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Abstract

Nowadays there is an increasing percentage of elderly people and it is expected that this

percentage will continue increasing. This aging of the population carries huge costs to the

government, especially in the provision of health care. Among those health care, there is the

motor rehabilitation after a stroke. The recent robotic devices for gait training are pointed

out as an excellent solution to solve this problem, because besides the cost savings they can

provide longer and more innovative trainings. All the advantages presented by such devices

can trigger more research in this area as well as more government investments.

There are already some control strategies implemented in these devices, which should be

improved to create new motor rehabilitation interventions. One strategy that can be used in

the future is to provide the amount of motor assistance as the patient really needs to achieve

certain goals. Lokomat is one of these rehabilitation devices, which allows changing the

percentage of assistance provided to the user. However, it is necessary to study the effects of

such strategy in the physiological response of the users.

There is more and more consensus about the need to obtain muscular activation patterns

and kinematic patterns during walking in devices as Lokomat very similar to those obtained

by healthy subjects during non-assisted walking. Recent scientific investigations make us

to believe that the nervous system controls human gait via a simple modular structure. It is

important to understand how this structure works when the walking is assisted by robotic

devices.

Thus, this work had three main objectives: to study the muscular electric activity during

walking in Lokomat, by varying the total assistance provided by the device, as well as the

walking speed; to analyze kinematic changes obtained during Lokomat-assisted walking,

as well as the interaction forces between each user and the robotic device; to understand

how this modular organization of the nervous system involved in synchronization of the

muscular activity works during walking assisted by robotic devices. Only healthy subjects

participated in our study. Therefore, our work generated a basis of comparison for future

control strategies to be implemented in motor rehabilitation.

We obtained quite encouraging results, which allow us to formulate new strategies for

motor rehabilitation. In the future, these strategies will be implemented and it expected that

post-stroke people can restore their normal gait more quickly.
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Resumo

Actualmente verifica-se um aumento crescente da percentagem de pessoas idosas e prevê-

se que essa percentagem continue a aumentar. Este envelhecimento da população acarreta

enormes custos para o estado, sobretudo na prestação dos cuidados de saúde. Entre esses

cuidados, está a reabilitação motora após um AVC (acidente vascular cerebral). Os novos dis-

positivos robóticos de treino da marcha são apontados como uma excelente solução para este

problema, pois além da poupança de custos poderão proporcionar treinos de maior duração e

mais inovadores. Todas as vantagens apresentadas por este tipo de dispositivos podem servir

para o despoletar de cada vez mais investigação nesta área e investimentos governamentais.

Existem já algumas estratégias de controlo implementadas nestes dispositivos, que de-

vem ser melhoradas para se criarem novas intervenções de reabilitação motora. Uma estraté-

gia que se poderá utilizar futuramente nesses dispositivos consiste em providenciar somente

a ajuda motora necessária para que o paciente atinja determinados objectivos. O Lokomat

é um destes dispositivos, que permite variar a percentagem de ajuda providenciada. É no

entanto necessário estudar os efeitos de tal estratégia na resposta fisiológica dos utilizadores.

Cada vez se verifica maior consenso acerca da necessidade de se obterem padrões de

activação muscular e padrões cinemáticos durante a marcha em dispositivos como o Lokomat

muito similares aos obtidos por indivíduos saudáveis em marcha não assistida. Recentes

investigações científicas levam-nos a crer que o sistema nervoso controla a marcha humana

através de uma estrutura modular simples. É importante saber como actua essa estrutura

quando a marcha é assistida por dispositivos robóticos.

Assim, este trabalho teve três objectivos principais: estudar a actividade eléctrica muscu-

lar durante a marcha em Lokomat, variando a ajuda total providenciada pelo dispositivo, bem

como a velocidade da marcha; analisar as diferenças cinemáticas obtidas durante a marcha

em Lokomat, bem como as forças de interacção entre cada usuário e o dispositivo robótico;

perceber como actua a organização modular do sistema nervoso envolvida na sincroniza-

ção da actividade muscular durante a marcha em dispositivos robóticos. Apenas indivíduos

saudáveis participaram neste estudo. Assim, este estudo gerou uma base de comparação para

futuras estratégias de controlo utilizadas em reabilitação motora.

Os resultados foram bastante animadores e permitam-nos formular novas estratégias de

reabilitação motora. No futuro, estas estratégias serão levadas a cabo de modo a que pessoas

afectadas por AVCs possam restabelecer mais rapidamente a sua marcha normal.
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Chapter 1
Introduction

This dissertation presents the work developed in the second semester of the 2010-2011 year,

in the scope of the fifth year of the Integrated Master in Biomedical Engineering.

To introduce the reader to this dissertation, it is important to briefly explain four concepts

of the title: an exoskeleton is a mechanical device externally attached to the user’s body that

operates according to the user’s movements or intentions thereby assisting or increasing the

user’s performance; gait is the way of moving the body from one place to another, by moving

on feet in a synchronized order or rhythm; electromyography is the recording of the electric

activity of the muscles; kinematics is the branch of Classical Mechanics that describes the

movement of objects or groups of objects. In our study, kinematics were used to describe the

gait in terms of joints angles.

The main goal of this work is to study the muscular electric activation and kinematic pat-

terns obtained during the walking in the rehabilitation device Lokomat, changing the speed

and the guidance force (the amount of aid the patient receives during the walking). Chang-

ing the guidance force applied by a rehabilitation device can be a new control strategy to

be implemented in motor rehabilitation. After statistically analyze the data from the exper-

iments, the aim was to try to study the organization of the nervous system involved in the

synchronization of muscular activation during human walking.

All the procedures, analysis and conclusions are detailed in this dissertation.

1.1 Motivation and Objectives

The number of people with disabilities in the lower limbs is increasing. Nowadays, about

20% of the world population is over the age of 65 and this percentage is expected to increase

1
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above 35% by 2050. This demographic variation will impose a higher overload in health care

to deal with the risks associated with the aging [4]. Robotic devices are a great solution that

can solve the majority of those issues thereby allowing the elderly to recover their indepen-

dence, maintaining the life style. The interest in using robotic devices to assist people after

neurologic injuries is increasing, but control strategies of these devices must be improved in

order to provide better therapy trainings to the patients [56].

Lokomat is a worldwide commercialized robotic device for therapy training. Due to the

knowledge and experience acquired by Bioengineering Group in CSIC working with Loko-

mat, it was proposed to start a new research with Lokomat in the second semester of 2010-

2011, in the scope of the European Project BETTER (Brain-Neural Computer Interaction

for Evaluation and Testing of Physical Therapies in Stroke Rehabilitation of Gait Disorders).

We started an analysis of the muscular function during human walking in Lokomat in order

to define new interventions for rehabilitation. This was done by acquiring and studying elec-

tromyographic patterns of lower limb muscles, as well as the joints mechanical performance

(kinematics and forces) during the gait assisted by this rehabilitation device. Parameters like

the guidance force and the speed provided by the machine to the user were changed. Only

healthy individuals were studied. The last goal of this work was to analyze the modular or-

ganization of nervous system involved in the synchronization of muscular activation during

human walking assisted by a robotic exoskeleton designed for therapy. The results of this

study developed during the second semester are exposed on this dissertation.

In the future, the objective is to apply all the knowledge and experience obtained during

this work to develop novel means to ambulatory monitor and rehabilitate people with gait

disabilities by means of improved wearable sensing and exoskeletons technologies that are

suitable for gait retraining.

Because we want this work to be read by people around the world interested in this area

and also continue it in the future, we decided to publish this dissertation in English, the

worldwide used language to publish scientific articles, and not in Portuguese, which is my

mother language.

1.2 Outline

This dissertation is composed by nine chapters.

Chapter 1 describes the motivation of this work and introduces the reader to the basic
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concepts and the objectives of this dissertation.

Chapter 2 presents the state of the art in measuring muscular electric activity and kine-

matics. The most recent rehabilitation devices and orthoses are also introduced, including

the one used on this work. Finally, it is referred the theory about the existence of a modular

control of the nervous system to coordinate the human gait.

The physiological mechanisms involved in the production of movement are detailed in

Chapter 3. The generation of action potentials, which encode orders from the nervous system

that results in muscular contractions, are also explained.

Muscular activity can be recorded by electromyography systems. In Chapter 4, the rec-

ommendations for the best procedures to be taken in order to record the muscular electric

activity are mentioned. According to electromyographic recordings, it is possible to make

conclusions about the physiological mechanisms occurring in different conditions of gait

walking.

Chapter 5 is devoted to the analysis of the typical electromyographic activity and kine-

matics during normal gait, as well as when the gait is assisted by robotic rehabilitation de-

vices.

Chapter 6 introduces the theory that supports the existence of synergistic control of mus-

cles for generation of limb movement, as well as the possible existence of low-dimension

organizational structure of the nervous system, which may be the basis of the neuromechan-

ical output during walking and some other different tasks.

The followed protocol to measure muscular electric activity and kinematics from the

participants along the trials is referred in Chapter 7. The applied signal processing techniques

are also mentioned.

Data analysis and results are presented in Chapter 8. In particular, special emphasis is

given to the results with respect to the average group, complemented with the statistical tests.

The achieved results of this work are also discussed in detail in this chapter.

The conclusions of this work are made in Chapter 9. Finally, the proposals to continue

this work in the future are written in this chapter too.

1.3 Publications

During this year, it was possible to publish two different articles in International Conferences,

both of them related with this dissertation:
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Barroso, F. O.; Moreno, J. C.; Santos, C.; Pons, J. L.; "Preliminary evaluation of me-

chanical effects of robotic guidance during walking"; International Bionic Engineering Con-

ference 2011; Boston, USA; 18-20 September 2011

Barroso, F.; Frizera, A.; Santos, C.; Ceres, R.; "Revisão crítica das ortóteses activas

para membros inferiores (Critical review of active orthoses for lower limbs)"; VI Congresso

Iberoamericano de Tecnologías de Apoyo a la Discapacidad, Palma de Mallorca, Spain; 16-

17 June 2011

Together with my advisors and other researchers from BETTER project, we are also

preparing the submission of a scientific paper called ’Effects of robotic guidance on the

activation and organization of muscle synergies during robot-aided treadmill walking’ for

Journal of NeuroEngineering and Rehabilitation.



Chapter 2
State of the art

First, it is important to refer the procedures and the employed equipment to record electric

activity from the muscles, as well as the kinematics during the human walking. Then, the

most recent rehabilitation devices are presented, especially Lokomat, which was the one

used during the experimental trials. Recent studies indicate that a relatively low-dimensional

organizational structure may be the basis for the complexity of the neuromechanical output

of the human walking. Theoretical formulations and experimental evidences in this regard

are presented in the last section of this chapter.

2.1 Electromyography

The Human motor system is controlled by different mechanisms in the Nervous System,

which results in all the movements people can perform during their daily life. The Nervous

System is divided in the Central Nervous System (CNS), constituted by the brain and the

spinal cord, and the Peripheral Nervous System (PNS), constituted by the nerves. Motor

commands generated in the CNS are sequences of electric signals, called action potentials,

which travel through the nerves in direction to the effectors (muscles or glands).

Muscle tissue conducts actions potentials in a similar way nerves do, resulting in the

muscular contractions. These potentials propagated along the muscular tissues are signals

that can be recorded by a method called electromyography (EMG). Mainly, two types of

electrodes are used to record muscle signals: invasive (needle) and non-invasive (surface).

Surface electromyography (sEMG) is electromyography using surface electrodes, a method

worldwide used nowadays [75].

Electromyography has many possible clinical and biomedical applications [75], like for

5
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example the exploration of the physical integrity of the motor system and the study of mus-

cle activation during walking. It can also be used to study motor control, neuromuscular

physiology, gait disorders and postural control, among other applications. The first study

about the use of sEMG for treatment of specific disorders was done in 1966 by Hardick and

his researchers [17]. In the early 1980s, Cram and Steger introduced a clinical method to

study muscle activations using an EMG device [17]. Nowadays, electromyography is used

mainly to study muscles performance, for rehabilitation purposes, training and biofeedback

(feedback using biological signals) for patients [57].

Raw EMG signal is usually processed to be a useful way of information. Several signal

processing techniques can be applied on raw EMG, depending on the purpose of the analy-

sis. These methods can be Wavelet analysis (a suitable method for the classification of EMG

signals [49]); some artificial intelligence techniques based on neuronal networks [71]; tech-

niques to extract the common features of EMG signals [40] [12]; compute EMG envelopes

[18], a technique that allows researchers to understand the level of activity of each studied

muscle; and many other techniques.

EMG signals usually contain noise and movement artifacts. It is necessary to implement

advanced methodologies to record the correct signals. The most recent devices for recording

EMG information can atenuate such a noise, even the interference from the 50 Hz power

line interference and its harmonics. It is also important to use a very powerful equipment of

acquisition and to do the correct signal processing, in order to obtain better EMG signals.

Nowadays, users can handle the recording device and upload the recordings to a PC later.

These devices can also transmit data online via wireless. Many of them have also touch

screen, acting as a form of interaction with the patient.

Examples of sEMG systems available on the market are BTS Bioengineering (Milan,

Italy), Biometrics Ltd (Newport, United Kingdom), NORAXON (Scottsdale, USA), among

others. For the experiments performed on this work, it was used the Pocket EMG equipment

from BTS Bioengineering (see Figure 2.1), an equipment with 16 electromyograph channels

that allows to record sEMG from 16 body locations at the same time.

2.2 Kinematics

Kinematics is the branch of Classical Mechanics that describes the movement of objects or

groups of objects. The knowledge of human kinematics during gait walking is very im-
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Figure 2.1: Pocket EMG equipment used in the trials

portant and it has been done using different techniques [46]. There are several equipments

to measure human movement. Electrogoniometers are probably the simplest and cheapest

method, but the one with more limitations to obtain accurate results. The most basic consists

in a potentiometer mounted on two brackets strapped to the body segments either side of the

joint. Each voltage value obtained in the potentiometer corresponds to an angular value of

movement. Biometrics Ltd sells flexible electrogoniometers, without the need for alignment

with joint center (see Figure 2.2). Biometrics electrogoniometers were used on this work. It

is possible to obtain three-dimensional information with these devices, but they are mainly

used for two-dimensional analysis. Electrogoniometers cannot record absolute motion of the

body segments, but simply the relative motion of body segments.

Figure 2.2: Electrogoniometer used during the trials
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If the purpose of research is to measure absolute motion of body segments, measurements

must be taken with respect to a fixed global reference system. There are four basic ways to

achieve this goal and it is to use one of the following systems that captures motion:

• Optical: Vicon Motion Systems (Oxford, UK), BTS (Milan, Italy), Motion Analysis

Corp. (Santa Rosa, CA, USA).

• Ultrasonic: Zebris (Zebris Medizintechnik GmbH, Tuebingen, Germany).

• Inertial: Technaid (Madrid, Spain).

• Electromagnetic: FasTrack (Polhemus, USA).

