function, proprioception 
and cognition are adversely affected, and self-regulation ability is reduced due to 
the disruption of the natural feedback loops. Hence, apart from re-learning brain 
and muscle strategies, self-regulation of intensity in order to consistently keep 
compensation at bay and maintain beneficial strategies during training is another 
important component in this learning-led recovery model.

Like in the handwriting example given earlier, any learning model must satisfy 
the requirements of an experience derived from a sensory-rich system, as well as a 
motor system free of artificial constraints, which can adequately choose the synergy 
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and/or strategy necessary to respond to this sensory system [22]. This is very similar 
to infants who learn in a non-instructional manner rich in sensory experience, 
using a feedforward-feedback sampling process [23]. Like in infants, the presence 
of such plasticity may provide an opportunity for functional recovery after stroke, 
if the most appropriate strategies are learnt and the maladaptive ones unlearnt [24].

2. The synergistic physio-neuro (SynPhNe) learning model

2.1 Learning in babies

There is now a growing understanding about how the body affects learning. 
The embodiment hypothesis proposes that sensorimotor activity of the person as it 
interacts with the environment is central to the development of intelligence [23]. In 
this field of study, the six principles of learning that babies instinctively follow can 
be summarized as under [23]:

1. Being multi-modal.

2. Being incremental.

3. Being physical.

4. Exploring.

5. Being social.

6. Learning a language (symbolic representation).

2.1.1 Being multi-modal

A multi-modal experience of the world is achieved in humans through the 
sensory system which is made up of a vast array of sensors to provide vision, audi-
tion, touch, smell, balance, and proprioception. Any single function can be accom-
plished by more than one signal configuration from the neurons and different 
neuron clusters need not be limited to a single function. This type of redundancy 
ensures continuity in function where parts of the network can learn from each other 
without an external teacher.

The second characteristic is the time-locked correlations between several 
simultaneous inputs, which are a powerful tool for representation, both singly and 
in combination with various events and objects in the environment [25]. In real-
time these activities are mapped to each other to discover “higher order regulari-
ties,” for example, using a combination of touch and vision to understand texture or 
transparency.

2.1.2 Being incremental

In non-incremental learning, the entire training set is usually fixed and then 
presented in entirety or randomly sampled. However, it seems that systematic 
changes in the input patterns and their overlapping occurrence in time play a large 
part in determining the development process. As a child grows, the vision starts 
to couple with the hearing and helps organize attention. In hearing-impaired 
babies, we see disorganized attention and a consequent slower learning (this is 
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common in stroke cases, where patients experience sensory overload and cogni-
tive deficiencies). Co-ordination is a form of mapping of multi-modal learning 
and the way they map changes over the development time, using either changing 
patterns or additional sensory inputs which the infants are now able to voluntarily 
provide themselves through physical exploration. Shifts in inputs thus result 
from the infant’s own behavior. Using the body and moving from one place to 
another presents new spatial-temporal patterns and alters the infant’s perception 
of “objects, space and self.” Experimental studies show that one of the factors that 
strongly influence biological intelligence is “ordering the training experiences in 
the right way” [26].

2.1.3 Being physical

Experiments by Ballard et al. [27] and Baldwin [28] show that children off-load 
short term memory to the world by linking objects and events to locations, using 
attention to selectively point to the world. It is an easy way to build coherence in 
the cognitive system and to keep contents of different information clusters separate 
from each other.

2.1.4 Exploring

Initially the baby does not know what there is to learn. Babies can discover 
both the tasks to be learned and the solution to those tasks through exploration or 
non-goal directed action. One of the ways of exploration is spontaneous movement. 
As they contact objects in the environment, they progress from non-reaching to 
reaching. Thus, they seem to move from arousal to exploration to a selection of 
solutions from whatever space they can explore, which initially is limited. This type 
of learning is possible because of the multi-modal sensory system that builds maps 
from time-locked correlations starting with smaller spatial maps and expanding to 
larger ones.

2.1.5 Being social

In early interaction with mothers, infants learn from a pattern of activity that 
tightly couples vision, audition, and touch to behavior. Mother and infant imitate 
each other to reinforce this coupling. A mature social partner can also build a cogni-
tive framework by weaving their own behavior around the child’s natural activity 
patterns. This is done by automatically selecting those patterns which they consider 
meaningful and helpful for the baby. They also serve to direct attention to an object 
or event to strengthen the coupling. This is done in the spatial as well as temporal 
aspects. The baby frequently looks for physical and directional support to manage 
the risks around exploration, to rest when tired and to crystallize goals through such 
imitation and coupling.

2.1.6 Learning a language

Language can be a regularity that is a “shared communicative system.” It is also 
a symbol system where the relation between the symbol and events in the world 
are mainly arbitrary, e.g., there is no relation between the word “dog” and what it 
represents, by knowing the word we cannot know the animal. DeLoache [29] dem-
onstrated the way children use scale models and pictures as symbols which are not 
too life-like. Children first learn subtle regularities from the words they absorb, and 
slowly it creates in them the ability to learn a word in one trial and do higher-order 
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generalization. Efficient learning through a form of language thus itself becomes 
learned behavior.

While new born babies have non-goal directed exploratory behavior, they soon 
graduate into a more goal-directed behavior. These goals are a result of their deci-
sion-making process which takes inputs from their emotions, knowledge, intelli-
gence, and social partners (in this case maybe parents or elder siblings). The mature 
partner moderates the child’s emotions and value system and therefore, his or her 
early decisions during the learning process. This may be done through instruction, 
dialogue, feedback, and body language.

When this is considered in the context of a stroke patient, the goals he or she sets 
for recovery would be influenced by the same factors and more so with increasing 
disability and physical and emotional dependence. If we break down the learning 
process into its two broad components, exploratory and goal-directed, then one 
can line up the two components as an illustration shown in Figure 1. The patient 
formulates a goal (as in recovery of a specific function such as eating) and can begin 
exploratory learning in that specific context. However, there may exist cognitive as 
well as physical and social constraints due to post-stroke disability. If a technology 
could augment these aspects so that constraints are reduced through an appro-
priately designed user interface, it may facilitate such a patient re-booting how he 
learnt as a baby.

The goal dictates the quality, direction, and extent of the exploration. In 
stroke patients, the immediate and longer-term goals that the patient sets for 
himself/herself could significantly affect extent and speed of recovery [30]. 
Behavior generation is built around a distributed network of responses such as 
approach, play, avoidance of obstacles and attention requisition, all of which may 
be affected adversely after stroke. Behaviors may excite or inhibit each other, 
where non-conflicting behaviors fire motor commands with the brain and muscle 
complementing each other in real-time.

2.2 Integrating learning into functional recovery

In a learning environment which requires multiple repetitions, not all of which 
are identical, as in re-learning a skill, Figure 1 forms the basic element of the learn-
ing iterations. Several iterations will be required as part of the exploratory strategy 
over time, which may be represented by a cyclic model as shown in Figure 2. In this 
figure, the feedback and feedforward loops drive subsequent iterations, which may 
be similar or dissimilar. Goals and decisions, as a feedforward, drive multi-modal 
exploration. Incremental changes or achievements seen at brain and body levels 
through measurable and quantifiable feedback drive modifications in belief sys-
tems, thus impacting goals and decisions for further learning.

Figure 1. 
A composite learning behavior using the mind and physical body in a multi-modal fashion for goal-oriented 
exploration.
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However, such faculties of learning available to a normal person may or may not 
be available to a stroke patient. A typical stroke model adapted from Ito et al. [31] 
of how stroke affects the human system resulting in motor function impairment is 
shown in Figure 3 with an augmentation of such impaired feedforward and feed-
back superimposed. In this figure, the pathways for motor commands from motor 
cortex and proprioceptive feedback from the musculoskeletal system are disrupted 
and hence, some alternate pathway is recommended shown by the “motor inten-
tion” and “motor actuation” blocks. This is a popular model implemented by the 
rehabilitation robotics community and those adopting the stimulation approach. 
Motor intention is usually sensed by a brain-computer interface or artificially 
induced by stimulation methods such as transcranial magnetic stimulation. Motor 
actuation is achieved by either electrical stimulation or mechanically driven robotic 
movement. Intention and actuation are bridged typically by some adaptive algo-
rithm which may be based on feature extraction, a control strategy, and a feedback 

Figure 2. 
The proposed natural learning model using iterative, incremental changes.

Figure 3. 
The self-regulated model of recovery of motor impairment after stroke adapted from Ito et al. [31].
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loop. Current technology, however, is not able to address the complex issue of hand 
function, which involves overlapping neuro-physio strategies and multiple degrees 
of freedom. At most, simple movements may be possible [32] which has been shown 
to not adequately impact function for the highly heterogeneous stroke affected 
population. Gross movements can be expected to improve with very high number 
of repetitions, thus enabling the brain to rewire itself in a limited way. However, 
there is poor evidence that such gross movement practice translates significantly 
into function. Therefore, the modification to the above model is proposed, incor-
porating the feedforward and feedback elements modeled in Figure 2 as a form of 
augmentation to help overcome the deficits through the learning route.

The augmented feedback may be delivered visually via a muscle-brain-computer 
interface. The feedforward in the form of appropriate audio-visual inputs, which 
lead the human to attempt a series of desired actions through imitation, is known 
to facilitate recovery [33]. Moreover, there is evidence of perception transferring to 
action and more importantly, from action to perception [34]. The augmented feed-
back is expected to drive motor intention and exploration while the feedforward is 
expected to prime the brain for motor actuation and goal directed learning through 
imitation. From a functional improvement perspective, the augmented feedback 
may be customized for a person using time-locked parameters as follows:

1. EMG agonist-antagonist balance (muscle strategy).

2. EEG relaxation and attention states (brain strategy).

The brain and the body are inseparably linked, and both contribute signifi-
cantly for neuroplasticity to occur and health parameters to improve [35]. Based 
on this understanding of how human learning may be applied practically in the 
context of post-stroke rehabilitation, this study was conceived with the following 
assumptions:

1. When EEG and EMG signals during activity are brought together in a time-
synchronized manner for real-time feedback along with an audio-visual 
feedforward for imitation, it provides an opportunity for the patient to work 
with sensory, exploratory and goal-directed learning toward functional 
rehabilitation goals.

2. Displaying quantified, relative brain and muscle feedback in real-time while 
training activation and relaxation simultaneously during movement or while 
attempting to manipulate objects, will enhance the conditions for incremental 
associative learning of overlapping brain and muscle strategies to occur [36]. 
Under such conditions, subjects may potentially achieve systemic gains in 
functional performance, even though they may have tried existing rehabilita-
tion methods and only partially succeeded.

This paper describes a bio-mechatronics approach to understanding where 
re-learning is misled or failing and uses a “feedforward-feedback” modality to help 
chronic stroke subjects train gross movements (as measured by Fugyl Meyer Upper 
Extremity Motor Assessment scale) and functional, timed-task capabilities (as 
measured by Action Research Arm Test). The SynPhNe system employs learning 
and training principles similar to that which babies seem to use in the design of its 
user interface, to leverage the mechanism of “self-regulation” or “self-correction.” 
The study explores to what extent such real-time “self-correction” alone, in the 
absence of any form of external stimulation or robotic assistance, impacts the 
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recovery of functional ability in the stroke impaired, as a prelude to building a safe, 
effective, easy-to-use technology which would be useful for patients to augment 
therapy hours at home.

3. Methods

3.1 Technology description

3.1.1 Design principles for SynPhNe system

At the time of development, motor theory, learning principles and stroke 
rehabilitation challenges listed in Section 1 suggested that the SynPhNe rehabilita-
tion platform should facilitate such learning keeping in mind the constraints faced 
by stroke patients.

• EEG and EMG biofeedback with video-based feed-forward provided the 
multi-modal environment.

• Incremental learning—use of biofeedback to highlight small changes in the 
muscle and the brain signals with their transitions and associating this with the 
gross movements and tasks performed with various degrees of success.

• Exploratory learning, using the hand for real world tasks perceived as impor-
tant but difficult (for example, use of chopsticks), as well as understanding 
how to achieve various relaxation and attention states while in dynamic move-
ment using the feedforward-feedback modality.

• Simulation of a “mature social partner” or instructor, perhaps in the form of an 
instructor led video which a patient could watch and follow and the smiley icon 
which indicates the successful management of the desired brain state while 
executing physical tasks.

• Teaching a new, universal language, i.e., making the subject aware of how to 
interpret and self-regulate muscle and brain activity at a signal level.

• Following the cyclic learning process shown in Figure 2, as a sensory-led, 
intuitive, self-sustaining, and reinforcing cycle.

3.1.2 System description

The wearable data capture unit (WDCU) acquires data from eight channels 
of EMG through an arm gear and eight channels of EEG data through a head gear 
and transmits the data simultaneously to the PC using a USB cable (Figure 4). The 
design of this arm gear has been previously reported in a separate paper by the 
authors along with design and testing of the amplification circuit [37]. The software 
running on the PC processes these signals from 16 channels and combines them in 
a time locked manner for presentation on the screen as real-time feedback showing 
muscle over-activation and under-activation as cartoon characters (EMG signal as 
agonist-antagonist koala bears climbing up or down a tree, EEG signal as a smiley 
face). While EMG signals are used as feedback by squaring and averaging the 
amplitude within a running window updated every 10 milliseconds, the EEG signals 
were converted to frequency band using a Fast Fourier Transform and the alpha 
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effective, easy-to-use technology which would be useful for patients to augment 
therapy hours at home.

3. Methods

3.1 Technology description

3.1.1 Design principles for SynPhNe system

At the time of development, motor theory, learning principles and stroke 
rehabilitation challenges listed in Section 1 suggested that the SynPhNe rehabilita-
tion platform should facilitate such learning keeping in mind the constraints faced 
by stroke patients.

• EEG and EMG biofeedback with video-based feed-forward provided the 
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which indicates the successful management of the desired brain state while 
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interpret and self-regulate muscle and brain activity at a signal level.

• Following the cyclic learning process shown in Figure 2, as a sensory-led, 
intuitive, self-sustaining, and reinforcing cycle.

3.1.2 System description

The wearable data capture unit (WDCU) acquires data from eight channels 
of EMG through an arm gear and eight channels of EEG data through a head gear 
and transmits the data simultaneously to the PC using a USB cable (Figure 4). The 
design of this arm gear has been previously reported in a separate paper by the 
authors along with design and testing of the amplification circuit [37]. The software 
running on the PC processes these signals from 16 channels and combines them in 
a time locked manner for presentation on the screen as real-time feedback showing 
muscle over-activation and under-activation as cartoon characters (EMG signal as 
agonist-antagonist koala bears climbing up or down a tree, EEG signal as a smiley 
face). While EMG signals are used as feedback by squaring and averaging the 
amplitude within a running window updated every 10 milliseconds, the EEG signals 
were converted to frequency band using a Fast Fourier Transform and the alpha 
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band power (8–13 Hz) was used to represent a relaxed state, updated every 10 s as a 
proportion to total power in the 1–35 Hz frequency band. While EMG was sampled 
at 1000 samples/sec, EEG was sampled at 256 samples/s.

The goal of both the feedforward and feedback is to successfully attempt a 
movement or physical task while maintaining a relaxed brain-muscle state pre- and 
post-action comparable to resting state. If effort results in a deviation from resting 
state, return to resting state post-effort should be immediate. Brain and muscle 
influence each other too. Losing attention partially or fully may result in loss of abil-
ity to imitate the feedforward video and respond to feedback. Incremental changes 
in self-regulation are presented visually in the real-time user interface, which then 
provides an impetus for the patient to self-regulate further.

Figure 4 depicts the user interface on the computer screen. The subject observes 
the video as the feedforward in order to imitate it with the same speed. The koala 
bears, and tree serve as agonist and antagonist muscle EMG feedback during such 
imitation. The subject attempts to activate the appropriate muscle to raise the 
brown bear (agonist) to the top of the tree while keeping the gray bear (antagonist) 
as steady and close to the bottom of the tree as possible. The yellow smiley face rep-
resents EEG frequency band feedback as a measure of a relaxed brain state which 
needs to be maintained as best as possible while imitating the video-based physical 
movement or task.