Throughout this dissertation, it is sometimes referred or presented results from kinetic

analysis, in order to complement kinematic analysis. Kinetics is the study of the forces acting

on a system, as the human body for example [29]. Kinetic movement analysis is the study of

the forces that cause movement (such as those working in the joints of the hip, knee or ankle

to allow the human walking, for example) and it is more difficult to perform than a kinematic

analysis and it is also more difficult to understand because the forces are not visible. We

can only see the effects of the application of a force. The determination of the forces acting

during walking is usually performed by estimation1 and it can be inaccurate [29]. Kinetic

analysis is usually performed through parameters like forces, torques2 or moments acting

in the body’s joints. In this study, we didn’t performed kinetic analysis during treadmill

walking. However, the forces of interaction between the subjects and Lokomat at the knee

and hip joints were recorded from the analog output of Lokomat.

2.3 Rehabilitation and Assistive Devices

Strokes or spinal cord injuries that people may sometimes have, generate lesion to their

nervous system that disrupts the normal motor commands for limb movement. Even though

this phenomenon kills nervous cells, nervous system can reorganize itself, an event called

plasticity [81]. Motor rehabilitation after an event like a stroke, for example, can spark

1There are software that calculate joint kinetics by inverse dynamics analysis [44] [45]
2Torque (also called moment or moment of force) is the tendency of a force to rotate an object around an

axis. If we imagine a force as being a push or a pull, we can think a torque as being a twist
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plasticity, modulating cortical organization, and in the most successful cases leading to a

total recovery of the damaged/lost functions.

The number of people with disabilities in the lower limbs is growing. This demographic

change will impose a higher overload in health care to deal with the risks associated with the

aging [4]. Robotic devices are a solution that can solve the majority of those issues and allow

the older people to maintain their independence and their quality of life. Therefore, there is

a huge potential on using robotic devices for motor rehabilitation purposes. Individuals

who received body-weight supported treadmill training after a stroke or spinal cord injury

got better electromyographic activity during locomotion and also obtained better recovery

results than the others who received conventional gait training [34] [95]. Robotic devices

can automate and repeat the trainings, and with unlimited duration of time, representing a

more effective and a cheaper form of rehabilitation.

Robotic devices for rehabilitation purposes can be divided in static devices and portable

exoskeletons or orthoses.

2.3.1 Static devices

During the last years, the use of manual-assisted treadmill training in neurorehabilitation pro-

grams is increasing. Manual-assisted treadmill training has a major disadvantage: it usually

requires many therapists to perform the training, which results in increased costs. Besides,

these trainings are short in time due to the effort therapists need to do. Therefore, robotic

devices that automate these trainings, allowing for extended trainings and providing a body-

weight support system have been created. These robotic devices are usually static (placed in

motor rehabilitation clinics), guaranteeing safety, repeatability, unlimited duration of train-

ing and adapting the gait to the type of patient and pretended training [36]. Lokomat and

LOPES are examples of such devices.

Hocoma AG created Lokomat (see Figure 2.3), a robotic exoskeleton to automate the

motor training of lower limbs, which is commercialized all over the world. Lokomat is

composed by a treadmill and a body-weight support system. It has four degrees of freedom,

allowing the movement control of hip (one degree of freedom in the left hip and other in the

right hip) and knees (one degree of freedom in the left knee and other in the right knee) in

the sagittal plane (see human body planes of reference on section 4.3.1) [13]. During the

trainings, the feet stay in neutral position because of the footlifters3 that the patient needs to

3Footlifter consists in a loop fastened around the foot during Lokomat walking, keeping the foot in a neutral
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put on (see figure 2.3-(B)). Footlifters have to be correctly fastened to the feet in order to

guarantee that they will pull the feet up sufficiently in the swing phase so that the feet do

not touch the treadmill. The trajectory, the speed and the percentage of assistance used in

Lokomat is totally programmable.

Figure 2.3: (A) Lokomat and its treadmill and body-weight support system; (B) Subject performing a trial on
Lokomat

One important feature of Lokomat is the applied guidance force (the amount of aid the

patient receives during the walking). A value of 100% of guidance force corresponds to

a strict guiding (position control with stiff Lokomat joints) of the exoskeleton. A value of

0% corresponds to free run mode (easily moveable Lokomat joints). Reducing the guidance

force allows the user to move more freely and actively, i.e., the user can move away from the

defined gait pattern. Providing too much assistance (or guidance force) can have negative

consequences for motor learning [56]. What may be important for rehabilitation purposes

is to provide assistance as needed or in other words, to assist the patent only as much as

is needed to accomplish the tasks. Results of a pilot study [96] suggested that Lokomat

training may have advantages over manual-assisted treadmill training following a modest

intervention dose in chronic hemiparetic persons. There is the need of more research studies

to prove if actual robotic therapy is effectively more efficient than manual-assisted treadmill

training in persons with gait disorders. There is a lack in actual robotic therapy, because it is

not designed and adapted according to the muscular coordination of the patient. Therefore,

position and preventing it from getting caught in the treadmill while walking



2.3. REHABILITATION AND ASSISTIVE DEVICES 11

future robotic therapy exoskeletons will certainly include this principle and will probably

result in better therapy results. Lokomat was the robotic exoskeleton chosen for this work

and we changed the guidance force during the trials. We also changed the speed to study its

influence in muscular activation.

LOPES (LOwer extremity Powered ExoSkeleton) is another exoskeleton that was re-

cently developed. It differs from Lokomat in the sense that it has more degrees of freedom

[92]. Beyond the same four degrees of freedom existing in Lokomat, LOPES allows the

translation of pelvis in the transverse plane and also the abduction and adduction of the hip

in the coronal plane. These extra degrees of freedom can be important to this kind of training,

because the addition of pelvic motion can be benefic for rehabilitation [3] [38].

2.3.2 Portable Exoskeletons and Orthoses

Exoskeletons and orthoses can be defined as mechanical devices worn by the user and fit

to the body, working according to the user’s movements or intentions. Generally, the term

exoskeleton is used to describe a device capable of increasing the performance of the user,

whereas the term orthoses is typically used to describe a device used to assist people with

pathologies associated with the limbs. These devices differ from the static orthoses, essen-

tially because they allow training to take place any where (at home for example) and at any

time, allowing the training to be more effective and takes less time to complete [4]. The

greatest handicap of the use of exoskeletons for rehabilitation purposes is still the autonomy,

because the battery needs to be very large to allow many hours of durability.

The research group of University of Michigan led by Daniel Ferris has been examin-

ing the biomechanics and energetics of human locomotion with powered (by artificial pneu-

matic muscles) lower limb exoskeletons, controlled by myoelectric signals [25] [80] [9] [45].

These exoskeletons allow the selective manipulation of artificial flexor and extensor strength

and relate their force to the changes in metabolic energy consumption. The results can give a

new insight about the mechanical actions and functions of lower limb muscles during walk-

ing and running. This research group pretend to build bilateral hip-knee-ankle-foot orthoses

to assist gait rehabilitation after stroke or spinal cord injury.

The Israeli company Argo Medical Technologies developed the Rewalk (figure 2.4), an

exoskeleton that will allow walking in paraplegic people. Therefore, simple tasks for healthy

people, like for example climb stairs, walk and drive could be possible for paraplegic people

using this exoskeleton. This exoskeleton is light and composed by DC motors at the joints,
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rechargeable batteries (placed in the back side of the body), a support for the upper limbs,

an array of sensors interacting with the user and computer-based control system. Rewalk

detects the upper-body motions and those movements are analyzed and used to program the

gait patterns. In order to maintain the stability and safety of the procedure, the user has to

use crutches to assist his gait. Rewalk presents a long battery life.

Figure 2.4: RewalkT M . Courtesy of Argo Medical Technologies Ltd

2.4 Modular organization of the motor system

Human walking presents considerable variability step to step and is highly complex in terms

of neural activation and biomechanical output [12]. The correct execution of voluntary move-

ments relies on the functional integration of many different parts of the CNS. Several cortical

areas of the brain produce neural signals that travel along the spinal motorneurons, which ac-

tivate several muscles, resulting in the purposeful motor behaviors [11] [76].

The importance of the cortical areas in motor control underlies the clinical observation

that neurologic lesions after a stroke can severely affect the generation of voluntary move-

ments. There is now evidence indicating that a low-dimensional modular organization may

be the basis for the neuromechanical output [12] [11].

Recent studies have been trying to understand how the central nervous system produce

the neuronal responses corresponding to the planned movements, coordinating a large num-
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ber of degrees of freedom of the musculoskeletal system [12] [87] [50] [64] [19] [40] [10]

[41] [39].

The concept of synergies was first proposed by Bernstein [6] in 1967, as a strategy for

grouping output variables to simplify control. A muscle synergy (also referred as motor

module) is a set of positive levels of muscle activation [88] and each synergy is activated by a

positive activation signal. The total activation of each muscle along the time is the sum of the

contributions from all the activation signals, weighted by synergies. This fact can be useful

for movement restoration by using, for example, FES (functional electrical stimulation) if

a limited set of synergies can describe several functional tasks. Although different names

have been referred to describe this modular organization, the concept is similar for all the

researchers.

In 1985, Patla [72] applied Principal Component Analysis (PCA) to investigate if the

EMG patterns could be described by a few underlying components and concluded that an

appropriate combination of few activity patterns could result in the observed motor activity.

Davis [20] used PCA to analyze EMG data and concluded that some combinations of

four basic patterns could reconstruct EMG activity of 16 leg muscles during locomotion.

Some experimental studies have shown that muscle activation patterns during natural

behaviors may be organized in motor modules during locomotor and postural tasks [69] [91]

[39] [40]. Some other studies have shown direct correlations between the activity of motor

modules with kinematic outputs [87] [89].

Clark et al [12] suggested a common modular organization of muscle coordination un-

derlying walking in both healthy and post-stroke individuals. His research group found that

the poorer walking performance in post-stroke survivors is related with damaged modules

and that less healthy modules result in an overall reduction of the complexity of locomotor

control.

Recent computer simulations [59] [63] [64] showed that walking can be produced through

the coordinated activation of few motor modules, each one associated with specific biome-

chanical subtasks.

Robotic assisted walking can be used to induce synergistic activation patterns during

walking that might be beneficial for the recovery of stroke survivors. After researchers iden-

tify all the activation signals and motor modules in healthy people, it will be possible to mon-

itor locomotor impairments in patients with neurologic injuries and design specific training

for those populations.
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One of the goals of this study is to verify our hypothesis that walking under variations

of robotic guidance force and gait speed can be represented by a reduced number of mo-

tor modules and activation signals. All the procedures performed to achieve that goal are

detailed in Chapter 6.

The next chapter details the physiological mechanisms underlying the motor control.



Chapter 3
Human mobility

The correct execution of body movements, specially the walking, depends on the correct

working of the Nervous System and the Muscular System. The physiological mechanisms

involved in the production of movements are detailed in this chapter.

3.1 Nervous System

The nervous system is a vital system of the human body, which supports, maintains and

regulates the body functions. It is divided in central nervous system (CNS) and peripheral

nervous system (PNS), as we can see in the figure 3.1.

3.1.1 Central nervous system and Peripheral nervous system

The CNS is constituted by the brain and spinal cord, which are both protected by the involved

bones. The brain is located inside the cranium box and the spinal cord is located inside the

spinal channel, formed by the vertebras. The brain and the spinal cord are in continuity one

with the other by the occipital hole [90].

The peripheral nervous system consists in sensorial receptors, nerves, ganglions and

plexus. The sensorial receptors are terminations of the nervous cells or isolated cells, special-

ized, which detect temperature, pain, tact, pressure, light, sound, odors and other stimulus.

These sensorial receptors are located on the skin, muscles, articulations, intern organs and

specialized sensorial organs like the eyes and the ears. The nerves are sets of axons (the def-

inition and description of an axon is done in section 3.1.2.) with their sheaths which link the

CNS to the sensorial receptors, muscles and glandules. The ganglia are agglomerations of

neural cellular bodies located in the exterior of the CNS. The plexus are extensive networks

15
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of axons and, in some cases, neural cellular bodies located in the exterior of the CNS [90].

Figure 3.1: The central nervous system consists of the brain and spinal cord, whereas the peripheral nervous
system consists on the peripheral nerves, nerves, ganglions and plexus. Used with permission from c© Infobase
Learning [23].

PNS can be functionally and structurally divided into somatic nervous system and au-

tonomous nervous system. The somatic nervous system controls the voluntary movements

whereas the subconscious control and the involuntary movements are controlled by the au-

tonomous nervous system.

3.1.2 Neurons

The nervous system is constituted by neurons (see figure 3.2) and non-neural cells. The

neurons receive stimulus and conduct electrical signals called action potentials (a complete

definition and description of an action potential is done in section 3.2.). The non-neural cells

are called neuroglia.
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Figure 3.2: Representation of a neuron. Used with permission from [30]

A neuron is constituted by a cell body (or soma), dendrites and an axon. Dendrites are

filaments of the neurons, specialized in the reception of nervous stimulus. The axon is the

part of the neuron responsible for the conduction of the electric impulses generated in the

cell body, to another place like another neuron or a muscle. Therefore, neurons receive

stimulus and transmit action potentials to another neurons or to the effector organs. They are

organized to form complex networks that perform the functions of the nervous system. They

are classified according to their function, considering the direction of the action potentials

they conduct. The afferent (or sensorial) neurons conduct the action potentials to the CNS

and the efferent (or motor) neurons conduct the action potentials from the CNS to the muscles

or glands. The interneurons conduct the action potentials from one neuron to other, inside

the CNS (see figure 3.3) [84].

Motor neurons are neurons in the brain, brain stem (region in the brain that connects the

brain with the spinal cord - see figure 6.1) and spinal cord that control movements of mus-

cles. There are two types of motor neurons: upper motor neurons and lower motor neurons.

The upper motor neurons are in the motor cortex of the brain. These neurons connect with

the lower motor neurons in the brain and the spinal cord. Lower motor neurons connect

with the muscles on face, chest and limbs, exerting direct control over muscle contraction.

Therefore upper motor neurons are involved in the initiation of the voluntary movements and

the maintenance of appropriate muscle tone. If the upper motor neurons are damaged, the

limbs will become spastic (characterized by spasms or convulsions) and the reflexes will be

exaggerated. If the lower motor modules are lost, the muscles will become weak and wasted

and reflexes may disappear [60].

An action potential propagates quickly in a motor neuron, from the cell body within the

CNS to the skeletal muscle along the axon of the neuron. As the axon approaches a muscle,
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Figure 3.3: Location of the three types of neurons [84].
Reproduced by permission. www.cengage.com/permissions

it divides into several terminal branches (axon terminals). Each of these axon terminals

forms a special junction, called neuromuscular junction, with one of the several muscle cells

that compose the whole muscle (see figure 3.4). Some scientist refer to the neuromuscular

junction as a ’motor end plate’ [83]. Therefore, these two terms will be used interchangeably

throughout this document. The following section explains what an action potential is and

how it is propagated.

3.2 Creation of Action Potentials

Action potentials are electrical signals generated and propagated along the cells. The action

potentials are important means by which the cells transmit information from one part of the

body to another. For example, stimulus like the light, the sound and the pressure act on

specialized sensorial cells in the eye, the ear and skin to produce action potentials, which are

conducted from those cells to the spinal cord and the brain. The action potentials created in

the brain and the spinal cord are conducted to muscles and some glands in order to regulate

their activities [90].
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Figure 3.4: Motor neuron innervating skeletal muscle cells. The axon travels through a spinal nerve to the
skeletal muscle it innervates. When the axon reaches a skeletal muscle, it divides into many axon terminals,
each of which forms a neuromuscular junction with a single muscle cell [84]. Reproduced by permission.
www.cengage.com/permissions

3.2.1 Membrane Resting Potential

A typical neuronal cell membrane is represented in figure 3.5. The membrane is semiperme-

able because it is selective, just allowing some ions to pass through it [79]. The composition

of the extracellular fluid is different from the intracellular fluid. The intracellular fluid has

a high concentration of potassium (K+) ions and molecules with negative charge (A−), like

proteins and others with phosphate. The K+ ions are small enough to pass through the chan-

nels in the membrane, but the A− ions are large to pass the membrane. The extracellular

fluid has a high concentration of sodium (Na+) and chloride (Cl−) ions. The Cl− ions are

small enough to pass through the membrane channels, but the Na+ ions are larger and have

difficulty in passing through the channels.

Intracellular and extracellular fluid are almost neutral, because they have a similar num-

ber of anions and cations. However, there is an unequal charge distribution between the

immediately adjacent region to the interior and exterior of the cell membrane. This electric

charge difference between the interior and the exterior of the membrane is called potential

difference. In non-stimulated or resting cells, this potential is about -70 to -90 mV and it is

referred as membrane resting potential.
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Figure 3.5: Two essential components of a neuronal cell membrane are (a) the phospholipid bilayer and two
classes of macromolecular proteins: (b) ion channels and (c) ion transporters. (b) A difference in concentration
of an ion across the plasma membrane will result in a net movement through ion channels away from the side
of higher concentration to the side of lower concentration by passive transport know as diffusion. (c) An ion
transporter is a pump working in the opposite direction of the concentration gradient. Inserted from [14], with
kind permission of Springer Science+Business Media

3.2.2 Ion channels

The transmission of information along neuronal axons is mediated by instantaneous changes

in membrane potential called action potentials. These changes in membrane potential oc-

cur when the charge gradients maintained by the membrane are allowed to flow unimpeded

through ion channels. Ion channels are selective for specific ions, not allowing the others to

pass. In the resting state, these ions channels are closed.

Ion channels only open when ligands bind to receptors - ligand-gated ion channels - or

in response to changes in membrane potential - voltage-gated ion channels. Among ligand-

gated ion channels, certain ligands, called excitatory neurotransmitters, open cation channels

that depolarize (increase the potential difference) the membrane and increase the probability

of the generation of an action potential. Other ligands, called inhibitory neurotransmitters,

open Cl− channels that hyperpolarize (decrease the potential difference) the membrane and

decrease the probability of generation of an action potential. The combined activation of

several ligand-gated channels is needed to trigger an action potential [79].

3.2.3 Action potentials

When an action potential occurs, the membrane potential changes (see figure 3.6). The

first step to generate an action potential is the moment when ligand-gated ion channels open,

letting the Na+ ions to enter in the cell and gradually make the inner surface of the membrane

to be less negatively charged in relation to the outside. When this charge is approximately
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-50 mV, the adjacent voltage-gated Na+ channels open. The inward flow of Na+ quickly

depolarizes the membrane and initiates an action potential, which propagates itself along

the membrane by sequentially triggering adjacent voltage-gated Na+ channels. The action

potential is a brief wave of membrane potential that moves along an axon (figure 3.6).

At the peak of the action potential (approximately +30 mV), the Na+ channels quickly

close. After this peak, voltage-gated K+ channels open. K+ ions flow out of the axon be-

cause they are much more concentrated inside than outside. Once these K+ channels are still

opened, K+ ions leave the inside and drive the membrane to a temporary hyperpolarization

(figure 3.6 - (8)). Finally, K+ channels close, the sodium-potassium pump restores the orig-

inal distribution of K+ and Na+ ions and the membrane returns to its resting potential [42].

Figure 3.6: Permeability changes and ion fluxes during an action potential. (1) Resting potential: all voltage-
gated channels closed; (2) At threshold, Na+ activation gate opens and permeability to Na+ rises; (3) Na+

enters in the cell, causing depolarization to +30 mV, which generates rising phase of action potential; (4) At
the peak of action potential, Na+ inactivation gate closes and permeability to Na+ decreases, ending the net
movement of Na+ into the cell. At the same time, K+ activation gate opens and permeability to K+ rises; (5) K+

leaves cell, causing its repolarization to resting potential; (6) Na+ activation gate closes and inactivation gate
opens, resetting channel to respond to another depolarization triggering event; (7) Further outward movement
of K+ through the still open K+ channels briefly hyperpolarization membrane, which generates after hyper-
polarization; (8) K+ activation gate closes and membrane returns to the resting potential. [84]. Adapted with
permission. www.cengage.com/permissions
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3.2.4 Propagation of an action potential

Once an action potential is initiated, no more triggering events are necessary to activate the

remainder of the nerve fiber because the impulse is automatically conducted throughout the

neuron. This mechanism of propagation is illustrated in figure 3.7. The membrane of the

axon hillock (specialized part of the cell body that connects with the axon) is at the peak of

an action potential (about +30 mV). The inside of the cell is positively charged on this area,

because Na+ ions have already rushed in. The remainder of the axon, still at resting poten-

tial and negative inside, is considered inactive. Therefore, a local current flow between the

area already undergoing an action potential and the adjacent inactive area, because opposite

charges attract each other. This depolarizing effect quickly brings the involved inactive area

to threshold and, at that time, the voltage-gated Na+ channels in this region of the membrane

are all open, leading to an action potential on this area. Meanwhile, the original active area

returns to resting potential as a result of K+ efflux. Beyond the new active area is another

inactive area, so the same thing happens again. This cycle repeats itself in a chain reaction

until the action potential spread the end of an axon, where there are synapses (figure 3.8).

The synapse, which is a junction between two cells, is the place where an action potential

of a cell can cause the production of action potentials in another cell. The cell that transports

the action potential to the synapse is called presynaptic cell and the cell that transports the

action potential to far away from the synapse is called postsynaptic cell.

There are two types of synapses: electrical and chemical. However, this thesis simply

refers to the process that takes place at the chemical synapses (figure 3.8), because muscular

cells are controlled by chemical synapses. In the chemical synapses, the action potentials do

not pass directly from the presynaptic terminal to the postsynaptic membrane. Instead, the

action potentials trigger the release of neurotransmitters at the synaptic terminals of the axon.

The neurotransmitters diffuse across the synaptic cleft and combines with receptors in the

membrane of the postsynaptic cell. The receptors cause ion channels to open or close, result-

ing in either depolarization or hyperpolarization. When depolarization reaches the threshold

level, an action potential is generated in the postsynaptic neuron.

3.3 The Human Muscular System

Muscles exert forces and therefore have a crucial role in the human movement. Muscles can

be used, for example, to change speed during walking and to raise or lower a body segment
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Figure 3.7: Contiguous conduction. Local current flow between the active area at the peak of an action po-
tential and the adjacent inactive. This reduces the potential in this contiguous inactive area to threshold, which
triggers an action potential in the previously inactive area. The original active area returns to resting potential
and the new active area induces an action potential in the adjacent area by local current flow as the cycle repeats
itself down the length of the axon [84]. Reproduced by permission. www.cengage.com/permissions

[29]. In this next section, it is detailed and explained the muscular physiology in order to

better understand the final steps to produce movement.

3.3.1 Muscular Physiology

There are three types of muscular tissue: skeletal muscle, cardiac muscle and smooth mus-

cle. Through their capacity to contract, groups of highly developed muscular cells working

together can produce work and movement. Although the three types of muscles are struc-

turally and functionally distinct, they can be classified in two different categories, according

their common features (see figure ??) [84].

The muscles can be classified as striated (skeletal and cardiac muscle) or unstriated
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Figure 3.8: Transmission of a neural impulse across a synapse. (1) The action potential reaches the synaptic
terminals at the end of the presynaptic neuron, which induces the calcium ions to enter the synaptic terminals
from the extracellular fluid; (2) These calcium ions will cause the fusion of the synaptic vesicles with the
plasma membrane and release a neurotransmitter into the synaptic clefs; (3) Neurotransmitter diffuses across
the synaptic cleft and combines with the membrane of the postsynaptic neuron; (4) These receptors open or
close ion channels, resulting in either depolarization or hyperpolarization. When the depolarization exceed the
threshold, another action potential is generated in the postsynaptic neuron. Adapted from [86]

(smooth muscle). Another possible classification is to divide the muscles in the voluntary

(skeletal muscle) or involuntary type (cardiac and smooth muscle), depending, respectively,

if they are enervated by the somatic nervous system and submitted to voluntary control, or

if they are enervated by the autonomous nervous system and not submitted to a voluntary

control. Although the skeletal muscle is classified as voluntary, once it can be counsciently

controlled, part of the muscle-skeletal activity is submitted to the involuntary control too, like

the control related to the posture, balance and gait [84]. This thesis focuses on the skeletal

muscle because it is the type of muscle studied throughout the experiments.

3.3.2 Skeletal Muscle Fiber

A simple skeletal muscular cell, known as muscle fiber, is relatively big and has a cylindrical

shape, ranging from 10 to 100 µm in diameter and up to 750 mm in length. A skeletal muscle

consists of several muscle fibers lying parallel to one another and linked through connective
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Figure 3.9: Classification of the three different types of muscle [84].
Reproduced by permission. www.cengage.com/permissions

tissue (sarcolemma), as it is represented in figure 3.10-(a). These fibers usually extend the

entire length of the muscle [84].

A skeletal muscle fiber is mainly constituted of specialized contractile elements called

myofibrils, which are cylindrical intracellular structures with one to two µm of diameter, ex-

tending the entire length of the muscle fiber (see figure 3.10-(b)). Each myofibril consists in

a regular arrangement of cytoskeletal elements highly organized - the thick and thin filaments

(see figure 3.10-(c)). The thick filaments, which have between 12 to 18 nm of diameter and

a length of 1.6 µm, are sets of myosin protein, whereas the thin filaments, which have from

5 to 8 nm of diameter and a length of 1.0 µm, are composed by actin protein (see figure

3.10-(d)).

The levels of organization of the skeletal muscle are resumed in the figure 3.11.

3.3.3 Mechanism of contraction: the cross-bridge cycle

Myosin heads are also known as cross-bridges, because they can bind to and move along

actin in the thin filaments. The interaction between actin and myosin heads is the basis for

the contraction and movement of muscle cells (see figure 3.12).

The cross-bridge cycle starts with the myosin head attached to actin. The myosin head

binds to ATP (Adenosine triphosphate, which transports chemical energy within cells for

metabolism), which causes the dissociation of myosin from actin. Then, the myosin ATPase

(enzyme that catalyzes the decomposition of ATP) hydrolyses (chemical process in which

a certain molecule is split into two parts by the addition of a molecule of water) ATP and

the products of this reaction (ADP and inorganic phosphate) remain bound to the ATPase.
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Figure 3.10: Detailed representation of the organization of the skeletal muscle [84]. Reproduced by permis-
sion. www.cengage.com/permissions

The phosphate (Pi) is released and the myosin head binds tightly to the actin. After that, a

stronger binding triggers the powerstroke and the release of ADP. The powerstroke consists

in the return of the myosin head to its low-energy conformation. The powerstroke generates

force, pulling the thin filament toward the center of the sarcomere. The binding of another

ATP molecule will cause the dissociation of myosin head from actin and the cycle repeats

itself [65].

The number of active cross-bridges depends on the concentration of Ca2+ in the muscle

fiber cytoplasm. At each instant during contraction, only about 50% of the cross-bridges are

attached to actin. Therefore, only about 50% of the maximum possible force is produced.
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Figure 3.11: Levels of organization of the skeletal muscle

Figure 3.12: Cross-bridge cycle. Used with permission from [65]

3.3.4 Muscle Fiber Action Potential

Running parallel with myofibrils is the sarcolemma (see figure 3.13). Sarcolemma is an

electrically excitable membrane that can activate the contractile actions in response to signals

received from the motor nerve [43].

Several events must occur before a muscle fiber contracts, as explained during the previ-

ous sections. When the central nervous system initiates the depolarization in the motorneu-

ron, this depolarization is conducted along the motorneuron to the neuromuscular junction.

At the neuromuscular junction, a chemical substance called acetylcholine is released, stimu-

lating the Na+ ion channels in the muscle fiber. This fact increases the permeability to Na+,

which, together with the ion’s concentration gradient, causes a sudden influx of Na+ into the

muscle fiber. A rapid depolarization of the muscle fiber occurs and continues until the fiber

reverses its polarity and reaches about +30 mV positive inside with respect to the outside.
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Figure 3.13: Skeletal muscle fiber, showing the sarcoplasmatic reticulum that surrounds myofibrills. Used
with permission from [77]

Near the peak of the reverse polarity, the decreased influx of Na+ and increased efflux of K+

causes a rapid repolarization of the muscle fiber.

When a depolarization of the membrane under the neuromuscular junction occurs, a po-

tential difference is established between the active and the inactive region of the muscle fiber.

Therefore, ion current flows between those regions. This current decreases the membrane

potential of the inactive region to a point where the membrane permeability to Na+ rapidly

increases in the inactive region and an action potential is generated. The action potential

propagates away from the initial active region in both directions along the muscle fiber. The

propagated action potential along the muscle fiber is a muscle fiber action potential.

The action potential spreads along sarcolemma and into the muscle fiber through the

transversal tubules (see figure 3.13). In response to the action potential, the sarcoplasmatic

reticulum (sarcotubules) releases stored calcium. Finally, a muscle contraction takes place

due to the cross-bridge cycle.



Chapter 4
Measurement of muscle activity

This chapter begins with an explanation about how muscular electric activity can be recorded

and the anatomical structures whose potential differences can be recorded. The chapter

continues with the best procedures to perform the recordings of muscular activity and finishes

describing the muscles that we focused on this work.

4.1 Electromyography

The recording of muscle’s electric activity is called electromyography (EMG). EMG can be

used as a test for exploring the physical integrity of the motor system, because it reflects the

complex function of the motor system [57].

It is crucial to have a great knowledge of the physiological mechanisms underlying the

normal muscular contractions to understand the large variety of abnormalities that character-

ize the various disorders of the nervous system.

Many factors, like the muscular properties, the electric specifications of the electrodes

and the EMG recording instrumentation can largely affect the EMG recordings [74].

4.1.1 Motor unit action potential

The smallest functional unit of the neuromuscular system is called motor unit [85]. A motor

unit is constituted by a motorneuron, its axon and the muscle fibers it innervates (see figure

3.4) [17]. When a motorneuron is activated, the conduction of its activation travels along its

axon and neurotransmitters are released at the neuromuscular junctions. Finally, the action

potentials run in both directions of the muscle fibers from each neuromuscular junction to the

29
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tendinous attachments at both ends (see Figure 4.1). The sum of these muscle fibers action

potentials forms the MUAP (motor unit action potential).