In both the clinical studies, the subject tried to imitate an exercise and task 
practice video sequence running on the computer screen, while attempting to 
correct maladaptive over-activation and under-activation in opposing muscle 
pairs displayed on the same screen. Using a slower speed of execution than normal 
allowed proximal joints of the upper limb to stabilize and reduce temporal demands 
on the subject [38]. The slow-paced video sequences allowed time to train relaxation 
between repetitions. Also, the need to achieve a relaxation goal immediately after 
activation encouraged the subjects not to over-activate the muscles and to moder-
ate their effort. This strategy was found to delay the onset of high dynamic muscle 
tone and allow for better repetition-based performance based on greater number of 
successful relaxations. When subjects experienced difficulties in being able to relax 
their muscles, they intuitively made postural corrections to let go and relax deeper 
before the next muscle activation. EMG thresholds displayed on the software gave 
them a clear indication on activation and relaxation targets appropriate for training, 
which were based on previously calibrated maximum voluntary contraction (tar-
gets were up to 40% of maximum) and resting state EMG respectively, for various 
muscle groups. In this paper, analysis of only the EMG peaks data as seen during 
activity and immediately post activity repetition is highlighted. The EEG and other 

Figure 4. 
SynPhNe learning model platform and user-interface.
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metrics will be reported separately in subsequent papers since the primary objective 
of this paper is to highlight the thinking behind the user-interface design and the 
pre and post clinical outcomes.

3.2 Study methodology

In Trial 1, 15 adult chronic stroke subjects with a hemiplegic hand (31–69 years; 
4 females, 11 males) were recruited for the study (Table 1). In Trial 2, 10 adult 

Subject code Age Gender Months 
poststroke

Nature of 
stroke

Demographics of subjects in Trial 1

RH001 57 Female 22 Hemorrhage

RH002 44 Male 21 Infarct

RH003 54 Male 12 Infarct

RH004 61 Male 25 Infarct

RH005 69 Male 21 Infarct

RH006 38 Male 18 Hemorrhage

RH007 48 Male 18 Hemorrhage

LH001 31 Female 32 Infarct

LH002 53 Female 18 Hemorrhage

LH003 59 Female 37 Infarct

LH004 62 Male 8 Infarct

LH005 57 Male 10 Hemorrhage

LH007 65 Male 45 Hemorrhage

LH008 62 Male 15 Hemorrhage

Mean 54.3 21.6

Std. dev. 10.3 10.0

Demographic details of subjects in Trial 2

NRH001 69 Male 21 Infarct

NRH002 60 Male 28 Infarct

NRH003 57 Female 23 Hemorrhage

NRH004 59 Male 7 Infarct

NRH005 65 Male 7 Infarct

NRH006 46 Male 60 Hemorrhage

NRH007 67 Male 49 Infarct

NLH001 61 Male 21 Infarct

NLH002 45 Male 49 Infarct

NLH003 62 Male 69 Infarct

Mean 60.0 32.3

Std. dev 7.6 20.7

Table 1. 
Demographic of recruited subjects.
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chronic stroke subjects with a hemiplegic hand (45–69 years; 1 female, 9 males) 
were recruited for the study (Table 1).

Both left and right limb impaired subjects were included for a better patient 
representation with at least 6 months post a first clinical stroke. Only paralysis 
with M.R.C. grade between 1 and 3 at elbow and digits was considered for inclu-
sion. Passive, pain-free range of motion was at least 50% in all below elbow joints. 
No exclusion was made based on type of stroke and the group included those with 
ataxia and tactile sensory loss.

The experiments had only treatment group whose members had plateaued 
(those who had completed the rehabilitation program recommended by the hospi-
tal) in functional recovery and were ready to discontinue any other form of regular 
or alternative therapy during the study.

In Trial 1, the subjects were randomized between two clinical therapists, where 
either of them could conduct any session for any subject (as is common in a typical 
clinical setting). In Trial 2, to simulate a home-based, non-clinical environment, the 
therapy was not conducted in a standard hospital therapy/rehabilitation ward but 
rather in a normal spare room with a table and a chair. A research associate with a 
non-therapy background was trained to operate the SynPhNe system to deliver the 
sessions every day.

Each subject completed a 4-week, 3 sessions/week protocol using the auto-
mated SynPhNe device which delivers the learning modality. Each session lasted 
for 50–75 min including the setup time. In Trial 1, the EEG signals were captured 
during three sessions to track changes, i.e., in the beginning, midway and end 
of the study whereas in Trial 2, the EEG signals were captured in all 12 sessions, 
with the smiley face retained as a form of feedback on relaxed brain state repre-
sented by the relative alpha-band power as calibrated at rest. This brain-based 
feedback was introduced after it was observed that a significant component of 
therapist supervision in Trial 1 consisted of repeatedly nudging the subjects’ 
attention back to task.

Figure 5. 
Task practice (1) picking up a pen, (2) grasping a bottle, (3) flipping a page, (4) using a pair of chopsticks 
(pictures extracted from the instructional video created for the experiment).
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Imitating the video, subjects performed four basic hand movements—wrist 
extension and flexion, finger extension and flexion, pronation and supination, and 
open grasp. This was followed by four everyday tasks—picking up a pen, flipping a 
page, grasping a bottle and use of chopsticks (Figure 5).

These four tasks were chosen to represent a two-finger pinch with pronation, a 
cylindrical grasp, a key pinch with pronation and supination and a five-finger pinch 
which demands attention. Each exercise was repeated five times in the first three 
sessions and 10 times in the subsequent sessions while attempting to maintain a 
pre-calibrated agonist-antagonist balance using the biofeedback. In Trial 1, some of 
the more severely affected subjects (n = 7) were provided the facility for an automated 
triggering of electrical stimulation on extensor muscles for some or all sessions if the 
subject achieved an agonist EMG threshold while maintaining a relaxed antagonist 
[39]. In Trial 2, we did not use any FES as Trial 1 indicated that FES induced exagger-
ated, instantaneous antagonist-side reactions, which our protocol was, in fact, trying 
to minimize.

Pre-, mid-, and post-outcomes were measured using standard clinical scales 
[Fugl Meyer Upper Extremity Motor assessment (FMA) and Action Research 
Arm Test (ARAT)] to assess both gross and fine movements [40]. They were also 
randomized for assessment between two other therapists who were blinded to the 
study protocol. All subjects provided a signed written consent. Ethics approval 
was obtained from the Institutional Review Board of National Healthcare Group, 
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performance of higher repetitions of muscle contractions above an EMG threshold 
was associated with the ability to volitionally relax those muscles below an EMG 
threshold immediately after contraction (Trial 1: Pearson’s coefficient = 0.78, 
CI = 99%; Trial 2: Pearson’s coefficient = 0.74, CI = 99%).

Subjects who were unable to relax, volitionally, in a consistent manner had dif-
ficulties in performing simple actions such as extensions and flexions repeatedly as 
well as tasks. The antagonist was observed to be relatively stronger (the gray koala 
bear climbed higher up on the tree) in most subjects at week 0, whenever the sub-
jects tried to activate the agonist and raise the golden koala bear up the tree. These 
subjects also demonstrated an inability to relax a muscle immediately on completion 
of a movement or task.

4.2 Clinical scale outcomes

The outcomes based on the FMA and ARAT clinical scales for both the trials 
are summarized in Table 2. Subjects have been categorized into mildly- (55–57), 
moderately- (32–54) and severely-impaired (≤31) based on their FMA scores at 
week 0. Subject LH006 encountered a personal accident at home resulting in a head 
injury during the study and was discontinued from the trial.

The scores for both the assessment scales were reduced to a common denomina-
tor by normalizing assessment scores against full scores of the respective scale. For 
FMA and ARAT, the full scores are 66 and 57 respectively.

Based on the nominalized scores, the percentage improvement in both the 
functional scales for the subjects in Trial 1 and Trial 2 can be summarized as 
shown in Table 3. Since these improvements are based on initial measurements 
of level of impairment (week 0), they capture both clinical and sub-clinical 
performance changes or incremental improvements or decline achieved by the 
subjects. The estimated minimum clinically important difference (MCID) of 
the upper limb FMA scores ranges from 4.25 to 7.25 points depending on the 
different facets of upper limb movement (overall upper limb function MCID 
is 5.25) while the MCID values for the ARAT were 5.7 points for chronic stroke 
patients [41, 42]. In Trial 1, there were two subjects who achieved MCIDs in 
FMA; RH003 (8 points) and RH007 (9 points) and four subjects who achieved 
MCIDs in ARAT; RH005 (7 points), LH005 (7 points), LH007 (12 points), 
LH003 (6 points). In Trial 2, subjects NRH006 (13 points), NLH003 (6 points), 
NRH001 (7 points) and NRH003 (6 points) achieved MCIDs in ARAT. These 
MCIDs were achieved with only 5–10 repetitions per exercise per session, which 
is about 10–30% of the number of exercise repetitions recommended per session 
in standard care.

Training in self-regulation of antagonist muscle relaxation during movement 
using the SynPhNe system contributed to positive pre-post changes in FMA 
(Trial 1: Mean = 6.855%, SD = 7.85; Trial 2: Mean = 5.05%, SD = 6.00) and ARAT 
(Trial 1: Mean = 25.84%, SD = 49.86; Trial 2: Mean = 30.17%, SD = 21.20).

4.3 Discussions

Results from the two separate trials are presented to illustrate the degree of 
consistency in two different patient samples. The inclusion and exclusion criteria in 
both studies were similar. However, in Trial 1 therapists fully supervised the therapy 
sessions while in Trial 2 non-therapists conducted the sessions. In both studies, 
a separate team of blinded therapists performed the pre- and post-assessments. 
Neither study reported any adverse events.
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Figure 7 supported the research group’s direction that both activation and relax-
ation must be trained specifically, as opposed to a pre-occupation with repeated 
muscle activation alone as is common in rehabilitation [43].

Both the studies reported a larger increase in ARAT scores as compared to FMA 
scores. This increase in ARAT was not necessarily linked to those who had high 
FMA scores at week 0. This suggests that functional task performance and object 
manipulation ability may improve even though reduction of impairment at a gross 

Impairment level Subject 
code

Fugl Meyer 
(FMA)

Action research arm test 
(ARAT)

W0 W4 W0 W4

Clinical outcomes in Trial 1

Mild RH001 58 60 53 57

Moderate RH003 36 44 9 11

RH005 45 46 20 27

RH007 50 59 45 49

LH001 35 33 5 5

LH002 44 45 25 28

LH004 45 44 21 21

LH005 52 56 32 39

LH007 50 52 32 44

LH008 43 47 32 32

Severe RH002 16 19 6 7

RH004 27 27 5 5

RH006 29 31 17 17

LH003 22 24 3 9

Mean 39.43 41.93 21.79 25.07

Std. dev 11.86 12.67 15.10 16.64

Clinical outcomes in Trial 2

Moderate NRH006 54 56 38 51

NLH003 43 42 17 23

NLH002 38 41 25 28

NRH001 38 40 18 25

NRH007 37 39 21 26

NRH004 37 39 27 31

NRH003 32 33 7 13

Severe NRH005 31 30 9 10

NRH002 20 24 8 9

NLH001 19 20 3 4

Mean 34.90 36.40 17.30 22.00

Std. dev 9.78 9.69 10.31 13.05

Table 2. 
FMA and ARAT clinical scores at week 0 (W0) and week 4 (W4).
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level is proportionately lower. Subjects who achieved MCIDs did so mostly in ARAT 
and not FMA, which is somewhat counter-intuitive. This may be because several 
functional tasks do not demand a full range of motion, e.g., Eating with chopsticks 
or Picking up a small object like a pen with a two-finger pinch. In the experience 
of the study team, it was noted that subjects were more motivated attempting to 
do actual functional tasks such as opening a book and manipulating chopsticks as 
compared to standard joint extension/flexion exercises that were repetitive and not 
directly linked to a perceived functional outcome. It may be noted that each exercise 

Subject code Fugl Meyer 
(FMA)

Action research arm test (ARAT)

Percentage improvement in Trial 1

RH001 3.45 7.55

RH002 18.75 16.67

RH003 22.22 22.22

RH004 0.00 0.00

RH005 2.22 35.00

RH006 6.90 0.00

RH007 18.00 8.89

LH001 −5.71 0.00

LH002 2.27 12.00

LH003 9.09 200.00

LH004 −2.22 0.00

LH005 7.69 21.88

LH007 4.00 37.50

LH008 9.30 0.00

Mean 6.85 25.84

Std. dev 7.85 49.87

Percentage improvement in Trial 2

NRH001 5.26 38.89

NRH002 20 12.5

NRH003 3.13 85.71

NRH004 5.41 14.81

NRH005 −3.23 11.11

NRH006 3.7 34.21

NRH007 5.41 23.81

NLH001 5.26 33.33

NLH002 7.89 12

NLH003 −2.33 35.29

Mean 5.05 30.17

Std. dev 5.72 20.22

Table 3. 
Percentage improvement post-therapy (week 4) with respect to pre-therapy.
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and activity was repeated only 5–10 times per session to produce the outcomes 
reported, which was about a fifth of the number usually recommended in rehabili-
tation settings, and about a tenth or less of that in high repetition therapy. This was 
done to ensure that compensatory strategies did not set in due to fatigue, boredom, 
or distraction. The results raise some questions about initial functional results being 
dependent on high repetitions and are, in fact, reminiscent about how babies learn 
with few, non-similar repetitions [29]. Since both studies exclusively recruited 
patients who were both chronic and plateaued, the chances of spontaneous recovery 
were minimized, although cannot be ruled out. The authors are of the opinion that 
restoration of function resembling spontaneous recovery may, in fact, be facilitated 
in the chronic phase of therapy by the re-learning of such brain and muscle strate-
gies as described in these experiments, enhancement of relaxation and attention 
and the progressive reduction of compensation.

The gold standard for restoration of function and independence is still conven-
tional, manual therapy. Kollen et al. reviewed more than 700 published studies and 
concluded that conventional robotic or stimulation treatment approaches induce 
improvements that are confined to impairment level only and do not generalize to 
functional improvement [2]. They stated that treatment strategies that incorporate 
a strong emphasis on functional training and task-specific therapy may hold the key 
to optimal stroke therapy. A search of systematic reviews in the Cochrane and other 
databases on well-known approaches such as electro-mechanical and robot-assisted 
arm training, electro-stimulation and EMG triggered neuromuscular stimulation of 
wrist and fingers showed that only electro-stimulation held certain advantages over 
conventional, manual therapy when comparing outcomes for motor ability [44–48]. 
However, conventional therapy continues to be superior in improving the complete 
spectrum ranging from gross motor, fine motor, strength, dexterity and ability to 
manipulate objects and perform timed tasks. Hence, the authors of this paper carried 
out a follow-up study with 30 subjects, comparing a group undergoing SynPhNe train-
ing to a group receiving standard care, which was a mix of conventional physiotherapy, 
physical therapy, occupational therapy and neuro therapy. Since the goal is to develop 
a system which can augment therapy effectively at home, the study was designed to 
prove that SynPhNe treatment was comparable to standard care. The results of this 
study have been published previously [49]. The conclusion was that SynPhNe training 
was comparable to standard care as seen in the FMA and ARAT scales.

The EMG data demonstrated that the stroke subjects had hitherto unknown 
antagonist over-activation in wrist and finger movements, which were moderated and 
subdued by starting the exercises with a reduced range of motion and reduced speed. 