Although each muscle fiber just receive input from only one motor unit, different motor

units overlap their fiber territories spatially (see figure 4.2).

Figure 4.1: (A) A muscle can attach indirectly to the bone via a tendon. Adapted with permission from [29];
(B) Depolarization runs in both directions along a conductive fiber in direction to the tendinous attachments at
both ends. Adapted with permission from [85]

4.1.2 Extracellular Recording of Action Potentials

Electromyography is the recording of electric activity in the muscles. This recording can

be done using two types of electrodes: needle electrodes or surface electrodes. Electromyo-

graphy with needle electrodes is called intramuscular electromyography (iEMG) and the

electromyography with surface electrodes is called surface electromyography (sEMG). This

thesis will rather focus on sEMG than iEMG, mainly because the experiments were per-

formed with sEMG and also because sEMG is largely a more used method over the world

[17]. The source of the sEMG signal is the spatial and temporal sum of the action potentials

from each muscle fiber. The use of superficial electrodes creates the concept of detection

volume, which is the volume of tissue from which the electrodes are capable of detecting an

electric signal. The detected energy of the motor units depends on the depth of these motor

units in the volume, because the energy is dissipated along the distance and the higher the

depth the lower the energy reaching the electrodes (see figure 4.2). It is necessary to clearly

understand the recording of a muscle fiber action potential to understand the MUAP and the

correspondent sEMG detected signal.
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Figure 4.2: Motor unit recruitment territories. Only the ’dark’ muscle fibers contribute substantially to the
sEMG recordings. Used with permission from [17]

Consider the following example presented in figure 4.3. Two electrodes are placed at a

considerable distance apart, on the surface of a muscle fiber and connected to an oscilloscope

in order to measure the voltage changes. In the resting state, the fiber is electrically positive

outside and negative inside (as explained in Chapter 3). Since both these electrodes are

placed on areas with the same potential, the resulting potential difference between them is

0V (panel 1 of figure 4.3-(A)). In the second panel of figure 4.3-(A), an action potential

is generated and runs from the left to the right of the fiber. When that action potential

reaches the region under the electrode A, that region becomes negative in relation to the

region below the electrode B and the oscilloscope deflects upward. Then, the action potential

continues toward electrode B and the region under the electrode A repolarizes (returns to the

normal potential) (panel 3 of figure 4.3-(A)). Therefore, the oscilloscope returns to baseline.

The action potential continues and reaches the region under the electrode B. So, that region

becomes negative in relation to the region below the electrode A and the oscilloscope deflects

downward (panel 4 of figure 4.3-(A)). Finally, the repolarization occurs under the electrode B

and the potential difference is again 0V (panel 5 of figure 4.3-(A)). The output of this model

is two monophasic waves separated by a brief period of time when no potential difference

is measured. But this time depends on the distance between the two electrodes and the

conduction speed of the muscle fiber (see figure 4.3-(B)). For example, if the electrodes are

placed very close together, the two waves temporally summate and form a biphasic wave.

These muscle fibers action potentials summate to form the motor unit action potential

(see Figure 4.4-(A), where h(t) represents a MUAP). The majority of motor unit action po-

tentials are biphasic or triphasic in shape. This shape depends on the characteristics of the

muscle fibers, the spatial orientation of those muscle fibers and the tissues surrounding the

active muscle fibers. The superposition of multiple MUAPs forms the sEMG signal (figure
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Figure 4.3: (A) Measurement of action potentials on a muscle fiber; (B) Time delay between two monopha-
sic waves depends on the distance between the two electrodes and the conduction speed of the muscle fiber.
Adapted with permission from [85]

4.4-(B)).

4.1.3 Differences between surface and intramuscular electromyogra-
phy

This dissertation is focused in the used of sEMG. However, it is important to discuss some

differences between sEMG (figure 4.5-(A)) and iEMG (figure 4.5-(B)).

Using iEMG, the magnitude of energy recorded is in the range of milivolts and the elec-

trodes record a motor unit action potential. On the other hand, the energy recorded using

sEMG is in the range of microvolt and the electrodes record action potentials from sets of

motor units. The reduced amplitude recorded using sEMG is related to the loss of energy in

the body tissue, because the tissue absorbs some electrical potential generated in the muscle.

Superficial electrodes have many advantages. For example, they are non-invasive, allow

the global recording of muscle activity and there is no limitation to the time of recording.

However, some disadvantages can be also pointed out, including the following: these elec-

trodes just allow the study of superficial musculature; it requires a correct preparation of the

skin; and the signals have a low frequency spectrum.

On the other hand, needle electrodes allow a more local recording of the muscle electric
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Figure 4.4: (A) Generation of a MUAP (motor unit action potential); (B) The sEMG signal is the superposi-
tion of multiple MUAPs

Figure 4.5: (A) Superficial electrodes; (B) Needle electrode

activity, which makes it possible to study both superficial and deep musculature. Needle

electrodes also capture a higher frequencies spectrum and it is not necessary a great prepa-

ration of the skin. Being invasive is the main disadvantage that needle electrodes present

[57].

In essence, the experiments were performed using surface electrodes mainly because they

are non-invasive, cheap and used in many laboratories around the world.

4.2 Procedures for recording muscle activity

To do a correct surface electromyography, it is necessary to follow complex procedures and

to use a very sophisticated instrumentation.
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4.2.1 Recommendations for electrodes placement

In this study, all the SENIAM (Surface ElectroMyography for the Non-Invasive Assessment

of Muscles) recommendations were followed [32] [31]. SENIAM is a European project

concerned with Biomedical Health. Its recommendations are followed by many research

groups around the world.

The first step to be taken in sEMG is to select the sEMG electrodes. The electrodes

are chosen based on the shape (of the conductive area), size (of the conductive area), inter

electrode distance (the center to center distance between the conductive area of two bipolar

electrodes) and electrode material (which forms the contact layer with the skin). SENIAM

recommendations about these features are:

- There are no clear and objective criteria for choose the electrode shape;

- The size of the electrodes in the direction of the muscle fibers should be 10 mm at

maximum;

- Inter electrode distance of 20 mm;

- Use pre-gelled Ag/AgCl electrodes.

We used a bipolar derivation with pairs of circular electrodes (Ag-AgCl, Fiab S.p.A.) on

this work (see figure 4.5-(A)).

The second step is to put the patient in a starting posture to determine the proper location

of the electrodes on the muscle to be tested (see Appendix B). In this starting position, which

varies from muscle to muscle, it is possible to determine via palpation the muscle and the

anatomical landmarks. Anatomical landmarks are standard reference points in the body.

The third step is the preparation of the skin. If the area where the electrodes will be

placed is covered with hair, it is necessary to shave the area (see figure 4.6-(A)). It is then

necessary to clean the skin with alcohol and allow the alcohol to vaporize in order to dry the

skin before placing the electrodes.

The fourth step is the correct determination of the electrodes location, i.e., the centre of

two bipolar electrodes on the muscle (see figure 4.6-(B)). Electrodes must be placed in the

location where it is possible to obtain a good and stable sEMG, according to the SENIAM

recommendations for each muscle.

The fifth step is the fixation of the electrodes, respecting the inter electrode distance of 20

mm and the recommendations for the orientation of electrodes (see figure 4.6-(C)). SENIAM

also recommends using elastic band or double sided taped for fixation of the electrodes and

cables in such a way that movement is not perturbed and cables don’t pull the electrodes.
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It is also necessary to place a reference electrode (section 4.2.2 explains what a reference

electrode is and why it is necessary) in a location where the risk for signal disturbance is

minimal [17].

The last step before starting to record EMG signals is the testing of the connection.

SENIAM recommends doing a clinical test for each individual muscle and these clinical

tests are described in the Appendix B.

Figure 4.6: (A) SENIAM recommends to shave the place where the electrodes will be placed. Used, with per-
mission, from [31]; (B) SENIAM recommends to draw a line between two landmarks Used, with permission,
from [31]; (C) Fixation of the electrodes and cables

4.2.2 Recording EMG signal

In order to record a very good EMG signal, it is necessary to use a very sophisticated and

sensitive instrumentation, because the energy generated by the muscles has a very small

value (in order of mV).

Figure 4.7 shows a block diagram of the various components that can be implemented

in sEMG instrumentation. The output of a general sEMG system is usually the raw sEMG

signal. In this work, it was used the Pocket EMG system from BTS Bioengineering (features

indicated in the Appendix). On this dissertation we will just describe some of the most

important features of such sEMG instrumentation.
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Figure 4.7: Block diagram of typical sEMG instrumentation. Used with permission from [17]

One important procedure is to guarantee a correct interface between the electrodes and

the skin. The impedance (or resistance) of the skin (also described as resistance to a direct

current) may vary as function of the superficial skin oil content, dead cell layer, the humidity

of the skin, etc. In sEMG, it is necessary to keep this impedance as low as possible and

similar at the two electrodes location. This is commonly accomplished by abrading the skin

vigorously with alcohol. Although we can’t measure it, the impedance at the electrode site

should be less than 5 to 10 KΩ [17], so that the practitioner can get a clean sEMG signal.

The desired value for the skin impedance depends on the input impedance of the ampli-

fier. In figure 4.8, it is represented the interface between the skin impedance and the input

of the EMG amplifier. RS represents the impedance of the skin and RA represents the input

impedance of the amplifier. The input impedance of the amplifier should be 10 to 100 times

higher than the impedance of the skin-electrode interface. The Ohm’s law says that

E = i.R (voltage = current x impedance) (4.1)

For the schematic representation of figure 4.8,

E = ES + EA ⇔ E = i.RS + i.RA (4.2)

where E is the energy (voltage) reaching the skin, ES is the energy lost in skin impedance,

EA is the input voltage of the amplifier and i is the current.

If the input impedance of the amplifier is 100 times higher than the skin impedance, then

E = i. 0, 01RA + i.RA ⇔ E − i. 0, 01RA = i.RA ⇔ E − 0, 01EA = EA (4.3)
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In this way, almost all the energy that reaches the skin can also reach the input of the

amplifier. The Pocket EMG system has an input resistance of 1010Ω, which is a very high

value.

Figure 4.8: Interface of the skin impedance and the impedance of the sEMG amplifier input

The input signal of the amplifier is then amplified. For each muscle, the input signal is

the result of the signals of three electrodes: the bipolar pair of electrodes placed over that

muscle and the reference electrode making good contact in a neutral location (we choosed he

knee for this work). The energy reaching both bipolar electrodes is compared with the signal

of the reference electrode and the result is the input signal. The amplifier gain is defined as

the ratio between the output and the input signal. For example, for an input of 2 mV and a

gain of 1000, the output will be 2V. The range of gain is usually between 1 and 10000. The

gains of all amplifiers constituting the Pocket EMG are referred in the Appendix A.

Another important feature of an amplifier is the frequency response. The firing rate of

the muscle fibers is usually in the range of 8 to 50 Hz [17]. Therefore, the amplifier has to be

capable of amplifying frequencies much higher than these. The bandwidth frequencies of an

EMG amplifier are the range of EMG frequencies that can be amplified, without attenuation.

The bandwidth of an amplifier is the difference between the higher cutoff frequency and the

lower cutoff frequency. On these cutoff frequencies, the gain is 70.7% of the gain in the

frequencies between those cutoff frequencies [98]. The amplifier gain is usually expressed

in the logarithmic form and in decibels (dB):

Gain (dB) = 20 log10 (linear gain)

For a linear gain of 1000, the gain is 60 dB between the cutoff frequencies and the gain

is 57 dB in the cutoff frequencies. The frequency responses for the amplifiers implemented

in Pocket EMG are referred in the Appendix A.

Finally, another very important feature of the amplifiers used on sEMG is the CMRR

(common mode rejection ratio). The Human body is like a good antenna that catches and
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conducts the electromagnetic energy present in the near electric equipments. When someone

works with a differential amplifier, those electromagnetic signals present the same magnitude

in both inputs of the amplifier, generating in this way a common signal between them [16]

[17].

A differential amplifier subtracts the signals in the input terminals, but it can’t distinguish

the common signal from the electromyographic signal, which is the one that really matters.

It is hoped that the subtraction of two common signals results in a 0V and, thus, just the

electromyographic signal will be present in the output. However, once these electromagnetic

interferences usually present a high magnitude, it does not occur a perfect subtraction of

them. The measure of that subtraction success is given by the CMRR factor, which repre-

sents the capacity to eliminate signals with the same polarity present in electric interferences.

That capacity is expressed in dB. For differential amplifiers used in sEMG, the CMRR factor

is very important and should be higher than 80-100 dB. The CMRR factor of the instrumen-

tation amplifier implemented in Pocket EMG is 110 dB (see Appendix A).

4.3 Muscle activity during human gait

Human walking can be divided in typical phases. Several muscles are involved in the walking

and seven of them were analyzed on this work.

4.3.1 The human gait. Definitions

A simplified diagram of the human gait during normal walking is represented in the figure

4.9. The gait can be defined as the way of moving the body from one place to another, by

moving on feet in a synchronized order or rhythm [4]. There are many types of human gait,

like walking, skipping, running and many others. In this dissertation, human walking is the

type of gait being studied.

The gait cycle is the average interval of time between the occurrences of two similar

locomotion movements. Each one of these intervals of time is a stride cycle. The gait cycle

begins with the initial contact of one of the feet with the ground and ends with the next

contact of that same foot with the ground. The gait cycle can be divided in two global

periods: stance and swing. Stance is the period in which the foot referred above is in contact

with the ground. Swing is the period in which that foot is in the air [4].

The gait can be divided in eight phases, each one presenting a typical pattern and a
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Figure 4.9: Human gait cycle. Used with permission from [33]

functional objective [73]. Those phases, illustrated in figure 4.9, are:

Phase 1 - Initial contact, which involves 0-2% interval of the gait cycle. In this phase, it

is done the initial contact of the ipsilateral (on the same side of the body, i.e., the reference

of the analysis) foot with the ground. The objective of this phase is to obtain the correct

alignment of the lower limb in order to begin the stance.

Phase 2 - Loading response, which involves 2-10% interval of the gait cycle. The aim

of this phase is the shock absorption of the ipsilateral heel striking the ground and also to

progress the walking. This phase ends when the contralateral (on the opposite side) foot

leaves the ground and starts its swing movement.

Phase 3 - Mid-stance, which involves 10-30% interval of the gait cycle. The aim of this

phase is the progression of the foot in the ground as well as to keep the stability of the limb

and the trunk. This phases ends when the ipsilateral heel begins to lift off the ground. Weight

has been transferred to the contralateral limb.

Phase 4 - Terminal stance, which involves 30-50% interval of the gait cycle. The support

of the limb ends in this phase. The objective of this phase is the progression of the body in

addition to the ipsilateral foot support. This phase ends when the contralateral foot strikes

the ground.

Phase 5 - Pre-swing, which involves 50-60% interval of the gait cycle. The aim of this

phase is to prepare the lower limb for the swing phase. This is the final phase of stance: it

ends when the ipsilateral foot leaves the floor.

Phase 6 - Initial swing, which involves 60-73% interval of the gait cycle. The aim of

this phase is to lift the ipsilateral foot from the ground and move the lower limb. This phase

ends when the ipsilateral foot is opposite to the other.
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Phase 7 - Mid-swing, which involves 73-87% interval of gait. This second phase of the

swing has the aim of moving the limb and free the foot from the ground. This phase ends

when the tibia of the ipsilateral limb is in a vertical position (the moment when the knee and

hip flexion are similar).

Phase 8 - Terminal swing, which involves 87-100% interval of gait cycle. This phase

ends when the ipsilateral foot strikes the ground again.

Figure 4.10-(A) represents the human planes of reference. There are three planes of

reference in the human movement: sagittal, coronal and transversal.

Figure 4.10: (A) Human body planes of reference. Adapted, with permission, from [97]. Image already
reprinted from [94]; (B) Diagram of the leg (lateral vision) shown in the rest position (0 degrees at all joints)
with the positive direction of movement indicated. Adapted, with permission, from [22]; (C) Diagram of both
legs (frontal vision) shown in the rest position (0 degrees at all joints) with the positive direction of movement
indicated

The movements made in the articulations can be classified in different types, from which

the most important are:

- Flexion and extension. In these movements, there is, respectively, a decrease (positive

direction in figure 4.10-(B)) or increase (negative direction in figure 4.10-(B)) of the angle

between the limb’s segment that moves and the limb’s segment that stays fixed, in the sagittal

plane. In relation to the ankle joint, the decrease (negative direction in figure 4.10-(B)) of

the angle between the segments is called dorsiflexion and the increase (positive direction in

figure 4.10-(B)) of the angle is called plantar flexion.

- Adduction and abduction, which are movements of the hip in the coronal plane. Ab-

duction (positive direction in figure 4.10-(C)) is the motion of the hip away from the center

of the body and adduction (negative direction in figure 4.10-(B)) is the motion of the hip in

direction to the center of the body.
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4.3.2 Muscles involved in walking

Part of the analysis of the normal walking consists in studying the muscular activation se-

quence, as well as the effect of each muscle on the body’s dynamic. There are 28 major

muscles involved in the human gait [7]. The muscles are the effectors that allow the move-

ment. If some muscle of the lower limb is damaged, the gait will be modified. For this thesis,

it was decided to focus on one joint, in order to study its activity during the walking in more

detail. Therefore, seven muscles actuating in the knee joint were chosen to be studied in

detail. Furthermore, these muscles are linked to the ankle or hip joint, which is also impor-

tant to have a general idea about the activity of those joints during walking. These muscles

are rectus femoris, vastus lateralis, semitendinosus, biceps femoris, gastrocnemius medialis,

gastrocnemius lateralis and tibialis anterior. The general functions of the seven muscles are

referred on table 4.1. All of them are represented in figure 4.11. By choosing these seven

muscles, it is thus possible to study four major muscle groups: quadriceps (consists in the

rectus femoris, vastus lateralis, vastus medialis and vastus intermedius muscles), hamstrings

(consists in biceps femoris, semitendinosus and semimembranosus muscles), gastrocnemius

(consists in gastrocnemius medialis and gastrocnemius lateralis) and tibialis anterior.

4.3.3 Electrodes location in the lower limbs. Techniques and standards

It was referred in section 4.2. that it is extremely important to determine the correct elec-

trode location in sEMG. SENIAM recommendations for electrodes location on the seven

muscles to be studied are detailed in the Appendix B. For each muscle, the location of the

pair of electrodes is described as a specific point in a line between two anatomical landmarks.
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Table 4.1: General functions of the seven muscles studied in this work

Muscle Function

Rectus femoris - Flexion of hip joint
- Extension of knee joint

Vastus lateralis - Extension of knee joint

Semitendinosus - Extension of hip joint
- Stabilization of pelvis in the saggital
plane
- Flexion and internal rotation of the
knee joint

Biceps femoris - Extension of the hip joint
- Stabilization of pelvis in the saggital
plane
- Flexion and external rotation of the
knee joint

Gastrocnemius medialis - Plantar flexion of the ankle joint
- Flexion of the knee joint

Gastrocnemius lateralis - Plantar flexion of the ankle joint
- Flexion of the knee joint

Tibialis anterior - Dorsiflexion of the ankle joint
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Figure 4.11: (A) Anterior thigh muscles of the right side; (B) Posterior thigh muscles of the right side; (C)
Muscles of the leg: anterior view of the right side; (D) Muscles of the leg: posterior view of the right side.
Adapted from [27]



 



Chapter 5
EMG and kinematics during human gait

Human walking is a very complex activity that results on the integrated action of the brain,

nerves and muscles. Electromyographic recordings enable researchers to obtain very valu-

able information about neuromuscular activity during walking. Kinematics can also be

recorded during walking. This chapter compares the EMG and kinematic patters during

normal walking and walking with assistive/rehabilitation devices.

5.1 EMG Signal Processing

As referred in Chapter 4, the output of a general EMG system is usually the raw EMG

signal. Raw EMG is the pure electromyographic signal, which can present artifacts (DC

offset and motion artifacts) and high frequency noise. Therefore, raw EMG should be filtered

because of the artifacts it contains and it also should be processed to be used in areas like the

neuromuscular coordination and the gait analysis. The output of most recent EMG devices,

including Pocket EMG, is the raw EMG already filtered.

5.1.1 Raw EMG

Raw EMG is composed by thousands of individual MUAPs that make up a series of spikes,

which makes it difficult to analyze the muscle activity as a whole. Because of these con-

straints, Raw EMG is usually processed to represent the muscular activity [98]. The typical

signal processing order followed by many laboratories around the world dedicated to the

motion analysis is represented in figure 5.1.

The output signal of the gastrocnemius medialis activity during 10 seconds of walking

is represented in Figure 5.2-(A). This signal is the raw EMG already filtered by the Pocket

45
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Figure 5.1: Typical EMG signal processing order

EMG and it was acquired in a representative healthy subject of our study.

In order to determine the relationship between the EMG and the gait cycle, it is necessary

to detect the initial heel contact with the ground and the toe-off. Some laboratories have

equipment of 3D motion analysis that allows measuring the moments of heel strike and

toe-off. But it is very difficult to integrate EMG data with biomechanical data. To solve

this problem, instead they can use small footswitches (see Figure 5.3-(A)), an alternative

that can be integrated with the Pocket EMG equipment. Footswitches are force sensitive

resistors placed on the foot. They usually work in a binary manner, with only an on (when

the force exceed the threshold) or off (when the force is lower than the threshold) signal.

They can be placed on the heel, on the toe or on the metatarsal region. For this work, three

footswitches were placed on heel, metatarsal 1 and metatarsal 5 (see Figure 5.3-(B)). Double-

sided tape was placed on the back of the footswitches in order to hold them correctly. The

footswitch signal represented in figure 5.2-(C) shows the three levels of activation of the

three footswitches. This signal seems like a stair and the activation begins with the heel

strike and ends with the toe off. Each footswitch presents different levels of activation.

5.1.2 Filtering

The power spectrum of sEMG describes the distribution of signal power as a function of the

frequency of the harmonics of the signal. Usually, almost 95% of such power can be ac-

counted by harmonics until 400 Hz. The other 5% is electrode and equipment noise. These

components can be electronically attenuated using a low pass filter. SENIAM recommends

a cutoff frequency of almost 500 Hz and sampling frequency of 1000 Hz. But spike-like ar-

tifacts, such as artifacts generated by electrical stimulation, are attenuated but not eliminated

by a low pass filter with a cutoff frequency of 500 Hz. Pocket EMG has a low pass filter

implemented with a cutoff frequency of 450 Hz in order to prevent any aliasing, once the

sampling frequency is 1000 Hz. According to the Nyquist Theorem, the sampling frequency

of an analogical signal should be equal or higher than twice the higher frequency of that

signal’s spectrum. Aliasing can occur if the signal has harmonics with frequency higher than

half the sampling frequency [32].
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Figure 5.2: (A) Gastrocnemius medialis Raw EMG filtered in the Pocket EMG; (B) Gastrocnemius medialis
EMG signal filtered by us; (C) Footswitch signal; (D) Explanation of each activation step in the footswitch
signal

Due to movement artifacts and instability of the electrode-skin interface, raw EMG often

shows slow variations of signal representing these artifacts. This happens due to changes

in the small direct current offset voltage on each electrode [46]. The harmonics of these

unwanted signals are usually in the frequency range of 0-20 Hz. In some EMG analysis, this

range of frequency also contains harmonics of wanted signals representing some MUAPs. It

is often used a high pass filter with a cutoff frequency between 10-20 Hz. Pocket EMG has

already implemented an high pass filter with cutoff frequency of 15.7 Hz.

After all the practice acquired before the experiments, we decided to digitally implement

a bandwidth filter of 20-400 Hz, independently of the used EMG equipment, to all output

data of the experiences involving human walking. Thus, we implemented a digital first order

Butterworth filter on Matlab to the signal already filtered by Pocket EMG.

An output signal of the Pocket EMG (Raw EMG filtered by the device) is presented in

figure Figure 5.2-(A). The same signal, but filtered digitally by us, is presented in Figure 5.2-
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Figure 5.3: (A) Footswitch placed on the heel during one trial; (B) Four possible attachment sites on the
bottom of the foot. Adapted, with permission, from [15]. Courtesy of c©NORAXON

(B). Once the bandwidth implemented on Matlab is very similar with the frequency response

of the Pocket EMG system, our filtered EMG signal is very similar with the EMG signal

filtered in the Pocket EMG. The power spectrum of these two signals is represented in figure

5.4.

In some cases, notch filters have been used to reduce the 50 Hz power line interference.

But this is not a good practice, mainly because it removes power from a frequency band

where EMG signals use to be high and near maximal power density (see figure 5.4). It was

not used any notch filter on this work. However, as referred in section 4.2.2., Pocket EMG

has a CMRR factor that eliminates this interference. Looking to figure 5.4-(B), we can notice

that almost all the energy of the signal is in the 20-400 Hz range, with dominant energy in

the 30-150 Hz range. If the CMRR factor was not sufficient, a great amount of energy would

be concentrated in the 50 Hz of the power spectrum, which is not the case.

5.1.3 EMG envelope

In gait analysis, it is important to understand the level of activity of the muscles along the

gait cycle. Therefore, there is an operation called enveloping that performs this requirement.

The envelope can be computed by two different methods.

The first method involves two steps: rectify the filtered Raw EMG signal and then use

a low pass filter to smooth the rectified signal. The smoothness of the envelope depends on

the cutoff frequency of the low pass filter, and it is recommended to use a range from 3 to 15
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Figure 5.4: (A) Power spectrum of the Raw EMG filtered in the Pocket EMG; (B) Power spectrum of the
Raw EMG filtered by us

Hz, depending on the desired smoothness.

The second method is similar with the first, but instead of rectifying the Raw EMG, it is

computed its RMS (root mean squared), according to the formula 5.1:

RMS =

√∑i=a+n/2
i=a−n/2 e2

i

n + 1
(5.1)

where e is the EMG filtered signal, a is the central position of the window and n is the

number of samples. This second method allows the researcher to create the RMS moving

window, in which a time interval around each point of the filtered EMG signal is used to

apply the RMS technique. Due to all the trials our group had performed before this study,

it was decided to apply the second method of enveloping instead of the first one, mainly

because the resulting envelopes are more fine and perceptible. In this work, it was applied a

50-point RMS algorithm for all filtered Raw EMG signals (see figure 5.5).

5.1.4 Amplitude normalization

EMG amplitude changes from person to person and also in the same person across different

trials. Also, factors like the skin impedance and subcutaneous fatness may also affect EMG
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Figure 5.5: (A) EMG filtered; (B) EMG envelope was obtained after applying the 50-point RMS algorithm

amplitude. For these reasons, it is desirable to perform some form of EMG normalization in

order to compare activation values between different muscles, between the same muscles in

both legs of a person and to compare activation values between different studies or different

persons in the same study [24].

There are many studies that explain the best way to normalize EMG signals [8] [66] [67]

[53] [24]. However, a consensus about the the best method of normalization has yet to be

reached. Normalization is often done by asking the person to perform a maximal isometric

force1. Therefore, the maximum value (or the average of some maximum values) recorded

during the task is used as a reference to normalize the EMG values of that person and for

a specific muscle. Nevertheless, to generate a maximal force is subjective and requires a

comprehensive anatomical knowledge and an appropriated device to ensure that the muscle

being tested is the main one being activated [24]. Other methods to normalize EMG data

are: to perform a sub-maximal isometric contraction [8] [24]; and to use the mean or the

maximum value of the EMG envelope of at least six strides [8].

1Maximal isometric force is an exercise performed through the exertion of effort against a resistance, ob-
taining the maximum strength without change the muscle length
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5.1.5 Time normalization

It is also important to time normalize EMG values in relation to the heel strike moments

during the gait. Different tasks and trials may have different durations. Therefore, EMGs

must be time normalized to compare results between them. For each trial, the moment of heel

strike corresponds to 0% of the stride cycle and the next moment of heel strike corresponds

to 100% of stride cycle. On the other hand, this second heel strike moment will correspond

to 0% of the second stride cycle and the next heel strike will correspond to 100% of the

second stride cycle and so on. Then, it is performed an interpolation of a fixed number of

points for all gait cycles, for example between each 1% of each gait stride. So that, all gait

strides will begin in 0%, end in 100% and have the same number of points. Finally, it is done

the average of the EMG values from all gait strides and it is obtained a final time normalized

gait cycle.

After time normalizing the EMGs from all the trials, we amplitude normalized them

in relation to their maximum value. Figure 5.6-(A) presents an example of an EMG time

normalized from 0-100% of gait cycle and amplitude normalized to its maximum value.

After normalize each EMG, we smoothed them (see figure 5.6-(B)) to get more soft signals

and valuable for the extraction of motor modules and activation signals (task explained in

Chapter 6).

Figure 5.6: (A) Normalized EMG; (B) Smoothed normalized EMG
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5.2 Kinematics Signal Processing

Like the EMG signals, kinematic information (in this case, angles of the joints) can also be

processed. Kinematic data is usually low pass filtered using a cutoff frequency of 20 Hz [61]

[35] [62]. After filtered, kinematic data is time normalized in the same way EMG signals

are. Once the joint angles obtained for all the trials presented a very good smoothness, we

decided not to filtered those signals. We just time normalized kinematic data.

5.3 EMG and kinematics patterns during treadmill gait

The major goal of motor rehabilitation is the recovery of optimum walking function [68].

Electromyographic and kinematic patterns of healthy people walking on treadmill are the

reference to achieve this goal.