Figure 7. 
Muscle activation is associated with relaxation during repetitive practice in (A) Trial 1 (B) Trial 2.
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Once the antagonist activity was subdued and reinforced over 2–4 sessions, the range 
of motion and speed was progressively increased in subsequent sessions. This was 
effective particularly in wrist and finger extension, which is known to be a significant 
challenge for most stroke patients. Control deficiencies in approach, sequential steps 
and object release were similarly improved with slower execution speeds that were 
meant to effect better proximal stabilization and reduced compensation as often seen 
in shoulder elevation and abduction while reaching, pronating, and grasping with the 
affected arm. Since the most significant improvements in percentage terms were seen 
in the ARAT scale which evaluates functional and participation tasks, the authors 
propose that the SynPhNe system impacts independence positively, combined with 
enhanced self-regulation and the self-use of technology.

All subjects tolerated the multi-modal feedback well and did not report feel-
ing overwhelmed by the user interface and demands of the feedforward-feedback 
loop. It was noticed that the distribution of the visual sampling of the feedforward 
and feedback during the sessions differed between subjects and within subjects 
as therapy sessions progressed. This could be an interesting area of investigation 
in future studies to better understand how adults learn in a non-instructional and 
sensory manner. This paradigm needs to be tested further with a larger study and a 
30–60 day follow-up to evaluate retention of brain-muscle strategies learnt and fur-
ther generalizations to other functional activities. Two larger, case-controlled studies 
are underway presently with sub-acute and chronic phase patients to understand 
how the transition from hospital to home-based therapy may be executed using the 
SynPhNe system, and the effect on outcomes and independence.

5. Conclusion

Training to relax specific muscles adequately and in a timely manner during 
therapy using a feedforward-feedback loop, instead of practicing repetitive muscle 
contraction alone, may help re-learn movement and daily functional activities in 
stroke subjects who have “plateaued” and not responding to further therapy.

Simultaneous activation-relaxation training of agonist-antagonist not only 
facilitated improvement of functional abilities but was also well tolerated by all 
subjects and did not cause them to get overwhelmed by the number of feedforward 
and feedback elements on the computer screen. This indicated that despite the 
challenges brought on by stroke, patients with impairments can still leverage their 
sensory learning abilities in an exploratory and then goal-directed manner while 
attempting to regain spatial and temporal aspects of movement and function of the 
upper limb. Thus, they appeared to be able to re-boot how they learnt in a sensory 
manner as babies using the feedforward-feedback modality. A wearable device 
such as the SynPhNe system may, therefore, help leverage neuroplasticity and act 
as a key complement to conventional therapy. Being patient-led and requiring 
reduced therapist supervision, it can effectively augment therapy hours at home or 
in the community, thus holding the promise of making daily therapy accessible and 
affordable to all.
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as therapy sessions progressed. This could be an interesting area of investigation 
in future studies to better understand how adults learn in a non-instructional and 
sensory manner. This paradigm needs to be tested further with a larger study and a 
30–60 day follow-up to evaluate retention of brain-muscle strategies learnt and fur-
ther generalizations to other functional activities. Two larger, case-controlled studies 
are underway presently with sub-acute and chronic phase patients to understand 
how the transition from hospital to home-based therapy may be executed using the 
SynPhNe system, and the effect on outcomes and independence.

5. Conclusion

Training to relax specific muscles adequately and in a timely manner during 
therapy using a feedforward-feedback loop, instead of practicing repetitive muscle 
contraction alone, may help re-learn movement and daily functional activities in 
stroke subjects who have “plateaued” and not responding to further therapy.

Simultaneous activation-relaxation training of agonist-antagonist not only 
facilitated improvement of functional abilities but was also well tolerated by all 
subjects and did not cause them to get overwhelmed by the number of feedforward 
and feedback elements on the computer screen. This indicated that despite the 
challenges brought on by stroke, patients with impairments can still leverage their 
sensory learning abilities in an exploratory and then goal-directed manner while 
attempting to regain spatial and temporal aspects of movement and function of the 
upper limb. Thus, they appeared to be able to re-boot how they learnt in a sensory 
manner as babies using the feedforward-feedback modality. A wearable device 
such as the SynPhNe system may, therefore, help leverage neuroplasticity and act 
as a key complement to conventional therapy. Being patient-led and requiring 
reduced therapist supervision, it can effectively augment therapy hours at home or 
in the community, thus holding the promise of making daily therapy accessible and 
affordable to all.
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Chapter 8

An Embedded Gait Analysis 
System for CNS Injury Patients
Gilbert Pradel, Tong Li, Didier Pradon and Nicolas Roche

Abstract

Clinical evaluation of CNS injury patients before and after treatment is an 
essential step in gait rehabilitation. Medical care of gait disturbance for stroke 
patients is based on different treatments based on clinical and functional evalua-
tions. Evaluation of gait aims at characterizing the motor performance to provide 
clinicians with information on the patient’s organizational or performance status 
and to allow them to consider the most appropriate treatment options. A 3D 
instrumented gait analysis system allows quantification of several parameters at 
each instant of walking but does not represent gait in daily life conditions. The 
absence of devices usable in daily life situation constitutes a lack pointed out by 
clinical practitioners and is at the origin of this work. In the following are described 
the design and implementation of a wireless embedded system for the collection of 
spatiotemporal parameters of pathological gait in everyday life. Algorithms estimate 
joint angles, step length, and gait events and automatically partition data into gait 
cycles. Experiments have been carried out to accurately evaluate the joint angles, 
the precision of sensor synchronization, the precision of gait event detection, and 
the robustness in the case of pathological walk. Comparisons with references given 
by the 3D instrumented gait analysis system are detailed.

Keywords: CNS injury people, stroke patients, gait analysis, spatiotemporal gait 
parameters, gait event detection, embedded systems

1. Introduction

Stroke, caused by an effusion of the blood inside the brain tissue (hemorrhage) 
or by an interruption of the blood supply (ischemia), leads to motor impairments 
and disorders of the higher functions (e.g. negligence and anosognosia), sensorial 
and sensitive [1–3].

On the motor plan, the lesion of the central nervous system generates a pyra-
midal syndrome mainly characterized by a loss of motor selectivity, alteration of 
motor command, and a muscle over-activity accompanied by exaggeration of the 
stretch reflex commonly called spasticity. Although 50–80% of the patients recover 
a locomotor capacity [1, 4], they reported that, due to gait alteration, they lost a lot 
of autonomy in daily life activities [5–7].

Human gait is a complex phenomenon that must ensure the inter-limb coordina-
tion rotation of multiple segments in order to maintain equilibrium during motion 
[3]. It can be described as a series of segmental rotations of the lower limbs in order 
to ensure the displacement of the body. These series of cyclic movements can be 
split into different phases grouped together in a gait cycle. Hemiplegic patients’ gait 
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differs from those of healthy people concerning different points like performance 
and organization. The main anomalies observed in this population are an altera-
tion of spatiotemporal and kinematic parameters. Therapeutic management and 
prospective follow-up take into account these two points.

Medical care of gait disturbance in stroke patients use different treatments based 
on clinical evaluation and functional evaluation. Evaluation of the stroke patient’s 
gait aims at characterizing the motor performance to provide clinicians with 
information on the patient’s organizational or performance status and to allow them 
to consider the most appropriate treatment options.

In the same way, after applying these different therapeutic approaches, the eval-
uation allows the therapist to determine the effectiveness of the latter in relation to 
the fixed objective. Among the different methods for evaluating gait, the most com-
monly used to know the patient’s organization during walking are the Functional 
Gait Assessment (FGA) and the 3D instrumented Gait Analysis (3D-GA).

There are different types of functional tests that can be used in varying scenarios 
to evaluate the locomotion of hemiparetic patients. Here, we just list some of the 
most used tests:

• The 5- or 10-m walking test: timed walk on a set distance (5 or 10 m) with 
spontaneous or maximum speed. With this test, the mean of speed, cadence, 
and step length could be determined.

• The 6-minute walk test: assesses the maximum distance walked during 6 minutes 
over a 30 m [8, 9] walkway to determine the average walk speed.

• The Timed Up and GO test: the patient is asked to rise from a chair, walk 3 m, 
turn, walk back to the chair and sit down. It can be used to assess walking speed, 
functional mobility, walking balance, and postural transitions.

The FGAs are performed under the situations close to those of the patient’s daily 
life but do not provide all the parameters characterizing walking. They do not allow 
observing the evolution of all the parameters and also limit the number of measurable 
parameters; their measurement is generally not precise because it is too qualitative.

The 3D-GA provides the clinician with all the quantitative information on the 
state of organization of the musculoskeletal system during the execution of the 
locomotor task by means of the kinematic, kinetic, and spatiotemporal parameters 
of the gait. A 3D-GA system uses the absolute three-dimensional location of the 
object moving relative to a system reference also fixed. It can be typically of opto-
electronic type (Motion Analysis, Vicon, Optitrack, Qualisys, Saga, Codamotion, 
etc.). The patient, equipped with reflective markers located on anatomical points, 
walks in an environment equipped with optoelectronic cameras that record the 
displacement of the markers, of a platform of force to detect the events of the gait 
cycle. A complex post processing on the recorded information extracts the locomo-
tor parameters. This test can only be performed in a hospital environment with 
limitations due to the size of the environment and its duration.

The walk of the patient in the hospital environment, equipped with these 
reflective markers, may be not representative of his/her locomotion in everyday 
life: the distance is too short, the ground is horizontal without asperities, and the 
trajectory is very often rectilinear. When using a treadmill, the start and stop phases 
are delicate for the patient’s balance. Also, finding a device providing information 
on walking is a necessity.

An embedded wearable motion analysis system uses a set of sensors worn on the 
body of the person to measure locomotion parameters. The system must be energy 
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efficient, light, and compact and must not interfere with the patient’s natural 
locomotion so that it can be used in patients’ everyday life. Information provided by 
the embedded system must be similar to those delivered by 3D-GA systems.

This chapter describes the wireless embedded system for acquiring the locomo-
tor parameters of a stroke person. This system is designed to be used out of hospital 
environment (i.e. in the patient’s daily life). This system is coupled to a gait event 
detection device to isolate walking cycles. The results of the experiments performed 
are compared to those provided by the 3D-GA in order to test the accuracy and 
robustness of the proposed system.

2. Changes in hemiplegic gait

2.1 Changes in spatiotemporal parameters of the gait cycle

The gait cycle, normal or pathologic, is divided into eight sub-phases: initial 
contact, loading response, midstance, terminal stance, pre-swing, initial swing, 
mid swing, and late swing [10, 11]. If the full cycle is normalized to 100%, then 
the stance phase (between initial contact (IC) event and final contact (FC) event) 
represents 60% and the swing phase 40%. This normalization makes it possible to 
compare the results of different studies or different populations.

The spatiotemporal parameters are often used to describe and characterize the 
locomotion [3, 10]. Figure 1 illustrates the definition of the spatial parameters like 
step width, step length, and stride length.

The following are the temporal parameters:

• Duration of the different sub-phases, expressed in percentage

• Cadence in number of steps per minute

• Lengths of the step and the stride

• Gait speed, which is the product of the cadence per step length in m/s

If, for a healthy subject, the durations of the sub-phases in a cycle are sym-
metrical for the left and the right sides, it is not the case for a stroke patient. In that 
case, the duration of the stance phase and its percentage of the gait cycle decrease 
for the affected lower limb compared to the healthy subject [12–16]. Moreover, the 
duration of the single support phase of the paretic side is decreased compared to the 
healthy side. The spontaneous gait speed can be considered as a significant ele-
ment that traduces patients’ ability to walk [10]. Similarly, different studies [17, 18] 

Figure 1. 
Spatial parameters.
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showed that the cadence of the stroke patients is decreased compared to those of the 
healthy subject whatever their gait speed.

2.2 Changes in joint kinematic parameters

The modifications of spatiotemporal parameters observed during gait of stroke 
patients are mainly caused by kinematic and kinetic alterations [19]. Global motor 
organization is given by the kinematic parameters, a segment rotation is character-
ized in function of the adjacent one, and joint angles are the main elements allowing 
the understanding of the gait. Figure 2 illustrates the definition of joint angles of 
the lower limb.

2.2.1 Changes in movement at the hip

The joint angle of the hip is defined as the relative angle between the pelvis and the 
femur. The flexion/extension of the hip occurs in the sagittal plane. The flexion of the 
hip propels the thigh toward the anterior surface of the body. In contrast, the exten-
sion of the hip throws the thigh toward the posterior surface of the body.

For the healthy subject, at the beginning of a cycle, the hip is in flexion. During 
the single support phase, the hip performs an extension. At the end of propulsion, 
the angle of the hip reaches a maximum extension of about −10°. During the oscil-
lating phase, the maximum value of hip flexion can reach +45°.

Usually, a stroke patient exhibits both an insufficient hip flexion and a limitation 
of the hip extension, [20] which contribute to the decrease of the step length and of 
the gait speed.

2.2.2 Changes in movement at the knee

The joint angle of the knee, defined as the relative angle between the tight and 
the shank, is close to +10° for the healthy subject at the beginning of a gait cycle. 
During the single support phase, this angle increases to a first maximum amplitude 
of about +20° and then decreases. At the beginning of the oscillating phase, the 
knee flexes quickly to prepare the oscillation of the body. We then observe a second 
local maximum with a value that can reach +60° followed by an extension.

Figure 2. 
Definition of the joint angles for the lower limb.
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For the stroke patient, the presence of a hyper-extension at the beginning of the 
single support phase due to the spasticity of the triceps surae or a decrease of peak 
knee flexion in swing phase is called stiff knee gait mainly due to a spasticity of the 
rectus femoris muscle.

2.2.3 Changes in movement at the ankle

The ankle joint angle is defined as the relative angle between the shank and the 
foot, the foot being considered as a single rigid segment. The dorsiflexion of the 
ankle in the sagittal plane traduces a flexion of the foot. In contrast, plantar flexion 
comes from a flexion of the foot.

During the gait cycle, the evolution of ankle angle is composed by three steps:

• During the initial double contact, the heel touches the ground with the foot in 
neutral position (0°).

• Then, the ankle makes a plantar flexion. When the entire foot is in contact with 
the ground, the ankle plantar flexion is about +10°.

• After this step, the foot makes a dorsiflexion to reach a peak whose value is about 
+20°.

• The last step corresponds to the toe off. The ankle makes, firstly, a plantar flexion 
and, secondly, a dorsiflexion.

In stroke patients, a plantar flexion is often observed either during the initial 
double contact or during the single support phase or the swing phase. This decrease 
of dorsiflexion can be explained by a spasticity of the triceps surae muscle. This 
phenomenon is often associated with a reduction of the propulsive force and a 
deficit of the gait velocity [21, 22].

2.3 Discussion

During an evaluation of the therapeutic management, the following are 
considered:

• The relative segmental (articular kinematics) and the absolute displacements 
(segmental kinematics)

• The movements of the segmental and/or global center of mass by using anthro-
pometric data, kinetics, forces, moments, and articular powers by coupling 
dynamometric sensors (force platform type)

• Electromyographic muscular activities

To allow appropriate management of the stoke patient, the 3D-GA system, consid-
ered de facto as the “gold standard,” and the FGAs are the most used methods. However, 
the costs as well as the complexity of the use of optoelectronic 3D-GA systems reduce 
the use of this assessment of gait disturbance of patients with stroke sequelae to a 
limited number of laboratories/hospitals compared to the actual demand of patients.

The studies presented in the following describe the design and implementation 
of a wireless embedded system for collecting gait parameters of pathological gait in 
everyday life.
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3. Recording of gait parameters by wireless wearable system

The main objective at the base of the approach is the study of the signals from 
the sensors during walking and the implementation of the posture estimation algo-
rithm. This section describes the architecture of the realized prototype as well as the 
algorithm used to estimate the posture. The flexions and extensions of the segments 
estimated by the prototype are compared with the measurements from the 3D-GA 
system considered as a reference. The results of this comparison will be shown in 
the experimentation section.

3.1 System architecture

Different types of noninvasive sensors are able to measure the gait kinematics, 
such as magnetic sensors, goniometers, and inertial measurement units (IMU). 
These IMUs, consisting of sensors, measure the acceleration, the angular velocity, 
and the terrestrial magnetic field density around the sensor in the orthonormal 
coordinate system bound to the sensors. This information is used to estimate the 
orientation of the human body segments on which the sensors are placed. The joint 
angles are then calculated based on the orientations of the segments.