5.3.1 Activation patterns during normal gait

Muscular activation varies among young and old people, according the walking speed and

depending if the person walks on a treadmill or overground. For example, older people

present a strategy of stiffening the limb during single support phase (when only one foot is

on the floor) and this can be the reason why they present reduced push off power at higher

walking speeds [82]. Some studies have been focused on EMG patterns during different

speeds of walking [82] [37]. In a general way, muscular activation increases with the increase

of walking speed. Finally, there are also minimal activation differences depending on wether

a person walks on a treadmill or overground [68]. The majority of the EMG studies were

done on a treadmill mainly because it is much simpler to choose and control the gait speed.

For our study, only healthy young people performed the trials. The treadmill speed was

changed across the trials and the tests were performed on the Lokomat treadmill.

Examples of typical Tibialis anterior and Rectus femoris EMG envelopes captured by us

during treadmill gait are represented in figure 5.7. There are many studies about electromio-

graphic signals in lower limbs muscles and there exist a great consensus among the studies

and our results. For the same speed conditions, normalized EMG envelops of a given mus-

cle present similar shape. Figure 5.8 represents the typical interval of activation of several

muscles during the gait cycle.
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Figure 5.7: (A) Tibialis anterior EMG gait pattern; (B) Rectus femoris EMG gait pattern

5.3.2 Kinematics during normal gait

There are many studies detailing the kinematics patterns of normal gait. Typical kinematics

during normal walking is represented in many books and scientific articles [73] [68] [35]

[92]. Briefly, kinematics patterns of hip, knee and ankle joints have the general forms repre-

sented in figure 5.9 and the angles are obtained in relation to the joints references represented

in figure 4.10-(B), in the sagittal plane.

About hip kinematics during normal gait, it starts the gait cycle in flexion. Then it extends

until the end of terminal stance (50% of the gait cycle) and it finally flexes until the end of

the gait cycle.

Knee angle curve presents two peaks of flexion: one in stance and the other in the swing

phase, with the second one being much larger than the first. Knee is always in a positive

position (angle higher than 00) in relation to the reference of the knee joint represented in

figure 4.10-(B).

The ankle angle curve is usually in a neutral position (00) at the initial contact, after

which it slightly dorsiflexes during loading response. Then, it plantarflexes again through

the remaining stance. Almost in the transition from stance from swing, it dorsiflexes again.

In mid-swing and terminal swing, the ankle angle returns to 00.
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Figure 5.8: ’On/off’ times of the muscles activity during gait in healthy people at a comfortable speed. Used
with permission from [46]

5.4 EMG and kinematics during gait on assistive devices

It is clinically important to study how the walking assisted by robotic exoskeletons changes

the muscular activation patterns, so that it is possible to compare activation patterns obtained

in healthy people with the activation obtained in persons with disabilities. This is a step to

establish new control strategies in training after neurologic injury [56].

More studies need to be done to completely clarify the influence of Lokomat in the elec-

tromyographic and kinematic patters. Our work addresses the muscular electric activation

and kinematic patterns obtained during the walking in Lokomat, changing parameters like

the guidance force and the speed.
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Figure 5.9: Kinematics during normal gait, in the sagittal plane. Adapted, with permission, from [22]

Hidler, J. et al [36] have been studying the differences of muscular activation in lower

limb muscles during treadmill walking and Lokomat-assisted walking, using 100% of guid-

ance force in Lokomat walking of healthy subjects. His group referred that there are differ-

ences of activation patterns between both types of walking, mainly because Lokomat limits

the degrees of freedom of legs and pelvis. Among those differences, it can be mentioned,

for example, that quadriceps (Rectus femoris and vastus lateralis) and hamstrings presented

higher activity during the swing phase of Lokomat walking than treadmill walking, whereas

tibialis anterior and gastrocnemius presented reduced activity along most of the gait cycle

in Lokomat (see figure 5.10). In relation to the gastrocnemius and tibialis anterior activity

during Lokomat walking, the authors reported that the drop in muscle activity can be related

with the use of footlifters, which assist ankle dorsiflexion for toe clearance during swing

phase [36]. In relation to the quadriceps, the explanation can be the fact that people usually

rotate their hips and also abduct their legs to allow the toe to clear the floor, which are move-

ments quite limited to perform in Lokomat. Therefore, people exert higher muscle activity

in the quadriceps to help in the elevation of the feet and preventing toe from getting caught

in the treadmill [36].

Klarner, T. et al [47] suggested that the body weight support (BWS) and the stride fre-

quency used in Lokomat should be taken into account for optimization of motor output dur-

ing locomotor training. In their study [47], muscular activity per stride tended to decrease

when using increased BWS and faster stride frequency. Mazzoleni, S. et al [58] reported

higher muscular activity when the subjects actively cooperated with the Lokomat than when

they were passive.
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Figure 5.10: Average normalized Tibialis anterior (A) and Rectus femoris (B) activity for different speeds
and for Lokomat and treadmill walking. Used with permission from [36]

van Asseldonk et al [92] studied the effects on muscle activity of walking in healthy

young individuals using the gait trainer LOPES. During the trials, the ankle was free to

move and LOPES was controlled providing minimal resistance during walking, an almost

free walking mode. Rectus femoris presented higher activity in LOPES during the transition

from stance to swing. During initial contact, the activity of rectus femoris and vastus later-

alis was lower in LOPES. For the other gait phases, the overall activity of both muscles was

similar between LOPES and treadmill walking. Biceps femoris presented higher activity in

LOPES walking. Gastrocnemius presented smaller activity during terminal stance in LOPES

walking, whereas tibialis anterior showed higher activity during pre-swing and initial swing

in LOPES walking.

In relation to the portable exoskeletons, Ferris et al [25] [80] [9] [45] have built pneu-

matically - powered lower limb exoskeletons in order to retrain motor deficits. These ex-

oskeletons work with proportional myoelectric control, by using the EMG signal of gas-

trocnemius or soleus. These studies reported that healthy individuals adapted very well to

walking with these ankle exoskeletons, reducing their overall energy expenditure. Persons

with incomplete spinal cord injury have showed modification of muscle activity patterns, as

they practice walking with these exoskeletons.

Lewis and Ferris [51] suggested a relation between ankle and hip muscle activation dur-

ing human walking. They hypothesized that changes in ankle kinematics could result in hip

kinematic changes. They related that walking with increased ankle push off resulted in lower

peak of hip moment, as well as lower peak of hip extension moment. They suggested that
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increasing ankle push off during walking (by using exoskeletons, for example) may help to

compensate hip muscles weakness or injury and to reduce hip joint forces.

Typical kinematic patterns in the knee joint during Lokomat walking are represented in

figure 5.11-(A). Using 100% of guidance force in healthy subjects, Hidler [35] found no

statistical differences in the knee range of motion and peak flexion angle between treadmill

gait and Lokomat gait. However, his group found much more hip and ankle extension, and

also greater hip and angle range of motion in Lokomat (figure 5.11-(B) and figure 5.11-

(C)). The reduced degrees of freedom in Lokomat can be the reason for these kinematic

differences. Despite being firmly attached to the device and forced to follow a pre-defined

pattern when using 100% of guidance force, subjects can move in relation to the device,

which in part explains these kinematics differences [35].

Figure 5.11: (A) Knee, (B) Ankle and (C) Hip joint angles during Lokomat and treadmill walking of a
representative subject. Used with permission from [35]

Using the exoskeleton LOPES, van Asseldonk et al [92] obtained relevant decrease of

the knee angle range. In relation to the hip, they obtained similar kinematic patterns. These
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kinematics results are the opposite of the results obtained with Lokomat [35].

Using the same exoskeleton used by Ferris et al [25] [80] [9] [45], Kao et al [44] obtained

large differences in ankle joint kinematics compared with normal walking without exoskele-

ton. There were no large differences in knee or hip joint kinematics during both types of

walking. Hip, knee and ankle joint kinetic patterns were only slightly different comparing

both types of walking. With these results, the authors suggested that humans aim for simi-

lar joint kinetic patterns when walking with robotic assistance rather than similar kinematic

patterns. They also reported that greater robotic assistance provided during initial practice

results in longer time for adaptation than use lesser robotic assistance.



Chapter 6
Modular organization of the nervous system

The correct operation and integration of information from different structures of the nervous

system results in the voluntary movements of our daily life. In the first section of this chap-

ter, some of the roles of three important brain structures involved in producing movements

are explained. In the second section, we explain the recent theory about the existence of a

low-dimension organizational structure of the nervous system, which may be the basis of the

neuromechanical output during walking and some other different tasks. Our research ana-

lyzes the effects that robotic devices can have in such an organizational structure, especially

to repair the damaged organizational structure presented in people with motor impairments.

6.1 Structures controlling movement

The correct execution of voluntary movements mainly depends on the integration of infor-

mation and the correct operation of the different parts of the nervous system [11] [76]. Some

brain structures decide the movements to be performed at each instant and send the neural

signals corresponding to those actions to the motorneurons of the spinal cord. These signals

result in the muscular activation and contraction responsible for the execution of those move-

ments [11]. When some damage occurs in a structure integrating this circuit (for example, a

stroke), it may affect the correct execution of the desired voluntary movements.

Figures 6.1 and 6.2 present the most important brain structures responsible for the move-

ment control. Three structures present a major role in the coordination of the movement.

These structures are: cerebral cortex, basal ganglia and cerebellum [70].

In order to decide which movements the body should perform at each moment, the motor

cortex receives information from other brain structures. For example, it receives information

59
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from the parietal lobe about the position of the body in space, information from the anterior

frontal lobe about the goal to be achieved and the proposed strategy, information from the

temporal lobe about strategies already performed in the past, and so on. If some damage

occurs in some region of the motor cortex, the part of the body controlled by that region will

become paralyzed. This happens because each part of the body is controlled by some region

of the motor cortex.

Basal ganglia is a set of neural structures located deep inside the brain (see figure 6.2).

Basal ganglia receives information from different regions of the cortex, processes that infor-

mation and sends it to the motor cortex via thalamus. This sequence of sending information

to and from the basal ganglia, which operates in conjunction with another involving the cere-

bellum, selects and triggers coordinated voluntary movements. The role of the basal ganglia

in starting and regulating motor commands is visible in people with damages in the basal

ganglia, as the people who suffer from Parkinson’s disease. People who suffer from Parkin-

son’s disease have difficult in starting the planned movements, tremble and perform those

moments in a slow way once they can start them.

Figure 6.1: Regions of the cerebral cortex and their functions [84].
Reproduced by permission. www.cengage.com/permissions

The cerebellum receives information from different regions of the cortex. Then, it sends

information to the motor cortex about the pretended direction, force and duration of the

movement. This sequence of sending information to and from the cerebellum, acts in con-
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junction with another sequence involving the basal ganglia to regulate the motor control.

People with damages in the cerebellum presents difficulty grasping a target with their hands

and display balancing problems [70].

Figure 6.2: The main basal ganglia structures are the caudate nucleus, the putamen and the accumbens
nucleus. Used with permission from [26]

Every brain structure is constituted by thousands of neurons. There are millions of neu-

rons controlling the muscles involved in human movements. The human body has more mus-

cles than degrees of freedom. In fact, some muscles cross multiple joints. Therefore, actual

studies have been trying to understand how the central nervous system produce the neuronal

responses corresponding to the planned movements, coordinating a large number of degrees

of freedom of the musculoskeletal system [12] [87] [50] [64] [19] [40] [10] [41]. Actual

evidences suggest that the nervous system controls motor tasks by using a low-dimensional

modular organization of muscle activation constituted by motor modules and activation sig-

nals [12] [39]. Recent computer simulations [59] [63] [64] showed that some motor tasks

(including the walking) can be produced through the coordinated activation of few modules,

each one associated with specific biomechanical subtasks.

6.2 Motor modules and activation signals

There is growing evidence that muscle activity is controlled by a low dimensional modu-

lar organization. Recent studies have suggested that the coordinated activation of muscles

during walking is controlled by the central nervous system through activation signals (also
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referred in the literature as factors or control signals) and motor modules (also referred as

loadings or synergies) [28]. This modular control is represented in figure 6.3.

Figure 6.3: Theory of the modular control presented by nervous system to control movements

Taking into account the different names given to the same components of this control, we

had to decide which names to use throughout this dissertation. Thus, this modular organiza-

tion (represented in figure 6.3) can be thought as a neuronal network in which the activation

signals are generated in some brain structures according to the sensory information received

about the different tasks to be performed. Then, the activation signals are directed to the

motorneurons via a premotor network (it can be located in the brain stem or in the spinal

cord) that specifies the relative weight of each activation signal in each muscle. The relative

weight of each activation signal is given by the respective motor module (that specifies the

weight of the respective activation signal in the muscles). The set of an activation signal and

the respective motor module is called module.

To better understand this concept of modular organization, a practical example is repre-

sented in figure 6.4. The average muscular activation of seven muscles (EMG envelopes in

Figure 6.4-(A)), during Treadmill walking using 2.0 Km/h, can be achieved using four mod-

ules. Each module consists of an activation signal (Figure 6.4-(D)) and the respective motor

module (Figure 6.4-(C)) that contains the relative weight of the activation signal for each of
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the seven muscles. Thus, muscle activity (black lines in figure 6.4-(B)) is given by the sum

of the contributions from all the activation signals (colored lines in figure 6.4-(B)) weighted

by the motor modules acting on it. As can be seen, the reconstruction of muscular activity

shown in Figure 6.4-(B) is very similar with the muscular activity represented in Figure 6.4-

(A). Therefore, with few modules it is possible to control several muscles and with a high

precision of movements.

The researcher’s opinions about this modular control diverge in the following: some re-

searchers report that the motor modules remain very similar for the different motor tasks

performed; other researchers report that the activation signals remain approximately con-

stant for the different activities performed. If researchers can identify all the modules, how

they change according to the different motor tasks performed and according to the type of

impairment of each person, it can be possible to develop focused therapy to train the dam-

aged modules. The comprehension of this modular organization will be useful for movement

restoration by using, for example, FES (functional electrical stimulation) if few modules can

describe several functional tasks.

Clark et al [12] have been studying how this modular control works. Based on other

works [50] [87] about the use of nonnegative matrix factorization (NNMF) algorithms, his

team tested the hypothesis that muscular activation patterns during walking are produced

through the variable activation of a small set of modules. They tested the hypothesis that

subjects with post-stroke hemiparesis would have damaged modules, leading to the verified

impaired walking performance. It was shown less complex coordination patterns in post-

stroke patients, with less modules needed to account for muscle activation during walking

at their preferred speed compared with healthy subjects. Their results showed a highly de-

pendence on the neural control signals to perform a correct walking. They also suggested a

common modular organization of muscle coordination underlying walking in both healthy

and post-stroke subjects [12].

Ivanenko has been also researching the common modules in healthy subjects by applying

different gravitational loads using a harness during walking [39] [41], performing voluntary

tasks on overground walking [40] and comparing walking with running activation [10].

According to Neptune et al. [64] [63], Clark et al. [12] and McGowan et al. [59],

four modules can be identified and are capable of producing different activities as normal
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walking, walking with body weight support, walking with body mass increased/decreased,

kicking and stepping. Each module was found to be associated with specific biomechanical

tasks:

• Module 1 (higher activity in hip and knee extensors) provides body weight support in

early stance [59];

• Module 2 (higher activity in ankle plantar flexors) provides body support as well as

forward propulsion in late stance [59];

• Module 3 (higher activity in tibialis anterior and rectus femoris) contributes to decel-

erate the leg during early and late swing [59] and contributes to ground clearance of

the foot [64];

• Module 4 (higher activity of the hamstrings) contributes to decelerate the leg in late

swing and propel the body during early stance [59] [64].

Several control strategies have been proposed to control rehabilitation devices and most

of them use more assistance as the patient really need. Provide more assistance than needed

can have negative consequences for motor learning [56]. Recent studies have been focused

on ’assist-as-needed’ control algorithms for control robotic rehabilitation devices, which pro-

motes muscular activity of patients during the robotic walking [92]. Robotic guidance force

used in Lokomat is the amount of aid the patient receives during the walking.

Robotic assisted walking can be used to induce activation patterns during walking that

might be beneficial for the recovery of patients with motor impairments.

One of the goals of our study is to analyze the effects of the robotic guidance force and

gait speed on the modular organization of walking in healthy subjects during the use of a

rehabilitation exoskeleton (Lokomat, in this case). Our hypothesis is that walking under

variations of robotic guidance force and gait speed can be represented by a reduced number

of motor modules and activation signals. If we confirm this fact, we should conclude what

is the effect that the robotic therapy can have in such a modular control, especially in the

reeducation of the damaged modules present in people with motor impairments.

Actual computational techniques allow researchers to extract motor modules and activa-

tion signals from the EMG envelopes of each muscle. The most used mathematical algo-

rithms to do that are nonnegative methods and PCA (Principal Component Analysis).
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Nonnegative methods are more successful for this purpose than orthogonal methods like

PCA. In PCA algorithms, motor modules can have negative values and, therefore, many fea-

tures of the activation signals cancel each other on data reconstruction, which means that

their contribution to the final output patterns depends on the activity of other modules. On

the other hand, nonnegative methods only allow the addition and never the subtraction of fea-

tures. Therefore, each contribution of the activation signals can be analyzed independently

[87]. For these reasons, we decided to use a NNMF (nonnegative matrix factorization) al-

gorithm [52] to extract motor modules and activation signals from the EMG normalized

envelopes from all the trials performed by individuals and by the average group.

Given an m x t data matrix V with Vi j ≥ 0 and a pre-specified integer n < min(m,t), NNMF

finds two non-negative matrices W ∈ Rmxn and H ∈ Rnxt such that V ≈ W.H. For this study,

the matrix V represents the EMG envelopes, the matrix W represents the motor modules and

the matrix H represents the activation signals. A Matlab NNMF algorithm (Appendix C)

adapted by Lin [52] was used to extract motor modules and activation signals.

Each normalized EMG envelope (with values from 0 to 1) from all the trials was com-

bined into an m x t matrix (see figure 6.4-(A)), called EMG0, where m indicates the number

of muscles (seven muscles in this case) and t is the time base (101 values that represents the

gait cycle from 0% until 100%).

The NNMF algorithm was applied to the EMG0 matrix for extraction of motor modules

from each subject and for each condition. A priori, the number of activation signals, n, was

specified by us (two, three and four activation signals), and the NNMF algorithm found the

properties of the modules by populating two matrices: an m x n matrix (with values from 0

to 1), which specifies the relative weighting (motor modules) of a muscle in each activation

signal, and an n x t matrix (with values from 0 to 1), which specifies the activation timing of

each activation signal. These two matrices were multiplied to produce an m x t matrix (see

figure 6.4-(B)), called EMGr, in an attempt to reconstruct the EMG signals.

For each iteractive optimization of the algorithm, EMGr was compared to EMG0 by

calculating the sum of the squared errors (EMG0 - EMGr)2 and the result was used until

converge on the motor modules and the activation timings of the activation signals that min-

imized the error.

The results we obtained using two, three and four modules are presented in Chapter 8.
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Figure 6.4: Reconstruction of the normalized and smoothed EMG envelopes using a nonnegative matrix
factorization (NNMF) algorithm. (A) Normalized and smoothed EMG envelopes of the average group, at
2.0 km/h in Treadmill walking, for seven muscles of the lower limb. NNMF extracted 4 modules capable of
reconstruct the EMG data. (B) Total muscle activity (black lines) is given by the sum of the contributions from
all the activation signals weighting by the motor modules acting on it (colored lines). Each module include (C)
one motor module (muscles weightings) and (D) one activation signal (activation timing profile) across the gait
cycle.



Chapter 7
Experimental Protocol

The previous chapters have been useful to allow the reader to understand the procedures

that we performed with the participants of this study, as well as the posterior data analysis.

The same procedures were performed for all the participants included in the study. Thus,

this chapter begins with a brief description of the participants. Then, it continues with a

description of the Lokomat (the robotic device used in this study) and the procedures to

record electromyographic and kinematic data on both treadmill and Lokomat walking. The

chapter follows with the procedures that we implemented to process the data recorded during

the trials. Finally, the chapter ends referring the Statistical Analysis we used to conclude

about the results of the research.

7.1 Participants

Eight healthy participants (6 males and 2 females; age = 25,75 ± 4,37 years; body weight

= 69,5 ± 9,84 Kg; height = 1,76 ± 0,08) with no neurological injuries or gait disorders

participated in the study, performing the procedures reported in section 7.2. The character-

istics of the individuals are listed in Table 7.1. The participants had no previous experience

with the robotic-assisted walking. A local committee provided ethic approval for this study.

Participants gave verbal consent to perform the experiments and to be recorded.

7.2 Procedures

Only the members of the research group that took the Lokomatr Certificate Course ’User

for research purpose’ given by Hocoma AG could coordinate the experiments performed on

67
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Table 7.1: Description of the individuals

Individual Sex Age(years) Weight(Kg) Height(m)

I1 Male 21 66 1,82

I2 Male 22 75 1,68

I3 Male 33 75 1,85

I4 Female 21 55 1,68

I5 Male 26 85 1,87

I6 Female 29 58 1,71

I7 Male 25 68 1,72

I8 Male 29 74 1,74

this study.

Lokomat’s features were already described in section 2.3.1. Briefly, Lokomat is a robotic

orthoses composed of a treadmill and a body-weight support system, which controls the

user’s legs movements in the sagital plane [13]. Lokomat has four degrees of freedom, al-

lowing the movement control of hip (one degree of freedom in the left hip and other in the

right hip) and knees (one degree of freedom in the left knee and other in the right knee)

in the sagittal plane [13]. During the trainings, the feet stay in neutral position because of

the footlifters the patient need to put on (see figure 2.3). The trajectory, the speed and the

guidance force (the amount of aid the patient receives during the walking) used in Lokomat

is totally programmable. A value of 100% of guidance force corresponds to a strict guiding

(position control with stiff Lokomat joints) of the exoskeleton. A value of 0% corresponds

to free run mode (easily moveable Lokomat joints).

Each trial lasted from 100 to 120 minutes. This time period included the person’s prepa-

ration which entailed their skin preparation, electrodes placement, as well as the goniometer

and the footswitches accommodation. Hocoma suggests to wear appropriate clothing (long

pants or tracksuit pants made of soft cotton fabrics), in order to reduce the patient’s risk of

skin irritation and lesions. But these are the recommendations for the type of clothing during

normal training, i.e., without electrodes placed on the legs. Thus, each participant had to use

sneakers, thick and comfortable shorts and a thick shirt.
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The protocol followed by each participant is then described:

• With the participant standing, we measured the length of his/her upper leg (from the

femur’s greater trochanter to its epicondyle) in centimeters and lower leg (from the

knee joint cavity to the sole of the foot, including the sneakers). These two values

were inserted in Lokomat software in order to adapt the walking to the patient.

• Then, with the participant sitting on a chair, we verified the cuffs that better suited

him/her.

• We marked the regions where the cuffs would be fitted.

• If the subject had hair in the area where the electrodes would be placed, we would

do all the SENIAM recommendations before putting the electrodes (see section 4.2.).

After that, we fastened the bipolar electrodes (Ag-AgCl, Fiab S.p.A.) to specific loca-

tions of the subject’s dominant leg, according to the recommended sensor placement

procedure described in Appendix B, for the seven muscles studied (Rectus femoris,

Vastus lateralis, Semitendinosus, Biceps femoris, Gastrocnemius medialis, Gastrocne-

mius lateralis and Tibialis anterior) and also taking into account the regions where the

cuffs would be fitted. Then, we wrapped the electrodes with bandages to ensure that

the wires did not impede the subject’s walking. The EMG data were recorded using

an EMG acquisition system (BTS Pocket EMG, Myolab) handled by the participant

during the trials. The data was wirelessly streamed to a laptop.

• We put the goniometer in the knee joint (in the sagittal plane), the footswitches on the

foot of the dominant leg (we knew which was the dominant leg by asking the partici-

pant) and the reference electrode in the knee of the dominant leg.

• When the subject was fully instrumented, he/she was asked to walk at a self-selected

speed on the treadmill for approximately 4 minutes in order to get used to the treadmill.

After this adaptation period, the subject walked at three different walking speeds (1.5,

2.0 and 2.5 Km/h). The order was randomly selected to eliminate any bias associated

with the order in which speeds were tested. With each change in treadmill speed, the

subject walked for one minute adaptation phase, after which EMG and kinematic data

was collected for another one minute. At the end of this treadmill session and since
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Lokomat has implemented a system to measure joints kinematics, the gonimeter was

removed from the participant.

• After that, we put a harness on the participant (see figure 7.1). We lifted the participant

so that he/she was no longer touching the treadmill. Finally, we set the BWS (Body

Weight Support) to 30% of his/her weight.

Figure 7.1: Participant before being lifted by the Body Weight Support system

• We attached the Lokomat to the participant using special hooks to the harness. Then,

the participant was fitted to Lokomat, according to the features of the device that better

suited the participant (see figure 7.2): pelvic depth; Lokomat upper leg length; and

Lokomat lower leg length. After this, we fitted the cuffs.

• The final step before starting Lokomat walking was to put the footlifters on the par-

ticipant. During the Lokomat walking, we had to confirm constantly if the footlifters

pulled the feet up sufficiently in the swing phase so that they do not touch the treadmill.

If not, we would have to adjust them correctly during the walking.
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Figure 7.2: (A) Cuffs used to attach the participant’s legs to the Lokomat; (B) Some Lokomat’s features
include the pelvic depth, the upper and the lower leg length. The participant follows his performance watching
the visual representation of biofeedback in a special screen.

• When the subject was correctly fitted on Lokomat, Lokomat initiated stepping with

the participant still in the air and using 100% of guidance force. The participant was

allowed to walk in the Lokomat for 4 minutes at 1.5 Km/h in order to get used to the

device.

• At the end this period, we lowered the participant, constantly verifying if the feet

correctly touched the treadmill. This transition was extremely important, so that the

participant could correctly walk.

• After this adaptation period, Lokomat’s walking speed was then randomly set to one

of the three speeds (1.5, 2.0 and 2.5 Km/h) used during treadmill ambulation, and after

one minute of adaptation, EMG data was collected for another one minute sequence.

This same procedure was repeated for all the three speeds. At the end of this sequence,

we repeated the same procedure for the four different guidance forces (100%, 70%,

40% and 20%) studied, in a randomly order and a resting time of 4 minutes between

each different guidance force. During all the trials on Lokomat, the body weigh sup-

port was always 30% of the participant weight. The participants were asked to actively
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follow the robotic guidance aided by the Lokomat’s visual representation of biofeed-

back1 values (see figure 7.2-(B)). The visual biofeedback values, designed to motivate

the patient to improving the walking performance [54] [55] [78], were displayed step-

by-step in line graphs representing the walking performance over the last steps. In

particular, the participants were instructed to follow the robotic movements in order to

maintain a constant biofeedback value during each trial.

Figure 7.3: Lokomat implements gait trajectories very similar with the normal walking. (A) - (D) sequence
represents one stride cycle

• At the end of Lokomat walking, we stopped the exoskeleton and removed the partici-

pant inside it. After removed all the electrodes from the body, the participant cleaned

his/her skin with alcohol.

1The biofeedback system displays the patient’s activity in real time during the walking. The displayed
values are average values of the forces measured within the Lokomat drives, weighted according to the gait
cycle phase. The biofeedback values are strongly correlated with the force or torque values. However, they are
not displayed in Newtons or Newton meters, but in biofeedback units.
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7.3 EMG signal analysis

The ten central stride cycles of each recorded trial were selected for analysis. Data was ana-

lyzed using Matlab 7.0 (The Mathworks, Natick, MA) and SPSS statistical software (v. 18.0

IBM).

The EMG signals were processed as described in section 5.1. Raw EMG data (output

signals of the Pocket EMG) was band-passed filtered (first order zero-lag Butterworth digi-

tal, pass-band 20-400 Hz) to attenuate DC offset, motion artifacts and high frequency noise.

EMG signals were smoothed using a 50-point root mean squared (RMS) algorithm. The

smoothed EMG signals were interpolated per each stride cycle in order to obtain average

stride cycles with 101 points. Stride cycles were then averaged to obtain a time-normalized

gait cycles with 101 points. For each muscle and participant, each time-normalized EMG

signal was amplitude-normalized by its maximal value obtained in all the conditions of speed

and guidance force. These normalized EMG signals were computed to obtain the average of

the group, for each muscle and condition of speed and guidance force.

For each subject and for the average of the group, the normalized EMG signals of each

condition were combined into an m x t matrix (EMG0), where m indicates the number of

muscles (seven muscles in this case) and t is the time base (101 values that represent the gait

cycle from 0% until 100%) (see section 6.2. for details).

An NNMF (nonnegative matrix factorization) algorithm was applied to the m x t ma-

trix for extraction of motor modules and activation signals from each subject and for each

condition. A priori, the number of activation signals, n, was specified (two, three and four

activation signals), and the NNMF algorithm found the properties of the modules by populat-

ing two matrices: an m x n matrix, which specifies the relative weighting (motor modules) of

a muscle in each activation signal, and an n x t matrix, which specifies the activation timing

of each activation signal. These two matrices were multiplied to produce an m x t matrix

(EMGr) in an attempt to reconstruct the EMG signals. EMGr was compared to EMG0 (orig-

inal EMG signals) by calculating the sum of the squared errors (EMG0 - EMGr)2 and the

result was used for iterative optimization until it converged on the motor modules and the

activation timings of the activation signals that minimized the error.
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The variability accounted for (VAF) was calculated to determine the minimum number

of activation signals needed to adequately reconstruct the EMG0 of each subject and of the

average of the group. The VAF was calculated as the ratio of the sum of the squared error

values to the sum of the squared EMG0 values, according to the equation 7.1:

VAF = 1 −
∑b

a(EMG0 − EMGr)2∑b
a EMG2

0

(7.1)

where a and b denote the beggining and the end of the interval of analysis.

VAF was calculated for each muscle and for each condition of guidance force and speed.