The IMU and compass sensor based on MEMS (Micro Electro Mechanical 
System) technology allow the design of miniaturized wireless sensors respecting 
the constraints of energy consumption, compactness, and cost. Therefore, the 
system uses MEMS IMU and compass sensor to capture the movement of lower 
limb segments.

The system comprises at least seven sensor nodes as shown in Figure 3. 
Each node is built around the System-on-Chip (SoC) Nrf51822 from Nordic 
Semiconductors. It offers many low-power wireless communication options, 
including ESB and Bluetooth Low Energy (BLE) protocols. The inertial sensor used 
is the MPU6050 from Invensense. This IMU integrates a 3D accelerometer and a 
3D gyrometer. A 3D magnetometer is used to measure the Earth’s magnetic field. 
Measurements carried out by the sensors are processed by the onboard SoC to 
estimate their orientations in real time.

A coordinator node supports the synchronization of the sensor nodes, the 
recording of the data coming from the sensor nodes on a SD card, and the man-
agement of the various functions of the sensor node (connection/disconnection, 

Figure 3. 
System organization and sensor placement.
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calibration, and power on/off). The sensor nodes wait for synchronization with 
the coordinator and then transmit the data to it. This wireless distributed system 
architecture provides great system flexibility and greatly improves its ease of use.

3.2 Constraints related to the use of a wireless device

The wireless transmission protocol, in addition to being energy efficient, must 
have enough bandwidth to transmit measurements in accordance with the required 
sampling frequency. The protocol must allow synchronization of the clocks of the 
various sensors to have the same time reference. Clock synchronization, impera-
tive in our application, allows separate systems to have the smallest possible 
difference between their subjective times whatever the factors that can modify the 
time reference [23].

Candidate technologies, such as WIFI (IEEE 802.11), ZigBee (IEEE 8.2.15.4), 
Bluetooth classic, BLE, GSM, 3G, and LTE, have not been selected because 
either they do not allow a precise synchronization of the sensor nodes, or they 
do not provide the desired throughput or limit the number of nodes. The chosen 
protocol, ESB, is a proprietary low energy consumption protocol proposed by 
Nordic Semiconductor with a bit rate of 2 Mbps. It reaches a transmission speed of 
1.2 Mbps. It supports broadcast functionality to synchronize clocks.

Without the time synchronization, the time shift between sensors may achieve 
144 ms after 1 hour of measurement using a clock with accuracy equal to 20 ppm. 
Synchronization accuracy tests were performed. The synchronization RMSE calcu-
lated during the last minute after 1 hour of recording is equal to 18.2 μs. During the 
test, the maximum clock offset between two sensor nodes is 37.6 μs.

The average of the sampling period of the system, i.e. the duration between two 
synchronizations, equals 9.1 ms with a standard deviation of 1.1 ms. The acquisition 
frequency of system locomotive parameters can reach 109 Hz.

3.3 Joint angle reckoning

Each sensor node has its own reference system. It is then necessary to define a 
suitable coordinate system to describe the orientation of a lower limb’s segment. 
Two coordinate systems are used in this application. One system is fixed to the earth 
and may be considered for the purpose of segment of human motion analysis to be 
an inertial coordinate system. The other coordinate system is local to the IMU and is 
referred to as a body coordinate system. The attitude of an object can be represented 
in different ways [24]. Euler angles, rotation matrix, and quaternion are the most 
used methods. Quaternion is difficult to understand but compared to the two other 
representation methods, it requires less memory and calculation capabilities. It 
avoids the problem of Gimbal lock that appears in Euler angle representation. The 
quaternion representation is used in this application. A complete description of 
the use of quaternions for articular angle calculation between two segments and 
the transformation of the local coordinate system to the terrestrial reference is 
described in [24, 25].

Data captured by IMU and magnetometer are processed in real time with the 
algorithm executed by the onboard SoC to estimate sensor attitude. This algo-
rithm uses a numerical integration to compute the angle from the angular velocity 
provided by the gyrometer. This numerical integration inevitably introduces a 
drift in addition to the calculation approximation error. To correct this drift which 
accumulates over time, the information provided by the accelerometer and the 
magnetometer have been merged according to the onboard algorithm. The detail of 
this algorithm is described in [26, 27].
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Figure 3. 
System organization and sensor placement.
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calibration, and power on/off). The sensor nodes wait for synchronization with 
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Data captured by IMU and magnetometer are processed in real time with the 
algorithm executed by the onboard SoC to estimate sensor attitude. This algo-
rithm uses a numerical integration to compute the angle from the angular velocity 
provided by the gyrometer. This numerical integration inevitably introduces a 
drift in addition to the calculation approximation error. To correct this drift which 
accumulates over time, the information provided by the accelerometer and the 
magnetometer have been merged according to the onboard algorithm. The detail of 
this algorithm is described in [26, 27].
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Finally, tests in static and dynamic conditions show that the adopted method is 
effective to compensate the drift of the gyrometer during walk. The quality of esti-
mation is related to the conditions of use of the sensor (vibration, percussion, and 
external accelerations experienced during a long time...). Nevertheless, if the IMU 
works on a limit condition for a very long duration, the risk of incorrect estimated 
value remains present. In the case of gait in everyday life, these conditions occur 
periodically, but not during a long time, the precision of estimated values remains 
in acceptable limits.

Thanks to this system, it is possible to calculate the joint angles of the lower limb 
in real time and to record them in an everyday life environment.

3.4 Experiments

The experiments are carried out in a gait analysis laboratory equipped with 3D-GA 
system, considered as reference, to evaluate the accuracy of the proposed system. 
Three healthy subjects and two hemiparetic patients have been experimented with 
wearing markers for 3D-GA system and the wearable system. The hemiparetic patients 
perform 6 times a course of 8 m with self-select comfortable speed. The 3D-GA system 
capture area is approximately 6 m × 3 m; this limits the recording time. To evaluate the 
reliability of the proposed system for a longer duration, it has been decided to practice 
the experiments on a treadmill. To avoid the difficulties encountered by hemiparetic 
patients, especially when starting the carpet, only the healthy subjects have been 
asked to walk on the treadmill. The healthy persons have been asked to walk on the 
treadmill for 1 minute. The speed of the treadmill is set at 4 km/h.

Figure 4 shows the evolution of joint angles of a hemiparetic patient during 
walking on flat terrain (right side in blue and left side in red). The signals of both 
systems have a great similarity in shape. There is no time shift, and the differences 
between the signals from the two systems are limited.

Figure 5 illustrates the changes in joint angles in the sagittal plane of a healthy 
person while walking on a treadmill. The joint angles estimated by the proposed 
system are the continuous line signals and those measured by the 3D-GA system are 
in dashed line. The figure shows joint angles in a 10-second window of a 1-minute 
recording. As for the signals observed on the hemiplegic patient, the signals of both 
systems have a great similarity in shape. The two systems are well synchronized. 
The differences between the signals from the two systems are limited.

Figure 4. 
Joint angles of a hemiparetic subject.
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Table 1 illustrates the accuracy of the wearable system compared to the 3D-GA 
system. Root mean square error (RMSE) allows us to observe the difference of 
each sample between the two systems. The correlation coefficient (CC) allows us 
to evaluate the similarity of the shapes of the signals measured by the two systems. 
The RMSEs of joint angles estimated with respect to the reference system are 
between 2.4° and 4.0° for healthy persons. The CCs of healthy subjects are between 
0.89 and 0.99. The signals of the hemiparetic patients have RMSEs between 3.1° and 
3.6° and CCs between 0.89 and 0.99.

Figure 6 illustrates the correlation and concordance of the joint angles measured 
by the two systems. The coefficient of determination (r2) equals 0.97. The lower limits 
of agreement (95%) equal −4.8° and the upper limits of agreement (95%) equal 7.6°.

3.5 Discussion

Comparisons between the results of the embedded system and the reference 
show that the joint angles measured by the embedded system have limited dif-
ferences compared to the reference system. The RMSE of the proposed system is 
between 2.4° and 4.0°. The signal shapes of both systems have great similarities. The 
CC of the signals between two systems is between 0.89 and 0.99.

Figure 5. 
Joint angles of a healthy subject during treadmill walking.

Joint angle

Ankle Knee Hip

RMSE (°) CC RMSE (°) CC RMSE (°) CC

Hemiparetic subject 1 3.6 0.90 3.3 0.98 3.5 0.98

2 3.2 0.89 3.4 0.98 3.1 0.97

Average 3.4 0.90 3.3 0.98 3.3 0.98

Healthy subject 1 4.0 0.90 3.1 0.99 3.3 0.97

2 3.9 0.89 3.0 0.99 2.4 0.99

3 3.4 0.92 3.2 0.99 3.2 0.98

Average 3.8 0.90 3.1 0.99 3.0 0.98

Table 1. 
Comparison between the proposed system and the 3D-GA system.
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From the results of the comparison (Table 1), Figures 6 and 7, the largest 
RMSE and the smallest CC are observed for the joint angles of the ankles. Three 
sources may induce these errors: percussion during walking, centripetal accelera-
tion, and the cross-talk effect [28]. During the walk, the main percussions occur 
when the foot contacts the ground. Percussions influence the measurements of 
accelerometers and gyrometers; the filtering process used to reduce these influ-
ences does not fully eliminate them. Measurement errors can also be introduced 
by the cross-talk effect. During a straight walk, the ankles have more degrees of 
freedom than other joints. When positioning a sensor, there can be misalignments 
between the sensor and the segment of the human body. The consequence is that 
the movements in the planes other than the sagittal plane are combined in the 
measure. This problem can be solved by adding a calibration phase to align the 
sensor and human body [29]. This problem will be considered in a future study.

Figure 6. 
Correlation (a) and Bland-Altman plot (b).

Figure 7. 
IMU signals and gait events of a healthy subject.

149

An Embedded Gait Analysis System for CNS Injury Patients
DOI: http://dx.doi.org/10.5772/intechopen.83826

To conclude this section, despite the lack of a precise calibration process, the 
embedded system provides an estimate of the joint angles close to the references, 
which validates both the architecture and the data processing algorithm.

Data captured by the system are organized in time series; this does not allow to 
analyze or compare inter or between patients. In gait analysis, locomotion data are 
often partitioned with gait event and normalized in gait cycle to compare with each 
other. The size of data captured in everyday life condition is often huge. A method 
to perform auto-partition is necessary.

4. Determination of gait events

Detection of gait events is a fundamental problem. All captured gait signals 
should be normalized in gait cycles so that they could be compared between each 
other. Calculations of spatiotemporal parameters are also based on the timing of gait 
events. So, the determination of the IC and FC event occurrences is compulsory.

In everyday life conditions, the gait event can be captured whether by measuring 
the ground reaction force (GRF) or by processing of the signals from IMU.

GRF-based methods use foot switches (force sensitive resistor or mechanical 
switch) placed under toe and heel to determine IC and FC events. Gait event detec-
tion is quite easy with these methods. Due to the GRF, the foot switch state toggles 
both when the foot contacts the ground (Heel-Strike, IC event) and when the foot 
leaves the ground (Toe-Off, FC event). These systems are considered as the Gold 
Standard for normal gait due to their high accuracy.

But in pathological gait, the IC event could not correspond to heel-strike and 
the FC event not often corresponds to toe-off as in normal gait. For example, with 
foot drop gait, the IC event may be the moment when the toe starts to contact the 
ground and FC event is the moment of toe-off. Therefore, it is difficult to place the 
force sensor for the pathological gait, and this limits its use [30].

Several studies propose real-time or delayed real-time motion detection 
systems based on the use of acceleration and angular velocity signals of human 
body segments provided by IMU [30–36]. All the algorithms proposed in these 
studies consist of a set of rules that make it possible to identify several char-
acteristics in the different gait signals. Currently, in everyday life gait event 
determination systems, the accelerometer seems to be the most used sensor [37]. 
The data it provides are often coupled with data from the gyrometer to get more 
reliable results.

Figure 7 illustrates the acceleration, sagittal angular velocity, and inclina-
tion signals of both feet on a healthy subject during normal walking. The signals 
observed on both feet have almost the same characteristics and shapes. The local 
extrema of acceleration and angular velocity signals are the most commonly used 
characteristics for determining gait events (IC and FC) [37]. The accuracy of 
methods presented in different studies may achieve between 11 and 165 ms [35, 36]. 
Between 86 and 98% of events are correctly detected for normal gait [37].

Figure 8 shows the acceleration, angular velocity, and inclination signals of 
the two feet of a hemiparetic patient during a straight walk. Due to the asymmetry 
of the gait, the acceleration and angular velocity signals are significantly distinct 
between the healthy side and the paretic side. The amplitudes of the acceleration 
and angular velocity signals are much lower than those of a healthy person. Local 
maximum is strongly attenuated, especially the local maximum corresponding to 
the IC event in the angular velocity signal. In addition, the style of pathological 
walking varies greatly between stroke persons and there is a significant variability 
in the shape of the recordings. Given this specificity, it is difficult to use existing 
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the FC event not often corresponds to toe-off as in normal gait. For example, with 
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ground and FC event is the moment of toe-off. Therefore, it is difficult to place the 
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Several studies propose real-time or delayed real-time motion detection 
systems based on the use of acceleration and angular velocity signals of human 
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studies consist of a set of rules that make it possible to identify several char-
acteristics in the different gait signals. Currently, in everyday life gait event 
determination systems, the accelerometer seems to be the most used sensor [37]. 
The data it provides are often coupled with data from the gyrometer to get more 
reliable results.

Figure 7 illustrates the acceleration, sagittal angular velocity, and inclina-
tion signals of both feet on a healthy subject during normal walking. The signals 
observed on both feet have almost the same characteristics and shapes. The local 
extrema of acceleration and angular velocity signals are the most commonly used 
characteristics for determining gait events (IC and FC) [37]. The accuracy of 
methods presented in different studies may achieve between 11 and 165 ms [35, 36]. 
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the two feet of a hemiparetic patient during a straight walk. Due to the asymmetry 
of the gait, the acceleration and angular velocity signals are significantly distinct 
between the healthy side and the paretic side. The amplitudes of the acceleration 
and angular velocity signals are much lower than those of a healthy person. Local 
maximum is strongly attenuated, especially the local maximum corresponding to 
the IC event in the angular velocity signal. In addition, the style of pathological 
walking varies greatly between stroke persons and there is a significant variability 
in the shape of the recordings. Given this specificity, it is difficult to use existing 
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methods to treat different types of pathological walking. An alternative method is 
therefore necessary to determine the gait events.

4.1 Proposed method

During walk, the distance between the two feet varies periodically. Assume, at 
moment   t  0   , the following situation: both feet are on the ground, right foot forward 
and left foot back. The beginning of the gait cycle of the right foot is the moment 
when it touches the ground. The distance between the two feet is maximum, which 
leads to a local maximum in the feet distance signal. During the single support 
phase of the right foot, the left foot being in swing phase, the distance between 
feet decreases until the first local minimum is reached when the left foot passes 
beside the right foot. This distance then increases to another local maximum when 
the left foot is on the ground. During the swing phase of the right foot, the second 
minimum appears when the right foot passes near the left foot. The gait cycle of the 
right foot ends with increasing distance to the third maximum when the right foot is 
on the ground. Figure 9 illustrates the variation in the distance between the two feet 
during walking of a healthy subject and a stroke subject. Asymmetry in the length 
of the stroke patients justifies the larger differences in amplitude between adjacent 
local maximum.

Figure 10 illustrates the variation in the normalized foot distances in the gait 
cycle of a healthy and of a stroke person during straight walking. The two signals 
have similar shapes close to the letter ‘w’. The signals are composed of three 
local maxima and two local minima. This phenomenon seeable during the gait 
of the healthy person is also encountered in pathological walking. The two local 
maxima located at the beginning and at the end of the gait cycle correspond to 
the IC event of the same side. The third local maximum located at around 50% 
of the walking cycle identifies the IC event of the opposite side. The two local 
minima occur as the feet pass closest to each other. It is observed that the median 
local maximum on the signal of the healthy people is very close to the point 
corresponding to 50% of walking cycle. Opposite, because of the gait asymmetry 
of the hemiparetic patient, the median local maximum is slightly offset from the 
middle point of the gait cycle.

Figure 8. 
IMU signals and gait events of a stroke subject.
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Compared to the acceleration and angular velocity signals, the foot distance 
signal is simpler to use for the recognition of gait events as the extrema are more 
significant. The IC event can be highlighted by searching for the local maximum of 
the foot distance signal.

Figure 11 shows the relationship binding the distance between the two feet 
and the IC event. In this figure, the blue curve is the relative distance between feet 
during the walk of the hemiparetic patient. This distance is captured by the 3D-GA 
system. The red dots correspond to the IC events determined manually by visual 
inspection. Green triangles are the local maximums of the distance. Local maxima 
are very close to the IC events determined manually. Feet distance can then be an 
alternative, simpler, and more robust method than existing ones.

However, local maxima only allow determining that an IC event is produced by 
a foot. To distinguish, the foot that produces the IC event is the one that has just 
finished its swing phase, because the opposite foot is in its support phase. The 
acceleration experienced by the foot that produces the IC event must be signifi-
cantly greater than that of the opposite foot before the IC event. Comparing the 
accelerations of both feet for a time just before the IC event occurs is the way to 
identify the foot that produces this event.

After the IC events have been correctly determined, it is then possible to parti-
tion and normalize the recording in gait cycles. Between two IC events on the same 
foot, there must be a FC produced by this foot. Even if the local maxima that cor-
respond to the IC events are attenuated and become undetectable, the local maxima 

Figure 9. 
Distance between feet during walk.

Figure 10. 
Distance between feet normalized in gait cycle.
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are very close to the IC events determined manually. Feet distance can then be an 
alternative, simpler, and more robust method than existing ones.

However, local maxima only allow determining that an IC event is produced by 
a foot. To distinguish, the foot that produces the IC event is the one that has just 
finished its swing phase, because the opposite foot is in its support phase. The 
acceleration experienced by the foot that produces the IC event must be signifi-
cantly greater than that of the opposite foot before the IC event. Comparing the 
accelerations of both feet for a time just before the IC event occurs is the way to 
identify the foot that produces this event.

After the IC events have been correctly determined, it is then possible to parti-
tion and normalize the recording in gait cycles. Between two IC events on the same 
foot, there must be a FC produced by this foot. Even if the local maxima that cor-
respond to the IC events are attenuated and become undetectable, the local maxima 

Figure 9. 
Distance between feet during walk.

Figure 10. 
Distance between feet normalized in gait cycle.
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that correspond to the FC events are still detectable. The method for determining 
FC using the signal from gyrometer, which is presented in different studies, remains 
valid [30, 33, 38, 39].

In the following, the new embedded sensor for measuring the relative distance 
between feet to determine the IC event is described. The data from this new sensor 
are coupled with data provided by the IMU to determine the FC event. The accuracy 
of this method is evaluated by comparing the results provided by the proposed 
system and those given by the 3D-GA system.

The distance between feet can be measured either by measuring the displace-
ments of the two feet independently or by a direct measurement of the distance 
between the two feet.

Theoretically, the displacement of the foot can be calculated with data from 
the IMU attached to the foot. After estimating the attitude of the foot, a reference 
transformation can be made to transform the acceleration measured in the sensor 
coordinate system to the fixed coordinate system. By double integration on the 
acceleration of the foot, the three-dimensional displacement of the foot can be 
reckoned. But unbounded drifts will appear because of the sensor noise and the 
accumulation of the digital integration error.

Several studies propose different methods based on the algorithm called “zero 
velocity update” (ZUPT), which aim at reducing this error [40–43]. These methods 
are based on the detection of the period during which the foot is considered as static 
or quasi-static according to the information measured by the accelerometer or the 
gyrometer, supposing that the foot velocity is equal to zero during these periods. 
These methods limit the error introduced by the first integration applied to the 
accelerations to obtain the foot speed. However, no correction is applied to the 
second integration applied to the speed to calculate the displacement. This implies 
an accumulation of error over time on the calculation of movement of the foot. The 
study in [44] shows that the same displacement calculated with data from two IMUs 
does not give the same result. The errors depend on the style of locomotion and the 
gait speed as well as the type of environment in which walking is performed [45]. 
For this reason, none of the studies cited use the movements relative between the 
two feet.

In order to find a solution, a direct real-time measurement of the relative 
distance of the feet will be made by a wireless rangefinder that will complement the 
wireless system. The rangefinder measures the distance directly by measuring the 
time of fight (ToF) of an electromagnetic wave, thus avoiding complex calculations.

Figure 11. 
Relationship between the IC event and the distance between feet.
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4.2 Measurement of feet distance with ultra-wideband (UWB) rangefinder

To determine gait events using foot distance signal, a pair of rangefinder 
modules (based on DM1000 [46]) is added to the system. The rangefinders are 
connected to the sensor nodes on the feet. To obtain the best performance of the 
distance measurement, the two rangefinders are placed at the medial side of foot, 
close to the heel, antennas face to face, as shown in Figure 12. The feet relative 
distance provided by the modules is coupled with the information from sensors on 
the feet to determine the IC and EC events and the times they occur. The rangefind-
ers are sampled at 100 Hz. Figure 3 illustrates the main organization and role of the 
elements of the final system.

4.3 Experiments

Experiments are conducted to evaluate the accuracy of the proposed system includ-
ing the gait event detection and joint angle estimation. Experiments are performed in a 
gait analysis laboratory equipped with 3D-GA system. Totally, 11 hemiparetic patients, 
4 females and 7 males 51.7 ± 18.2 years old, participated in the experiments. About, 
4 healthy people, 1 female and 3 male aged 24 ± 3.1 years, participated in the experi-
ments. The persons were equipped with both markers for 3D-GA system and proposed 
wearable system during experiment. All persons have been asked to walk 6 times on a 
straight course of 8 m with self-selected confirmable speed. The walking scenarios are 
captured by 3D-GA system at 100 Hz and at 70 Hz by the proposed wearable system. 
The embedded system’s records are re-sampled at 100 Hz so that they can be compared 
point-to-point with those of the 3D-GA system.

Figure 13 illustrates the joint angles of a hemiparetic patient normalized in 
gait cycles. In this figure, the red curves represent the joint angles of the left side 
(healthy side) and the blue curves represent the joint angles of the right side 
(paretic side). The dotted curves are the angles measured by the 3D-GA system and 
the solid lines are the angles estimated by the proposed wearable system.

The two systems are compared by evaluating the accuracy of the gait event 
detection (IC and FC) and the joint angle estimation. IC and FC events’ RSMEs 
are used to evaluate the accuracy of gait event detection, and the detection rate is 
calculated to describe the robustness of event detection.

Figure 12. 
Placement of rangefinder.
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that correspond to the FC events are still detectable. The method for determining 
FC using the signal from gyrometer, which is presented in different studies, remains 
valid [30, 33, 38, 39].
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4.2 Measurement of feet distance with ultra-wideband (UWB) rangefinder

To determine gait events using foot distance signal, a pair of rangefinder 
modules (based on DM1000 [46]) is added to the system. The rangefinders are 
connected to the sensor nodes on the feet. To obtain the best performance of the 
distance measurement, the two rangefinders are placed at the medial side of foot, 
close to the heel, antennas face to face, as shown in Figure 12. The feet relative 
distance provided by the modules is coupled with the information from sensors on 
the feet to determine the IC and EC events and the times they occur. The rangefind-
ers are sampled at 100 Hz. Figure 3 illustrates the main organization and role of the 
elements of the final system.

4.3 Experiments

Experiments are conducted to evaluate the accuracy of the proposed system includ-
ing the gait event detection and joint angle estimation. Experiments are performed in a 
gait analysis laboratory equipped with 3D-GA system. Totally, 11 hemiparetic patients, 
4 females and 7 males 51.7 ± 18.2 years old, participated in the experiments. About, 
4 healthy people, 1 female and 3 male aged 24 ± 3.1 years, participated in the experi-
ments. The persons were equipped with both markers for 3D-GA system and proposed 
wearable system during experiment. All persons have been asked to walk 6 times on a 
straight course of 8 m with self-selected confirmable speed. The walking scenarios are 
captured by 3D-GA system at 100 Hz and at 70 Hz by the proposed wearable system. 
The embedded system’s records are re-sampled at 100 Hz so that they can be compared 
point-to-point with those of the 3D-GA system.

Figure 13 illustrates the joint angles of a hemiparetic patient normalized in 
gait cycles. In this figure, the red curves represent the joint angles of the left side 
(healthy side) and the blue curves represent the joint angles of the right side 
(paretic side). The dotted curves are the angles measured by the 3D-GA system and 
the solid lines are the angles estimated by the proposed wearable system.

The two systems are compared by evaluating the accuracy of the gait event 
detection (IC and FC) and the joint angle estimation. IC and FC events’ RSMEs 
are used to evaluate the accuracy of gait event detection, and the detection rate is 
calculated to describe the robustness of event detection.

Figure 12. 
Placement of rangefinder.
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Table 2 summarizes the results of the comparison of the accuracy between the 
proposed system and the 3D-GA system of joint angles and gait events as well as 
the robustness of the gait event detection. The RMSE estimates of joint angles are 
between 1.3° and 3.9° for hemiparetic patients and between 1.8° and 4° for healthy 
subjects. The CCs for stroke subjects are between 0.9 and 0.99. For healthy persons, 
they are between 0.91 and 0.99. In terms of the detection of gait events, the RSMEs 
for IC detection are between 45 and 14 ms for hemiparetic patients and between  
16 and 24 ms for healthy persons. The FC event detection has a precision between 12 and  
41 ms for hemiparetic patients and between 15 and 20 ms for healthy persons. The 
rates of detection of CI are between 93 and 100% for hemiparetic patients and 
between 95 and 100% for healthy persons. The rates of detection of FC are between 
92 and 100% for hemiparetic patients and between 97 and 100% for healthy people.

Figure 14 illustrates the correlation and concordance of the joint angles mea-
sured by the two systems. The coefficient of determination (r2) equals 0.98. The 
lower limits of agreement (95%) equal −3.6° and the upper limits of agreement 
(95%) equal 5.9°.

4.4 Discussion

This chapter describes the use of a wireless rangefinder to measure the feet 
relative distance in order to automatically detect the gait events (IC and FC) in 
everyday life condition and specially to consider the differences between normal 
and pathological walking.

To evaluate the precision and robustness of the proposed system, experiments 
have been carried out on hemiparetic and healthy persons. The estimated informa-
tion delivered is compared with that from the 3D-GA system. Their comparison 
shows that the joint angles estimated with the proposed system are quite compara-
ble to those of the reference system. In terms of the detection of gait events, thanks 
to the additional information given by the rangefinders, errors are rare. The system 
is very robust in the case of pathological walking.

In terms of detection of gait events, the results show a precision of 27 ms for 
IC events of hemiparetic patients and 22 ms for FC events. More than 98% of the 
events are correctly detected. The results show that this method has good accuracy 
and is especially robust for pathological gait. However, because of the limitation of 
the area detectable by the 3D-GA system, the comparison can be done only between 
the data captured in this area. So, even if the detection rate of the events of several 
persons reaches 100%, one can imagine that it is possible that some events are lost 
during the beginning and the end of the gait.

Figure 13. 
Joint angles of hemiparetic subject normalized in gait cycle.
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Table 2 summarizes the results of the comparison of the accuracy between the 
proposed system and the 3D-GA system of joint angles and gait events as well as 
the robustness of the gait event detection. The RMSE estimates of joint angles are 
between 1.3° and 3.9° for hemiparetic patients and between 1.8° and 4° for healthy 
subjects. The CCs for stroke subjects are between 0.9 and 0.99. For healthy persons, 
they are between 0.91 and 0.99. In terms of the detection of gait events, the RSMEs 
for IC detection are between 45 and 14 ms for hemiparetic patients and between  
16 and 24 ms for healthy persons. The FC event detection has a precision between 12 and  
41 ms for hemiparetic patients and between 15 and 20 ms for healthy persons. The 
rates of detection of CI are between 93 and 100% for hemiparetic patients and 
between 95 and 100% for healthy persons. The rates of detection of FC are between 
92 and 100% for hemiparetic patients and between 97 and 100% for healthy people.

Figure 14 illustrates the correlation and concordance of the joint angles mea-
sured by the two systems. The coefficient of determination (r2) equals 0.98. The 
lower limits of agreement (95%) equal −3.6° and the upper limits of agreement 
(95%) equal 5.9°.

4.4 Discussion

This chapter describes the use of a wireless rangefinder to measure the feet 
relative distance in order to automatically detect the gait events (IC and FC) in 
everyday life condition and specially to consider the differences between normal 
and pathological walking.

To evaluate the precision and robustness of the proposed system, experiments 
have been carried out on hemiparetic and healthy persons. The estimated informa-
tion delivered is compared with that from the 3D-GA system. Their comparison 
shows that the joint angles estimated with the proposed system are quite compara-
ble to those of the reference system. In terms of the detection of gait events, thanks 
to the additional information given by the rangefinders, errors are rare. The system 
is very robust in the case of pathological walking.

In terms of detection of gait events, the results show a precision of 27 ms for 
IC events of hemiparetic patients and 22 ms for FC events. More than 98% of the 
events are correctly detected. The results show that this method has good accuracy 
and is especially robust for pathological gait. However, because of the limitation of 
the area detectable by the 3D-GA system, the comparison can be done only between 
the data captured in this area. So, even if the detection rate of the events of several 
persons reaches 100%, one can imagine that it is possible that some events are lost 
during the beginning and the end of the gait.

Figure 13. 
Joint angles of hemiparetic subject normalized in gait cycle.
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The proposed system provides good accuracy in determining hemiparetic events 
but has a limitation. The method uses the relative distance between the feet as the 
main source of information to determine the IC event. Then, the FC is searched 
between two IC events. As a result, if the IC event is not correctly determined, the 
FC event cannot be detected. As shown in Figure 11, the IC events of both feet cor-
respond to the local maximum of the relative distance signal of the feet. If the peaks 
corresponding to the IC are very attenuated, the risk of no longer detecting the IC 
event increases (Figure 15). This figure shows the relative distance and inclinations 
of the two feet. The colored areas represent the areas where the peaks on the dis-
tance signal corresponding to the IC must be observed. In green zones, significant 
peaks are observable; in red zones, most peaks are very attenuated or undetectable. 
This system cannot then be used on people that walk with a maximum distance 
of the feet very close to the length of the step during the double phase support. In 
practice, for all persons that have a minimum relative distance between feet larger 
than 20 cm, this system works properly.

5. Conclusion and perspectives

The chapter describes a wireless embedded system used to record information 
related to the gait of patients with after-effects of stroke in ecological situations.

Figure 15. 
CI nondetectable case.

Figure 14. 
Correlation (a) and Bland-Altman plot (b).
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It is based on the use of seven inertial sensors. Each sensor executes the orienta-
tion estimation algorithm. Even if each sensor uses its local clock and performs 
the measurement according to its own time base, their synchronization through 
reference broadcast time synchronization (RBTS) allows synchronization accu-
racy, synchronization speed, and the number of sensors to synchronize. Other 
constraints related to the use of the wireless link are the speed of transmission and 
energy consumption. To address these constraints, among wireless transmission 
technologies, we selected a proprietary protocol that allows the clock error between 
two sensors limited to a value less than 37.6 μs that does not accumulate over time. 
Thanks to the efficiency of this protocol, the sampling frequency to transmit the 
raw measurements and the orientation of the segments estimated by the sensors 
reaches 109 Hz.

The embedded wireless system uses a pair of range-finders to determine the 
gait events to split the recordings into gait cycles and calculate the temporal 
parameters. The method to determine the gait events, initial contact (IC) and 
final contact (FC), uses relative distance between feet and speed angular feet. The 
system also estimates the articular angles of the lower limbs. This information 
is the input of a piece of post-processing software that determines the temporal 
parameters and automatically cuts the joint angles into walking cycles. A series 
of experiments was conducted to evaluate the accuracy and robustness of the 
system. The difference between the values measured by the embedded system 
and the 3D-GA system shows a good robustness on the pathological path, which is 
quite innovative.

This development shows the evolution of our embedded gait analysis system. 
The final system provides the measured quantities comparable to those from a 
3D-GA system. The algorithmic and material design takes into account the con-
straints of pathological walking and use in an ecological situation. The algorithms 
for segment orientation estimation and gait event detection are optimized for 
pathological walking. The new method we have proposed for determining the 
events of walking improves the robustness of event detection in the pathological 
case. In order for the system to be used in an ecological situation and to record the 
activity of the person in his daily life, the electronic design of the system is carried 
out in order to minimize the influence of the system on the walking of people and to 
have enough autonomy to record walking all day long. An effort has also been made 
to improve the ease of implementation and use.

In addition, it is possible to analyze the walk in more complex or functional situ-
ations. Indeed, certain clinical tests required different movements on the patient. 
This is the case, for example, for the TUG (Timed Up and Go). This test requires the 
patient to get up from a chair, walk forward 3 m, turn around a pad, walk back, and 
then sit down again. This test involves several motor skills. According to the chrono-
metric performance, the risk of falling for the patient was identified for a number 
of values. We also looked to turn strategies in this test for stroke patients compared 
to healthy subjects from the quantification of the pelvis trajectory [47]. To make 
these comparisons, DTW (Dynamic Time Warping) methods on the trajectory of 
the basin on the horizontal plane were used. These methods allow identification of 
patients’ strategies and therefore their classification as shown in [48, 49]. It is realis-
tic to hypothesize on walking route (straight lines, stairs, up and down slopes, etc.), 
identification of displacement strategies from the calculation of the DTW on joint 
kinematics and/or segmental accelerations to follow the evolution (improvement or 
degradation) of the locomotor possibilities of the patient. This promising approach 
is the main line of our current work.
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The proposed system provides good accuracy in determining hemiparetic events 
but has a limitation. The method uses the relative distance between the feet as the 
main source of information to determine the IC event. Then, the FC is searched 
between two IC events. As a result, if the IC event is not correctly determined, the 
FC event cannot be detected. As shown in Figure 11, the IC events of both feet cor-
respond to the local maximum of the relative distance signal of the feet. If the peaks 
corresponding to the IC are very attenuated, the risk of no longer detecting the IC 
event increases (Figure 15). This figure shows the relative distance and inclinations 
of the two feet. The colored areas represent the areas where the peaks on the dis-
tance signal corresponding to the IC must be observed. In green zones, significant 
peaks are observable; in red zones, most peaks are very attenuated or undetectable. 
This system cannot then be used on people that walk with a maximum distance 
of the feet very close to the length of the step during the double phase support. In 
practice, for all persons that have a minimum relative distance between feet larger 
than 20 cm, this system works properly.

5. Conclusion and perspectives

The chapter describes a wireless embedded system used to record information 
related to the gait of patients with after-effects of stroke in ecological situations.

Figure 15. 
CI nondetectable case.

Figure 14. 
Correlation (a) and Bland-Altman plot (b).
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It is based on the use of seven inertial sensors. Each sensor executes the orienta-
tion estimation algorithm. Even if each sensor uses its local clock and performs 
the measurement according to its own time base, their synchronization through 
reference broadcast time synchronization (RBTS) allows synchronization accu-
racy, synchronization speed, and the number of sensors to synchronize. Other 
constraints related to the use of the wireless link are the speed of transmission and 
energy consumption. To address these constraints, among wireless transmission 
technologies, we selected a proprietary protocol that allows the clock error between 
two sensors limited to a value less than 37.6 μs that does not accumulate over time. 
Thanks to the efficiency of this protocol, the sampling frequency to transmit the 
raw measurements and the orientation of the segments estimated by the sensors 
reaches 109 Hz.

The embedded wireless system uses a pair of range-finders to determine the 
gait events to split the recordings into gait cycles and calculate the temporal 
parameters. The method to determine the gait events, initial contact (IC) and 
final contact (FC), uses relative distance between feet and speed angular feet. The 
system also estimates the articular angles of the lower limbs. This information 
is the input of a piece of post-processing software that determines the temporal 
parameters and automatically cuts the joint angles into walking cycles. A series 
of experiments was conducted to evaluate the accuracy and robustness of the 
system. The difference between the values measured by the embedded system 
and the 3D-GA system shows a good robustness on the pathological path, which is 
quite innovative.

This development shows the evolution of our embedded gait analysis system. 
The final system provides the measured quantities comparable to those from a 
3D-GA system. The algorithmic and material design takes into account the con-
straints of pathological walking and use in an ecological situation. The algorithms 
for segment orientation estimation and gait event detection are optimized for 
pathological walking. The new method we have proposed for determining the 
events of walking improves the robustness of event detection in the pathological 
case. In order for the system to be used in an ecological situation and to record the 
activity of the person in his daily life, the electronic design of the system is carried 
out in order to minimize the influence of the system on the walking of people and to 
have enough autonomy to record walking all day long. An effort has also been made 
to improve the ease of implementation and use.

In addition, it is possible to analyze the walk in more complex or functional situ-
ations. Indeed, certain clinical tests required different movements on the patient. 
This is the case, for example, for the TUG (Timed Up and Go). This test requires the 
patient to get up from a chair, walk forward 3 m, turn around a pad, walk back, and 
then sit down again. This test involves several motor skills. According to the chrono-
metric performance, the risk of falling for the patient was identified for a number 
of values. We also looked to turn strategies in this test for stroke patients compared 
to healthy subjects from the quantification of the pelvis trajectory [47]. To make 
these comparisons, DTW (Dynamic Time Warping) methods on the trajectory of 
the basin on the horizontal plane were used. These methods allow identification of 
patients’ strategies and therefore their classification as shown in [48, 49]. It is realis-
tic to hypothesize on walking route (straight lines, stairs, up and down slopes, etc.), 
identification of displacement strategies from the calculation of the DTW on joint 
kinematics and/or segmental accelerations to follow the evolution (improvement or 
degradation) of the locomotor possibilities of the patient. This promising approach 
is the main line of our current work.
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Chapter 9

Improvement of Cooperative 
Action for Multi-Agent System by 
Rewards Distribution
Mengchun Xie

Abstract

The frequency of natural disasters is increasing everywhere in the world, which is 
a major impediment to sustainable development. One important issue for the interna-
tional community is to reduce vulnerability to and damage from disasters. In addi-
tion, a large number of injuries occur simultaneously in a large-scale disaster, and the 
condition of the injured will change over time. Efficient rescue activities are carried 
out using triage to determine the priority of injury treatment based on the severity 
of the persons’ conditions. In this chapter, we discuss acquiring cooperative behavior 
of rescuing the injured and clearing obstacles according to triage of the injured in a 
multi-agent system. We propose three methods of reward distribution: (1) reward 
distribution responding to the condition of the injured, (2) reward distribution based 
on the contribution degree, and (3) reward distribution by the contribution degree 
responding to the condition of the injured. We investigated the effectiveness of the 
three proposed methods for a disaster relief problem by an experiment. The results 
of the experiment showed that agents gained high rewards by rescuing those in 
most urgent need under the method having the reward distributed according to the 
contribution degree responding to the condition of the injured.

Keywords: multi-agent system, reinforcement learning, reward distribution,  
triage, disaster relief problem

1. Introduction

The frequency of natural disasters is increasing everywhere in the world, which 
is a major impediment to sustainable development. In order to minimize the damage 
of disasters, the United Nations Office for Disaster Risk Reduction (UNISDR) calls 
for the promotion of disaster prevention and mitigation by local governments in 
each country. This is an important issue for the international community in order to 
reduce vulnerability to and damage from disasters.

In the case of a large-scale disaster, a large number of injuries occur simultane-
ously, and the condition of the injured changes with the lapse of time. This implies 
that, to conduct efficient treatment when resources are insufficient to immediately 
treat all the people who are injured, it is necessary to use triage, which is the pro-
cess of determining the priority of treatment based on the severity of the injured 
person’s condition [1].
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To date, many different remote-controlled disaster relief robots have been 
developed. A further complication, besides the need for triage, is that these robots 
must work in environments in which communication is not always secure. For these 
reasons, there is a need for autonomous disaster relief robots, that is, robots which 
can learn from the conditions that they encounter and then take independent action 
[2]. Thus, efficient rescue needs to consider the condition of the injured, which 
changes with the lapse of time, even with the use of disaster rescue robots.

Reinforcement learning is one way that robots can acquire information about 
appropriate behavior in new environments. Under this learning system, robots can 
observe the environment, select and perform actions, and obtain rewards [3–6]. 
Each robot must learn what the best policy (i.e., the policy that obtains the largest 
amount of reward over time) is by itself.

Recent research on disaster relief robots has included consideration of multi-
agent systems, that is, systems that include two or more disaster relief robots. A 
multi-agent system in which multiple agents explore sections of damaged building 
with the goal of updating a topological map of the building with safe routes is 
discussed [7, 8]. John et al. constructed a multi-agent systems approach to disaster 
situation management, which is a complex multidimensional process involving a 
large number of mobile interoperating agents [9]. However, to successfully inter-
act in the real world, agents must be able to reason about their interactions with 
heterogeneous agents of widely varying properties and capabilities. It is necessary 
that agents are able to learn from the environment and implement independent 
actions by using perceptual and reasoning in order to carry out their task in the 
best possible way [10, 11].

Numerous studies regarding learning in multi-agent systems have been con-
ducted. Spychalski and Arendt proposed a methodology for implementing machine 
learning capability in multi-agent systems for aided design of selected control 
systems allowed to improve their performance by reducing the time spent process-
ing requests that were previously acknowledged and stored in the learning module 
[12]. In [13], a new kind of multi-agent reinforcement learning algorithm, called 
TM_Qlearning, which combines traditional Q-learning with observation-based 
teammate modeling techniques, was proposed. Two multi-agent reinforcement 
learning methods, both consisting of promoting the selection of actions so that 
the chosen action not only relies on the present experience but also on an estima-
tion of possible future ones, have been proposed to better solve the coordination 
problem and the exploration/exploitation dilemma in the case of nonstationary 
environments [14]. In [15], the construction of a multi-agent evacuation guidance 
simulation that consists of evacuee agents and instruction agents was reported, 
and the optimum evacuation guidance method was discussed through numerical 
simulations by using the multi-agent system for post-earthquake tsunami events. 
A simulation of a disaster relief problem that included multiple autonomous robots 
working as a multi-agent system has been reported [16].

In disaster relief problems, it is important to rescue the injured and remove 
obstacles according to conditions that are changing with the passage of time. 
However, conventional research on multiple agents targeted for disaster relief has 
not taken into consideration the condition of the injured, so it is insufficient for 
efficient rescue.

In this chapter, we discuss acquiring cooperative behavior of rescuing the 
injured and clearing obstacles according to triage of the injured in a multi-agent 
system. We propose three methods of reward distribution: (1) reward distribu-
tion responding to the condition of the injured, (2) reward distribution based on 
the contribution degree, and (3) reward distribution by the contribution degree 
responding to the condition of the injured. We investigated the effectiveness of 
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these proposed methods for a disaster relief problem by an experiment. The results 
of the experiment showed that agents gained high rewards by rescuing those in 
most urgent need under the method having the reward distributed according to the 
contribution degree responding to the condition of the injured.

2.  Learning of multi-agent systems and representation of disaster relief 
problem

2.1 Learning of multi-agent systems

Agents are a computational mechanism that exist in some complex environ-
ment, sense and perform actions in its environment, and by doing so realize a set of 
tasks for which it is assigned. A multi-agent system consists of agents that interact 
with each other, situated in a common environment, which they perceive with 
sensors and upon which they act with actuators (Figure 1). Agent and environ-
ment are relationships of the interaction. In the meantime, when the environments 
are inaccessible, the information which can be perceived from the environment is 
limited, and it is inaccurate, and it entails delay [2, 17, 18].

In [19], the following major characteristics of multi-agent systems were 
identified:

• Each agent has incomplete information and is restricted in its capabilities.

• The control of the system is distributed.

• The data are decentralized.

• The computation is asynchronous.

In multi-agent systems, individual agents are forced to engage with other agents 
that have varying goals, abilities, and composition. Reinforcement learning have 
been used to learn about other agents and adapt local behavior for the purpose of 
achieving coordination in multi-agent situations in which the individual agents are 
not aware of each another [20].

Various reinforcement learning strategies have been proposed that can be used 
by agents to develop a policy to maximizing rewards accumulated over time. A 
prominent algorithm in reinforcement learning is the Q-learning algorithm.

In Q-learning, the decision policy is represented by the Q-factors, which esti-
mates long-term discounted rewards for each state-action pair. Let Q(s, a) denote the 

Figure 1. 
Multi-agent systems.
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Q-factor for state s and action a. If an action a in state s produces a reinforcement of r 
and a transition to state st + 1, then the corresponding Q-factor is modified as follows:

   Q ( s  t  ,  a  t  )  ← Q ( s  t  ,  a  t  )  + α [r + 𝛾𝛾maxQ ( s  t+1  , a)  − Q ( S  t  ,  a  t  ) ]    (1)

where  α  is a small constant called learning rate, which denotes a step-size param-
eter in the iteration, and γ denotes the discounting factor. Theoretically, the algo-
rithm is allowed to run for infinitely many iterations until the Q-factors converge.

2.2 The target problem

In this chapter, we focus on a disaster relief as a target problem similar to previ-
ous research [16]. In the disaster relief problem, agents must rescue the injured 
as quickly as possible, and the injured with different severity and urgency of the 
condition are placed on a field of fixed size. Because there are multiple injured and 
obstacles, the disaster relief problem can be considered to be a multi-agent system. 
Each agent focuses on achieving its own target, and the task of system is to effi-
ciently rescue all of the injured and remove obstacles (Figure 2).

Efficient rescue is performed at a disaster site using triage to assign priority of trans-
port or treatment based on the severity and urgency of the condition of the injured. In 
the disaster rescue problem, it is thus necessary to reflect triage based on the condition 
of the injured. For this purpose, in this chapter, we designate the condition of the 
injured as red (requiring emergency treatment), yellow (requiring urgent treatment), 
green (light injury), or black (lifesaving is difficult) in descending order of urgency.

The disaster relief problem is represented as shown in Figure 3. The field is 
divided into an N × N lattice. Agents are indicated by circles, ◎; the injured are 
indicated by R, Y, G, and B; removable obstacles are indicated by white triangles, 
△; and nonremovable obstacles are indicated by black triangles, ▲. The destina-
tion of injures is indicated by a white square, □; and the collection site of movable 
obstacles is indicated by a black square, ■. A single step is defined such that each of 
the agents on the field completes a single action, and the field is re-initialized once 
all of the injured have been moved.

The agents considered in this chapter are depicted in Figure 4 and included two 
types, to obtain cooperative actions. The rescue agents have the primary func-
tion of rescuing the injured, and the removal agents have the primary function of 
removing obstacles, although either type can perform both functions. The agents 

Figure 2. 
Disaster relief problem.
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recognize the colors of the injured on the field and identify the condition of the 
injured in correspondence with those colors.

Each agent considers the overall tasks in the given environment, carries out the 
tasks in accordance with the assigned roles, and learns appropriate actions that 
bring high rewards.

An agent can recognize its circumstance within a prescribed field of vision and 
move one cell vertically or horizontally, but will stay in place without moving if a 
nonremovable obstacle, injured transport destination, obstacle transport destina-
tion, or other agent occupies the movement destination or if the movement destina-
tion is outside the field. Each agent has a constant but limited view of the field, and 
it can assess the surrounding environment.

The available actions of agents are (1) moving up, down, right, or left to an 
adjacent cell; (2) remaining in the present cell when adjacent cell is occupied by an 
obstacle that cannot be removed or by another agent; and (3) finding an injured 
person or a movable obstacle and taking it to the appropriate location.

If an agent is processing an injured person and next action is moving it to the 
appropriate destination, then the task of the agent is completed. The agent can 
begin a new task for rescuing or removing. When all of the injured on the field have 
been rescued, the overall task is completed.

Figure 3. 
An example of representation for a disaster relief problem.

Figure 4. 
Agents of different functions: (a) removing agent and (b) relief agent.
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3. Improvement of Cooperative Action by Rewards Distribution

3.1 Cooperative agents

In multi-agent system, the environment changes from static to dynamic because 
multiple autonomous agents exist. An agent engaged in cooperative action decides its 
actions by referring to not only its own information and purpose but to those of other 
agents as well [16]. The cooperative agents are acquired by sharing sensation, sharing 
episodes, and sharing learned policies [17, 19–21]. Cooperative actions are important 
not only in situations where multiple agents have to work together to accomplish a 
common goal but also in situations where each agents has its own goal [22].

In this chapter, the multi-agent systems are composed of agents’ different behav-
iors. One is to perform relief (relief agents), and the other is to remove obstacles 
(removing agents). Cooperation was achieved by giving different rewards to differ-
ent behaviors.

3.2 Reward distribution with consideration of condition of the injured

It is necessary to have the multi-agent systems learn efficient rescue with the 
condition of the injured taken into consideration.

Prior studies used reward distribution with the reward value differing in 
accordance with the agent action but gave no consideration to the condition of the 
injured.

In this chapter, we propose three types of reward distribution as methods for 
obtaining cooperative action of injured rescue and obstacle removal in accordance 
with the urgency of the condition of the injured.

3.2.1 Method 1: reward distribution responding to the condition of the injured

A conferred reward is high in value when an injured person in a condition of high 
urgency is rescued and decreases in value for those in less urgent conditions. Thus, 
Rr > Ry > Rg > Rb, where Rr , Ry , Rg, and Rb are the reward values for the rescue of 
injured persons in the red, yellow, green, and black condition categories, respectively.

3.2.2 Method 2: reward distribution based on the contribution degree

In Method 2, the reward value reflects the time spent by the rescue agent as the 
contribution degree.

With R as the basic reward value when the rescue agent completes the injured 
rescue, C as the contribution degree, and λ as a weighting factor, the reward r 
earned by the rescue agent in learning is as given by Eq. (2). A large λ results in a 
reward that is greatly augmented relative to the basic reward, according to contri-
bution degree.

Assessed contribution degree C increases with decreasing time spent in rescuing 
the injured, as shown in Eq. (3), in which Te is the time of completion of rescue of 
all the injured by the rescue agents and Ti is the time spent by an agent to rescue an 
injured person.

  r =  (1 + λ C) R   (2)

  C =  T  i   /  T  e     (3)
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3.2.3  Method 3: reward distribution by the contribution degree responding to the 
condition of the injured

In Eq. (2), basic reward value R at the time of completion of each task takes on 
one of the values Rr > Ry > Rg > Rb according to the condition of the injured person.

4. Experimental results and discussion

4.1 Experimental conditions

In the study presented in this chapter, we experimented on obtaining coopera-
tive action by agents for efficient rescue in accordance with the condition of the 
injured and obstacle removal, using the three proposed reward distributions. We 
assigned the injured and obstacle transport destinations to one cell each on the field 
shown in Figure 3 and numbers of agents, injured persons, and obstacles as listed in 
Table 1. The mean of five simulation trials was taken as the result.

4.2 Effects of reward distribution timing

We investigated the effects of the three patterns of reward distribution timing 
on task completion on the efficiency of learning injured rescue. The reward is 
given when an injured person or obstacle is discovered in Pattern 1. The reward 
is given when an injured person or object is taken for removal to the appropri-
ate location in Pattern 2. Rewards are given twice in Pattern 3: at the stage of 
discovering an injured person or obstacle and at the stage where transportation is 
completed.

The results of an experiment to compare the three reward distribution timing 
patterns are shown in Figure 5. The horizontal axis represents the episodes, and the 
vertical axis represents the number of steps for task completion by all agents. These 
results indicate that Pattern 3 allowed completion of the tasks in a smaller number 

The setting of field

The field size 10 × 10

The number of rescue agents 2

The number of clearing agents 2

The number of injured individuals

Red 3

Yellow 3

Green 3

Black 3

The number of removal of possible obstacles 10

The number of removal of impossible obstacles 3

The setting of agent

Learning rate α 0.1

Discount rate γ 0.9

Greedy policy ε 0.1

Table 1. 
Experimental conditions.
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  r =  (1 + λ C) R   (2)

  C =  T  i   /  T  e     (3)
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3.2.3  Method 3: reward distribution by the contribution degree responding to the 
condition of the injured

In Eq. (2), basic reward value R at the time of completion of each task takes on 
one of the values Rr > Ry > Rg > Rb according to the condition of the injured person.

4. Experimental results and discussion
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In the study presented in this chapter, we experimented on obtaining coopera-
tive action by agents for efficient rescue in accordance with the condition of the 
injured and obstacle removal, using the three proposed reward distributions. We 
assigned the injured and obstacle transport destinations to one cell each on the field 
shown in Figure 3 and numbers of agents, injured persons, and obstacles as listed in 
Table 1. The mean of five simulation trials was taken as the result.

4.2 Effects of reward distribution timing

We investigated the effects of the three patterns of reward distribution timing 
on task completion on the efficiency of learning injured rescue. The reward is 
given when an injured person or obstacle is discovered in Pattern 1. The reward 
is given when an injured person or object is taken for removal to the appropri-
ate location in Pattern 2. Rewards are given twice in Pattern 3: at the stage of 
discovering an injured person or obstacle and at the stage where transportation is 
completed.

The results of an experiment to compare the three reward distribution timing 
patterns are shown in Figure 5. The horizontal axis represents the episodes, and the 
vertical axis represents the number of steps for task completion by all agents. These 
results indicate that Pattern 3 allowed completion of the tasks in a smaller number 

The setting of field

The field size 10 × 10

The number of rescue agents 2

The number of clearing agents 2

The number of injured individuals

Red 3

Yellow 3

Green 3

Black 3

The number of removal of possible obstacles 10

The number of removal of impossible obstacles 3

The setting of agent

Learning rate α 0.1

Discount rate γ 0.9

Greedy policy ε 0.1

Table 1. 
Experimental conditions.
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Figure 5. 
Results of experiment to compare three reward distribution timing patterns.

Figure 6. 
Results of the conventional method and proposed Method 1.

of steps than did Patterns 1 and 2, which in turn indicates that efficient rescue and 
removal was learned by conferring rewards in two stages and thus led the agent 
to regard the course from discovery to transport as one task. We therefore applied 
Pattern 3 in the subsequent experiments.

4.3  Obtaining cooperative action that considers the condition of the injured and 
the effects of reward distribution timing

We applied the three types of reward distributions in experiments for efficient 
rescue in accordance with the urgency of the condition of the injured. In the follow-
ing descriptions of experimental results, the horizontal axis represents episodes, and 
the vertical axis represents the number of steps for task completion by all agents.

Figure 6 shows the results of an experiment to investigate the effectiveness of 
a reward distribution in accordance with condition (Method 1) compared to the 
conventional method [16]. As shown, the number of steps is higher throughout 
with Method 1 than with the standard method, thus indicating learning to postpone 
rescue of the low urgency injured and prioritize rescue of the high urgency injured.

Finally, we performed an experiment to investigate the effectiveness of reward 
distribution based on contribution degree (Method 2) in comparison to Method 
1 and another experiment to investigate the effectiveness of reward distribu-
tion by contribution degree in accordance with injured condition (Method 3) in 
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comparison with the other proposed methods (Methods 1 and 2). The results are 
shown in Figure 7 and Table 2.

As shown, Method 2 tends to yield a higher number of steps than Method 1 in 
and after around episode 6000. This indicates that, for efficient injured rescue with 
consideration for contribution degree, the rescue order learned was to first rescue 
those injured who were nearby and thus shorten the rescue time, leaving for later 
the rescue of those who were farther away.

Method 3 is approximately 2.2 and 3.4% superior to Methods 1 and 2, respec-
tively. The agents were apparently able to learn rescue of the injured in accordance 
with urgency because a reward differing in accordance with injured condition was 
conferred on the agents. These results also show that the agents were able to learn 
efficient rescue action because the reward distribution reflected contribution degree.

5. Conclusion

In this chapter, we considered rescue robots as a multi-agent system and pro-
posed three reward distributions for the agents to learn cooperative action with 
consideration given to the condition of the injured and obstacle removal in respond-
ing to our disaster rescue problem, as well as investigating the timing of reward 
conferral on the agents.

Comparative experiments showed that the timing of reward distribution 
enabling the agents to obtain the most efficient cooperative actions consisted of 

Figure 7. 
Results of the different proposed methods.

Triage of injured Method 1 Method 2 Method 3

Red 1126.73 1140.93 1102.93

Yellow 1518.20 1614.40 1269.07

Green 2404.53 2499.33 1685.47

Black 3284.27 2999.47 2447.33

Table 2. 
Mean step numbers by different reward distribution.
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reward conferral at the stages in which the agent discovered the injured person 
or obstacle and at completion of their transport. The results also showed that the 
capability of cooperative actions for the most efficient injured rescue and obstacle 
removal could be acquired through reward distribution by contribution degree in 
accordance with condition.

In this chapter, the multi-agent system corresponding to the disaster 
 rescue problem, rescue simulations were performed with the condition of the 
injured determined in advance. In future studies, we plan to conduct simula-
tions with dynamic changes over time in both the condition of the injured and 
removable versus nonremovable states of the obstacles.
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Chapter 10

A Cooperative Game Using
the P300 EEG-Based
Brain-Computer Interface
Kaoru Sumi, Keigo Yabuki,Thomas James Tiam-Lee,
Abdelkader Nasreddine Belkacem, Quentin Ferre,
Shogo Hirai and Teruto Endo

Abstract

In this paper, we present a cooperative game, Brainio Bros 300, using a
brain-computer interface (BCI). The game is cooperatively controlled by two
people using P300-generating color discrimination. The two users advance through
the game together, one as the “player” and the other as the “supporter” providing
assistance. We assumed that players would be able-bodied, while supporters
would include people with severe disabilities. Through experiments using human
subjects, we evaluated the subjects’ impressions of the game and its usefulness. The
results of the impression evaluation showed that the subjects generally had good
impressions, and there were many opinions that such cooperative games are
interesting. We also discuss the possibilities of using the P300 BCI.

Keywords: P300, brain computer interface, EEG, cooperative game,
game for people with major disabilities, game design

1. Introduction

A brain-computer interface (BCI) offers a noninvasive means of enabling a
human to send messages and commands directly from his or her brain to a com-
puter without moving, by wearing a simple scalp probe (a set of electrodes or
sensors) [1–4]. This noninvasive technology differs from invasive, surgical
approaches that can cause irreversible damage to brain tissue.

In this paper, we present a BCI-based cooperative game, Brainio Bros 300. The
BCI uses the P300 brain wave [5–9], a typical electrophysiological response to
internal and external event-related potential (ERP) stimuli, measured using an
EEG. The P300 wave has proven relatively easy to use for a variety of control-
signaling purposes in much recent practical research.

When a human experiences interest in any kind of target, there is a measurable
brain activity response. It is known that when a subject recognizes a specified
photograph among a series of randomly presented photographs (i.e., the “ah!”
response), P300 can be measured around the top of the head. Regardless of the type
of stimulus (visual, tactile, auditory, olfactory, gustatory, etc.), P300 appears
around 300 ms after the stimulus, which makes it a very useful brain feature that
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can be used by healthy or handicapped people for controlling an external device or
communicating with the environment in real time. Notable applications of a P300
BCI include previous engineering studies in which a locomotive robot [10] and
wheelchair [11] were controlled. Some neuroscientific experimental studies have
also been conducted using “brain painting” [12, 13] for patient rehabilitation. A
P300 BCI has also been used with virtual reality spaces [14] and as an interface for
Twitter and Second Life [15].

Simple BCI games can also be useful for helping a user to control his or her brain
activity. Games controlled using EEG signals have been designed to improve the
power and duration of concentration, increase the speed and accuracy of brain
waves, and improve cognitive function [16]. BCI-based games appear in both
medical- and entertainment-focused varieties. Medical applications include games
that use a steady-state visual evoked potential (SSVEP) to improve the concentra-
tion power necessary to control a BCI [17]. Here, SSVEPs refer to the brain signals
induced by using a pattern reversal stimulus (i.e., the use of a checkerboard
pattern to stimulate vision) or a flash stimulus (i.e., the use of a flickering light
source such as an LED to stimulate vision). Medical games to promote the speedy
generation of BCI commands, thus improving the user experience, have also been
developed [18]. In the entertainment realm, games have been developed using a
number of signals, including P300, to play popular games such as Pong and Tetris
and to control a dancing robot [19–22]. Most such games depend on the player’s
degree of concentration [22].

In this research, we developed Brainio Bros 300 as a game controlled coopera-
tively by two people using P300-generating color discrimination. The two users
advance together through the game, one as the “player” and the other as the
“supporter” providing assistance. The player controls the game character by using a
keyboard’s arrow keys to navigate through a series of colored blocks, while the
supporter removes blocks obstructing the player’s path by thinking of the appro-
priate color via the P300 BCI. By cooperating, the participants can reach the end of
the game. We assumed that players would be able-bodied, while supporters could
include people with severe disabilities.

2. Brainio Bros 300 cooperative game

This section describes the Brainio Bros 300 game, with the discussion divided
into two parts: the P300 BCI used and the components and design of the
cooperative game.

2.1 P300-based brain-computer interface

We used a new, portable wireless EEG cap called g.Unicorn EEG (g.tec medical
engineering, Austria), as shown in Figure 1, for recording brain activity in real
time. For our experimental paradigm, we adapted the P300 speller idea to our
problem by using MATLAB/Simulink to develop the game-based BCI. Ten dry
electrodes were used to record EEG signals at a sampling frequency of 256Hz. The
electrodes were placed according to the international 10–20 system, using the Fz
(forehead), Cz (crown), P3, Pz, P4, PO7, Oz, and PO8 (all at the back of the head)
locations, with references placed at A2 (earlobe) and Fz (forehead), as shown in
Figure 2.

Before the cooperative game begins, the first user (designated as the
“supporter”) had to put on the EEG cap and perform calibration for sending color
commands. We developed a program enabling the user to calibrate six colors: red,
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blue, green, yellow, purple, and white. The six colors were randomly arranged into
two rows of three, with each box flickering 30 times between a photograph of a
human face and a color. The subject choses a color and counted in their head how
many times that color was displayed. Because research results have indicated that
flickering photographs of famous people increases calibration accuracy by increas-
ing the amplitude of the P300 wave, we used images of widely recognizable people,
such as Albert Einstein and President Donald Trump. The procedures of the
calibration and game phases are detailed below:

Figure 1.
Calibration of the EEG experiment using the g.Unicorn EEG cap for a P300-based BCI.

Figure 2.
Electrode positions of the eight channels.
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• Calibration phase

1. Select the colors to be used in calibration, as illustrated in Figure 3. For
example, red, blue, green, and yellow can be displayed in order, as shown
in the figure under “Item selections.”

2. Begin calibration.

3. The system directs the user to look at “red.”

4.The colors randomly flicker. The user mentally adds to the count every
time he or she sees the color red. After red has flickered 30 times, the
system is configured to stop.

5. The system records the speed of the response every time the color red was
flashed and the EEG information.

6.This process continues three–five more times for all the other colors. Each
color takes 20 s, for a total of around 2 min.

• Game phase

1. As colors are randomly flashed on the screen, the user looks at the color he
or she wants to select and mentally counts its flashes. We used 20
flashes for a balance between selection accuracy and enjoyability
of the game.

2. The system guesses which color the user selected according to how
the EEG changes. The EEG readings at these moments are measured,
and the instants at which the low-frequency stimuli are displayed are
averaged as the trigger.

Figure 3.
Calibration screen for our P300 experimental paradigm.
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The information on the selected color was sent by a UDP broadcast on port 1000
and received by a Unity application. As seen in Figure 3, the selected colors were
also shown under “Written text,” but this was not actually used in the game.

2.2 Brainio Bros 300 design

The Brainio Bros 300 cooperative game was developed in Unity 2018 and runs
on the Windows 10 operating system. It is a game in the style of Nintendo’s Super
Mario Bros., in which the player maneuvers a character through various obstacles to
reach a goal flag and complete the stage. Along the way, the player encounters
blocks that are too high to clear and points where it is impossible to pass, but the
player and supporter work together to complete the game.

The game contains blocks of five colors: red, blue, green, yellow, and purple.
Figure 4 illustrates a green block obstructing the player, preventing him or her
from advancing. In such situation, the player communicates an instruction to the
supporter (e.g., “green’s in the way” or “destroy green”), and the supporter then
thinks of the color green. By doing so, the green block in the game can be destroyed,
as shown in Figure 5. The game was designed so that it cannot be completed
without the player and supporter cooperating.

Because the game would not be enjoyable with only one obstruction, multiple
blocks of different colors are placed in one spot, as shown in Figure 4, requiring the
player to consider which color to destroy. The game was also designed to offer
multiple courses, allowing the player to choose his or her own course. For example,
Figure 6 shows a case of two paths. If the red block is destroyed, the player can

Figure 4.
Obstructed by the green block.

Figure 5.
After destroying the green block.
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advance via the blue block, whereas if the blue block is destroyed, the player can
jump onto the red block and continue onward.

The game was designed to destroy (i.e., hide) only the one color currently
recognized by the BCI, so that only one color could be destroyed at a time. For
example, if a red block is first destroyed and then a green block, the game displays
the destroyed red block again. Figure 7 shows a case of the player unable to advance
with only a blue block displayed, while Figure 8 shows the result with the blue
block destroyed, causing the red blocks to reappear. The game was designed as
indicated by these images, so that, even though there are no blocks beyond the blue
block, destroying the blue block causes the red blocks to reappear, allowing the
player to advance.

This system, with the combined limitations of using only five colors and
allowing only one color to be destroyed at a time, gives the player manual control
over which blocks are destroyed. Because an unintended color can be destroyed, it is

Figure 6.
Start screen with two ways of advancing.

Figure 7.
Unable to reach the blue block.

Figure 8.
Blue block destroyed, causing red blocks to reappear.
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possible to destroy the player character’s foothold. When the character
falls, however, it returns to the start point, from where the player can continue
the game.

The game also features obstacles in which blocks move horizontally or vertically.
Such blocks were programmed in advance to behave as such in the game in
advance. We included such features to prevent the game from becoming a monot-
onous experience for the users. A flag is beyond all the obstacles. When the charac-
ter touches the flag, the game is completed.

3. Game experiment

For experiments using an EEG capable of measuring the P300 brain wave, it is
extremely difficult at present to prepare an environment supporting easy calibra-
tion for many subjects. For example, even preparing only one EEG device capable of
measuring P300 requires a considerable cost, and it takes time to perform the
calibration. Therefore, this paper considers the possibilities of games for use with
such a BCI by focusing on evaluating the Brainio Bros 300 game.

Specifically, we evaluated Brainio Bros 300 in terms of the user’s impression of
the game and its usefulness. For our methodology, we used the Wizard of Oz
(WOZ) approach. A WOZ system involves a user interacting with a person acting
as a computer system (i.e., the “wizard”), allowing for effective simulation of a real
system [23].

For Brainio Bros 300, although the supporter wore the EEG device, the game
was actually controlled with a keyboard. We thus conducted an evaluation experi-
ment with the supporter as a reference.

The experiment was conducted with 25 students at Future University Hakodate:
19 men and 6 women. Of these students, 12 were designated as supporters and 13 as
players. The supporters consisted of 8 men and 4 women, while the players
consisted of 11 men and 2 women. The average age of the whole group was
20.76 years, with average ages of 20.75 and 20.77 years for the supporter and player
groups, respectively.

To use the WOZ approach, we created an experimental system using keyboard
input to destroy blocks as a substitute for the P300 BCI component of Super Brainio
Bros 300. In this system, pressing the “R,” “G,” “B,” “Y,” or “C” keys caused the
red, green, blue, yellow, or purple blocks, respectively, to be destroyed. For the ease
of distinguishing which key corresponded to which color, we applied a sticker of
each color to its corresponding key.

We also created a post-experiment questionnaire to evaluate the users’ impres-
sions and opinions of the usefulness of Super Brainio Bros 300. Table 1 lists the
details of the questionnaire, which included questions using the semantic differen-
tial (SD) method, a five-point scale method, and free responses. For the five-point
scale, the responses consisted of “strongly agree,” “agree,” “neither,” “disagree,”
and “strongly disagree.” The questions are listed with abbreviated forms in the
table.

Table 2 lists the details of each condition for the SD method and the reasons for
its selection. Each condition showing a positive impression is filled in gray. On the
questionnaire form, the positive and negative responses were distributed between
the left and right sides as a counterbalancing measure. The SD method used a seven-
stage evaluation, with responses consisting of “extremely” (positive or negative),
“very” (positive or negative), “a little” (positive or negative), and “neither.”

We also used a keyboard, display, notebook PC, desk, chair, and EEG headset as
experimental materials, arranged as shown in Figure 9.
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Table 2 lists the details of each condition for the SD method and the reasons for
its selection. Each condition showing a positive impression is filled in gray. On the
questionnaire form, the positive and negative responses were distributed between
the left and right sides as a counterbalancing measure. The SD method used a seven-
stage evaluation, with responses consisting of “extremely” (positive or negative),
“very” (positive or negative), “a little” (positive or negative), and “neither.”

We also used a keyboard, display, notebook PC, desk, chair, and EEG headset as
experimental materials, arranged as shown in Figure 9.

181

A Cooperative Game Using the P300 EEG-Based Brain-Computer Interface
DOI: http://dx.doi.org/10.5772/intechopen.84621



We next describe the experimental procedure. The total experiment time was
around 30 minutes. The first step was to gather all the subjects in a room and form
them into pairs. The participants were instructed to pair with someone they did
not know, where possible. As there was an odd number of participants, resulting in
one excess player, a researcher acted as the supporter for that player and did not
fill out a questionnaire. After pairing the participants, we explained the experiment
to the whole group. This included explanations of the following: (1) an overview
of the game (a game controlled by brain waves, requiring the player and supporter
to cooperate to reach the goal), (2) the role of the player (to control the character
by using the keyboard), (3) the role of the supporter (to assist the player by using
brain waves), (4) the control method, and (5) an image of the game screen. The
players were then taken into separate rooms containing the experimental
materials. Each player was seated in the chair indicated by “Player’s chair” in
Figure 9 and asked to wait until the supporter arrived.

Table 1.
Questionnaire details.
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After the players had been moved, we explained to the supporters that this
experiment used the WOZ approach, that brain waves were not actually used, and
that they would advance through the game by using the keyboard. The supporters

Table 2.
Details of the conditions used for the SD method, together with the reasons for their use.

Figure 9.
Arrangement of the experimental materials.
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were asked to wear the EEG headset and appear to the player as if they were
controlling the game through brain waves. The supporters were then taken to the
separate rooms in which the players were waiting, and each was seated in the
“Supporter’s chair” shown in Figure 9. As soon as we had confirmed that the player
and supporter were both seated, a brief explanation was once again provided to
both of them. At this time, the participants were instructed to communicate
regarding the color of the block when the player wanted a certain block cleared,
when the supporter was trying to clear a block, and so on.

After this instruction, the participants began playing the game. After they had
completed it, they returned to the room where the initial explanation had been
provided, and they filled out the questionnaires. Once they had completed the
questionnaires, the experiment was over. At this point, they were instructed not to
reveal the details of the experiment.

Finally, we explain our analysis methods for the experimental data. For the SD
method in which pairs of words were displayed side by side (e.g., easy vs. difficult)
to assess the impression of the participants, they were asked to assign a score in the
range of �3 and 3, with 0 representing “neither”, �3 representing “extremely
leaning to the left word”, and 3 representing “extremely leaning to the right word”.
We then compiled descriptive statistics and plotted a semantic profile.

Next, the five-point scale was tallied with “strongly agree” as 5 points, “agree”
as 4 points, “neither” as 3 points, “disagree” as 2 points, and “strongly disagree” as
1 point. After compiling descriptive statistics for this data, we performed a
chi-square test.

Finally, for the free responses, we counted experiences and keywords shared
among participants and collected them into overall viewpoints. We also collected
strongly held minority opinions as necessary.

4. Results

Table 3 and Figure 10 give the results of the SD method. Table 3 lists the
average for each question for each participant role, as well as the difference between
the groups. The fields shown in gray indicate a response that implies a positive
impression. The left/right distribution of the response fields is the same as on the
questionnaire sheet provided to the participants. Averages and average differences
with an absolute value greater than 1 are also shown in gray. We also conducted
semantic profiling based on the results, as shown in Figure 10.

From the group differences indicated by this table and graph, we observed no
great differences between the impressions of the supporters and players. The aver-
age values in gray show that “substantial,” “cooperative,” “enjoyable,” “happy,”
“cute,” “friendly,” and “lively” were evaluated highly by both players and sup-
porters, with “cooperative” evaluated particularly highly. Moreover, the players
highly evaluated “satisfying” and “new.”

Because all the data fell within one standard deviation, we could conclude
that it was a good set of low-variance data. In the grayed averages, we also see
that both supporters and players rated “Was it interesting?” and “Interacting
with a child” highly. Players alone rated “Game design” and “Would recommend”
highly.

Table 4 and Figure 11 show the five-point scale responses, organized by the
participants’ roles, in terms of averages and standard deviations (Table 4) and
percentages (Figure 11). Table 4 shows averages greater than 4 in gray. In addition,
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Table 5 lists the sums of the percentages of “strongly agree” and “agree”
responses to each question, as well as the results of the chi-square test. The per-
centages in gray indicate values above 80%, while the statistical significances
in gray indicate a significant statistic at the 5% significance level. The analysis
shows that “Would you recommend it?” had a significant result at the 5% level,
while the results of the remaining six questions were significant at a significance
level of 10%.

Finally, we will discuss the participants’ free responses, including
particularly common responses and useful minority opinions. First, out of the
people who responded that “it was interesting”, 9 out of the 12 supporters and 8 out
of the 13 players gave “cooperative play” as a reason.

For “Other future uses,” 6 out of 12 supporters offered “use as an icebreaker”
as a response, as did 4 out of 13 players. In addition, notable minority opinions

Table 3.
SD method results.
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level of 10%.

Finally, we will discuss the participants’ free responses, including
particularly common responses and useful minority opinions. First, out of the
people who responded that “it was interesting”, 9 out of the 12 supporters and 8 out
of the 13 players gave “cooperative play” as a reason.

For “Other future uses,” 6 out of 12 supporters offered “use as an icebreaker”
as a response, as did 4 out of 13 players. In addition, notable minority opinions

Table 3.
SD method results.
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included “use in brain training,” “communication with foreigners,” and
“prevention of dementia in the elderly.”

As for “Points for improvement,” 2 out of 12 supporters mentioned the addition
of more complex features and the ability to actually play using brain waves. Of the
13 players, 2 mentioned the ability to use items and the appearance of enemies in
the game as points for improvement. Additionally, one minority opinion suggested
the capability of the player, too, to use brain waves to control the game.

Figure 10.
Semantic profile of the SD method.

Table 4.
Averages and standard deviations for the five-point scale method.
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Finally, for “Any other opinions or feelings,” many supporters and players
mentioned that the game was interesting and fun.

Figure 11.
Percentage results for the five-point scale method.

Table 5.
Percentage sums of the players’ “strongly agree” and “agree” responses and chi-square test results.
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5. Discussion

We conducted an impression evaluation of the Brainio Bros 300 cooperative
game and its usefulness. First, the results of the SD method showed that the players
evaluated the game as “full,” “cooperative,” “enjoyable,” “happy,” “cute,”
“friendly,” “lively,” “satisfying,” and “new,” with “cooperative” evaluated particu-
larly highly. On the five-point scale, the game was evaluated highly in terms of
both the players’ average values and the combined percentages of “strongly
agree” and “agree” for the questions of “Interesting,” “Communicating with a
child,” “Game design,” and “Would recommend,” with “Would recommend”
showing a particularly strong correlation. Finally, the opinion that the cooperative
aspect of play was interesting was particularly widely expressed in the free
responses.

One of the biggest advantages of Brainio Bros 300 is the capability for the player,
who does not have to wear an EEG cap, to play together with the supporter,
who does wear an EEG cap. We believe that playing cooperative games using a
P300 BCI could be of significant benefit to people with major disabilities such
as amyotrophic lateral sclerosis (ALS), enabling them to play with able-bodied
children, family members, and friends, thus deepening connections
and communication.

The use of a P300 BCI is an easy-to-measure, noninvasive method. It can also
be controlled with a high degree of accuracy without the need for detailed user
training in advance. Training the P300 BCI command categories does not take a
great deal of time. Most patients, including almost all able-bodied people and even
people with severe paralysis, can use a P300 BCI. It also offers a goal-oriented
control signal that is particularly suited to situations that do not require a continu-
ous control signal.

On the other hand, one of the game’s limitations is as follows. The P300 BCI is
one of the fastest of the currently usable BCIs, but it is still very slow compared to
normal input devices such as mice and game controllers. In the current Brainio Bros
300 system, the player must wait for the colors to flash before having the supporter
select a color.

With the development of a decoding algorithm that could detect the P300 brain
wave to a high degree of accuracy after only one attempt, a command could be
sent to the game every second. The results could then be adjusted according to
feedback following categorization. For example, in the event of a mistaken com-
mand, the response time could be minimized by testing the supporter again. This
should also allow the result to be checked once per second. Although Brainio Bros
P300 is a game in which players and supporters cooperate, it takes time for a
supporter to erase blocks by using P300 control as compared to standard games.
Moreover, as it is a game in which two people cooperate, it differs from a compet-
itive game based on speed. For this reason, a player and a supporter must play
together and possibly become friends.

We believe that, in the future, if it is possible to reduce the number of flashes
while maintaining the current level of accuracy and to increase the number of
commands (controllable dimensions), this type of game would be usable in the real
world and present an extremely promising interface.

Some problems with using a P300 BCI are that real-time P300 detection can
sometimes be inaccurate, as it is easily affected by a number of human sensory
phenomena such as attentional blinking, repetition blindness, and change blindness
[24–28]. It is also possible for motivation to impact BCI performance [29], causing
the EEG signal pattern to change according to the attention level, fatigue, state of
mind, learning, and unsteadiness [1]. A P300 BCI might also not be an effective
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method for people who cannot control their line of sight [30]. It is thus important
to work carefully, given the potential impacts of participants’ state of mind and
attention to the problem.

6. Conclusion

In this BCI-based game research, we developed a real-time game, Brainio Bros
300, a cooperative game using a P300 BCI to facilitate two users (a player, who
controls the character in the game and does not wear an EEG cap, and a supporter,
who uses his or her brain activity to communicate) working together to achieve one
goal. We evaluated participants’ impressions of the game and its usefulness and
considered the viability of the P300 BCI interface.

In the future, we would like to use noninvasive measurement to investigate
more deeply the brain mechanism during a cooperative video game.
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