In order to ensure the quality of reconstructed signals within each region of the gait cycle,

VAF was also calculated within seven phases of the gait cycle: 1) Initial double support

(corresponding to Initial contact plus Loading response), 2) Mid-stance, 3) Terminal stance,

4) Pre-swing, 5) Initial swing, 6) Mid-swing and 7) Terminal swing (see table 7.2). We

analyzed seven gait phases instead of eight (such as those presented in subsection 4.3.1.),

because Initial contact phase only occupies 2% of the gait cycle. For VAF analysis, it is

wise to analyze longer intervals. Thus, we combined Initial contact plus Loading response,

obtaining the Initial double support phase 2.

Table 7.2: Segmentation of the gait cycle into seven phases for the calculation of the VAF (variability ac-
counted for) of each phase

We analyzed VAF results from the computed activation signals from the average EMG of

the group. A minimal VAF value of 80% was required to consider the reconstruction quality

satisfactory, as referred by Clark et al. [12] and Gizzi et al. [28].

2Some authors denominate the 0-10% interval of gait cycle as Initial Double Support [1] [2] [48]. For that
reason and since we combined two gait phases to form one with this same duration, we decided to denominate
this gait phase with the same name referred by these authors. These authors denominated the 50-60% interval
of gait cycle as Terminal Double Support.
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In order to analyze if the motor modules can be similar for all the conditions of speed

and guidance force, the activation signals were also computed using the same motor mod-

ules (the modules obtained previously in Treadmill using 2.5 Km/h, 2.0 Km/h and 1.5 Km/h

speed) for all conditions.

The percentage contribution of the different gait phases to the total muscle activity (EMG

envelopes) and activation signals during stance and swing was calculated for all conditions

of force and speed.

7.4 Kinematic and kinetic values

Kinematic (joint angles during both types of walking) and kinetic (interaction forces between

each participant and Lokomat in the hip and knee joints) data was averaged per each stride

in order to obtain an average cycle with 101 points. Finally, these kinematic and kinetic data

was time normalized, expressed as a percentage of the total gait cycle, i.e., 0-100%.

The angular Range Of Motion (ROM) in the sagittal plane for hip and knee was found by

subtracting the minimum joint angle from the maximum joint angle for Lokomat trials for

each condition of Guidance Force (GF) and speed. The ROM in the sagittal plane for knee

during the Treadmill walking was also calculated, for each condition of speed. The time (%

of gait cycle) at which the minimum and maximum angles were obtained, for all conditions,

were also determined.

The kinetic Range Of Forces (ROF) in the hip and knee joints of Lokomat was found by

subtracting the minimum joint force from the maximum joint force for Lokomat trials for

each condition of Guidance Force (GF) and speed and also for each gait phase.

For both types of walking (treadmill and robotic-aided) and for all the conditions of

speed and guidance force, we calculated the time duration of the gait cycle (mean ± standard

deviation) for the group average, as well as the stance and swing ratio. All the gait parameters

were calculated based on footswitch data.
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7.5 Statistical analysis

To perform the statistical analysis, each activation signal and EMG envelope was character-

ized by seven values - the seven integral values of each gait phase.

Motor modules and activation signals differences across subjects in treadmill gait, for

each condition, were assessed using a three -factor (name of the participant, speed; and mus-

cle) ANOVA and Tukey’s post hoc analysis.

Motor modules and activation signals differences across subjects in robotic-assisted walk-

ing, for each condition, were assessed using a four -factor (name of the participant, % GF;

speed; and muscle) ANOVA and Tukey’s post hoc analysis. Motor modules differences for

each subject in robotic-assisted walking, for each condition, were assessed using a three -

factor (% GF; speed; and muscle) ANOVA and Tukey’s post hoc analysis. The association

between subjects and their activation signals was assessed using a Spearman’s correlation.

Activation signals and motor modules average group differences between Treadmill and

Lokomat walking were assessed using a Spearman’s correlation.

In order to analyze the possible existence of the same motor modules for all conditions

of walking, the activation signals were computed using the same motor modules (the motor

modules obtained in Treadmill using 2.5 Km/h, 2.0 Km/h and 1.5 Km/h speed) for all condi-

tions. A Spearman’s correlation was used to analyze the differences between these activation

signals.

A correlation between the percentage contribution of different periods (gait phases) to

total muscle activity (EMG envelopes) and activation signals during stance and swing, for

all conditions of force and speed, was assessed using a Spearman’s correlation.

For all these statistical tests, the level of significance was defined as 0,05.



Chapter 8
Experimental Results and Discussion

Four modules were required to reconstruct the EMG envelops with VAF (variability ac-

counted for) superior than 80% for all muscles and gait phases (see Table 8.3). This result

supports previous studies reporting the same number of modules [12] [64] [63] [59] [28].

Ivanenko et al. [39] identified 5 modules, but the extra module was highly related with erec-

tor spinae and iliopsas muscles, which are muscles that we did not record their activity.

With only two (Table 8.1) or three (Table 8.2) modules, several VAF values of our work were

lower than 80%. Therefore, the results presented on this chapter are related with the analysis

performed with four modules.

The computed motor modules, activation signals and EMG envelopes for all conditions

of guidance force and speed are represented on figures 8.1, 8.2 and 8.3.

The extracted motor modules and activation signals revealed that the activity of each

muscle consisted in contributions from each module, but it is usually dominated by a single

module (except Rectus femoris and Vastus lateralis), as represented on figures 8.1, 8.2 and

8.3.

For all the conditions of speed and guidance force, the modular control presented the

following characteristics:

• Module 1 consisted mainly of flexor activity from the Rectus femoris (hip flexor) and

activity of the Vastus lateralis (knee extensor). This module was mainly active during

the early stance phase.

• Module 2 mostly consisted of activity of the Semitendinosus (knee flexor) and Biceps

femoris (hip extensor) muscles at late swing and early stance.
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• Module 3 consisted mainly of activity of the Gastrocnemius medialis and Gastrocne-

mius lateralis (ankle plantarflexors) and this module was primarily active during late

stance.

• Module 4 consisted mainly of activity of the Tibialis anterior (ankle dorsiflexor). This

module was mainly active during early stance and early swing.

8.1 Modular organization during treadmill walking

The calculated motor modules on treadmill gait are very similar among subjects (p-values

very high - Table 8.4-(A)). The motor modules are also very similar across speeds.

In relation to the activation signals, they are relatively similar among subjects (p=0.621).

Activation signals vary slightly with the speed, but the differences are not so much significant

(p=0.301 - Table 8.4-(B)).

Our computed activations signals and motor modules extracted during treadmill walking

were very similar with the ones obtained by Clark et al. [12].

8.2 Modular organization during Lokomat walking

The calculated motor modules during robot-aided walking were similar among subjects

(p=0,985 - Table 8.5) and among the group average (see table 8.7 and figure 8.5).

The results showed that activation signals during Lokomat walking are quite different

among subjects (see Figure 8.6), for the same conditions (p=0.03 - Table 8.6). These ac-

tivation signals also changed with the speed (see Figure 8.4), for the same guidance force

conditions (p=0.014 - Table 8.6).

8.3 Modular organization comparing Treadmill with Loko-
mat walking

Analyzing the correlations of activation signals (tables 8.8-(A), 8.9-(A), 8.10-(A) and 8.11-

(A)) for all conditions of Guidance force and speed, we can refer that:

• The correlations between robotic-guided walking using 20% GF and 1.5 Km/h speed

with the other conditions presented the lowest values. This result was expected, since

the participants related discomfort during this condition.
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• Robotic-guided walking with 100% GF presented the lowest correlations with the

treadmill walking condition.

• Robotic-guided conditions with 40% and 20% of guidance force presented the higher

similarities with respect to treadmill walking, except for the combination of 20% of

guidance force and 1.5 Km/h speed.

Analyzing the correlations of motor modules (tables 8.8-(B), 8.9-(B), 8.10-(B) and 8.11-(B))

for all conditions of Guidance force and speed, we can refer that:

• The robotic-aided condition of 20% GF and 1.5 Km/h speed, presents the lowest cor-

relation values in relation to the other conditions.

• The other combinations present high correlation values among themselves.

Therefore, we can refer that the motor modules values are significantly similar both on

treadmill and Lokomat, whereas the activation signals vary much more. From all conditions

analyzed in this study, the activation signals and the correspondent motor modules in Loko-

mat walking at 1.5 Km/h and with 20% GF presented lower correlation values in relation to

the other conditions. This result was expected, because it was a very ’robotized gait’ (see

kinematic pattern in figure 8.10) and also because individuals mentioned discomfort while

walking with this combination of force and speed. In relation to the other conditions, we can

observe that the computed motor modules and activation signals of the trials using 40% and

20% of GF presented higher correlation values with the results from treadmill, more than the

results from 100% and 70% of GF compared with treadmill. This fact supports the idea that

walking with less GF would conduct to similar activation signals and motor modules to the

obtained in treadmill, for healthy subjects.

We tested the computation of activation signals with fixed motor modules (Figure 8.7),

using the computed motor modules of Treadmill walking with 2.5 Km/h, 2.0 Km/h and 1.5

Km/h speeds (represented in figures 8.3, 8.2 and 8.1, respectively). This analysis revealed

the following characteristics:

• Activation signal 1 was similar across all combinations.

• Activation signal 2 was similar for treadmill walking and Lokomat walking using 20%

and 40% GF at low speeds.
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• All the correlations were similar for activation signal 3. The correlations between

treadmill and Lokomat walking with 20% GF were the best, with all values higher

than 0,90.

• High similarity of activation signal 4 between treadmill and Lokomat walking was

observed with 20% of guidance force (at low speeds).

The result of this analysis with fixed motor modules also showed good accuracy in the

reconstruction of the EMG envelopes. This result confirms that motor modules are similar

across variations of guidance force and speed, whereas the activation signals vary much

more, depending on the speed and the amount of aiding given by the orthoses.

Using the fixed motor modules obtained in Treadmill using 1.5 Km/h speed, the VAF

was 91,85 ± 30,88%; using the fixed motor modules obtained in Treadmill using 2.0 Km/h

speed, the VAF was 95,15 ± 12%; using the fixed motor modules obtained in Treadmill

using 2.5 Km/h speed, the VAF was 92,98 ± 19,48%. Thus, the quality of reconstruction

using the fixed motor modules obtained in Treadmill using 2.0 Km/h was better than the

reconstruction using the fixed motor modules obtained in Treadmill using 2.5 Km/h and

1.5 Km/h. We believe that this result support the idea that Rectus femoris activity depend

on the same activation of two specific modules (our modules 1 and 4, which are the same

modules referred by McGowan et al. [59]), as the motor modules obtained in Treadmill

using 2.0 Km/h, in opposition to the motor modules obtained in Treadmill using 2.5 Km/h

and 1.5 Km/h, where only one module and three modules contribute, respectively, to the total

activity of Rectus femoris.

8.4 Muscular activation

The average EMG envelopes recorded from the seven muscles, for both types of walking

and for all conditions of guidance force and speed, are illustrated in Figure 8.8. Different

muscular activation patterns were obtained according to the demand.

In general, muscular activation increased with the increase of speed, for all conditions of

guidance force used in Lokomat and for treadmill walking. Generally, there was also higher

muscular activation for 20% and 40% GF in respect to the other guidance forces, for all

conditions with the same speed.

We found that the activation patterns of Rectus femoris and Vastus lateralis presented

higher activity during robotic-guided walking than treadmill walking, for all the variations of
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guidance force and speed. There was significantly less contribution of Gastrocnemius medi-

alis, Gastrocnemius lateralis and Tibialis anterior to the mechanical demand imposed during

robotic-guided walking than treadmill walking. In general, the hamstrings (Semitendinosus

and Biceps femoris) presented similar activation patterns for both types of walking. Never-

theless, the activity of the hamstrings during Lokomat walking was typically lower than the

obtained on Treadmill walking in the transition from swing to stance and the initial 30% of

gait cycle.

In relation to gastrocnemius medialis, gastrocnemius lateralis and tibialis anterior activ-

ity during Lokomat walking, Hidler [36] reported that the drop in muscle activity (he only

used 100% of guidance force) could be related with the use of footlifters, which assist ankle

dorsiflexion for toe clearance during swing phase. Interestingly, we obtained less muscular

activity not only using 100% of guidance force, but also for the other guidance forces. In

relation to the quadriceps (Rectus femoris and Vastus lateralis), Hidler explained that people

usually rotate their hips and also abduct their legs to allow the toe to clear the floor, which are

movements quite limited to perform in Lokomat. Therefore, participants of his study (just

using 100% of guidance force) exerted higher muscle activity in the quadriceps to help in the

elevation of the feet and preventing toe from getting caught in the treadmill. Interestingly,

we obtained higher activity for all the guidance forces.

Partial contributions of each gait phase to the total muscular activity per stride revealed

higher correlation values for Vastus lateralis, Semitendinosus and Biceps femoris, when com-

paring both types of walking.

8.5 Gait parameters

The analyzed gait parameters showed some differences between Treadmill walking and

robotic-aided walking. The gait cycle time was much shorter during Treadmill walking (See

Table 8.12). The fact that the average group took much more time to complete a step cycle

during Lokomat walking than Treadmill walking may influence muscular activation.

The percentage of stance phase was longer in Lokomat walking using 100% and 70%

of guidance force. When walking with 40% and 20% of guidance force, the average group

presented similar percentages of stance phase compared with walking in treadmill.

For both types of walking and for all the conditions of guidance force, the gait cycle time
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increased with the decrease in speed.

8.6 Kinematics

In order to analyze if the participants would change joint trajectories as a response to the

altered mechanical demand, we examined the average knee and hip joints trajectories and

the correspondent ROM (range of motion) in the sagittal plane.

Knee joint angular patterns for all the conditions, according to the speed are represented

in Figure 8.9. It can be observed that the range of motion in the knee while walking on

treadmill is slightly higher than the obtained during robotic-guided walking. Normal physi-

ological and symmetrical gait patterns were obtained for each condition.

Figure 8.10 represents the average knee and hip angular trajectories, for all the conditions

of robotic-aided walking.

Angular patterns and the correspondent ROM were very similar for all conditions, except

for the condition of 20% GF. Nevertheless, despite being firmly strapped into the Lokomat,

a small amount of variance was found. This happened, because each participant can pro-

duce relative movement in relation to the Lokomat, although Lokomat guides the limbs of

all subjects through pre-programmed trajectories. In general, the ROM decreased with the

decreasing amount of guidance force (Table 8.13).

The ROM of the hip joint, using 20% GF, was smaller when compared with the other

conditions of guidance force, for the same walking speed. The ROM of the knee joint using

20% GF and 1.5 Km/h was smaller when compared with the other conditions. In general, it

was found that the ROM of both knee and hip joints increased with the speed and the % GF,

except for the condition of 20% GF, where the hip ROM decreased with the increase of speed.

The time at which occurred the minimum angle of hip joint was similar for all conditions,

taking place at the transition from terminal stance to pre-swing (in the region of 50% of gait

cycle), except for 20% GF and 1.5 Km/h, where the minimum angle was obtained in the

middle of terminal stance (in the region of 40% of gait cycle). The time at which occurred

the maximum angle of hip joint was similar for all conditions, taking place at mid-swing (in

the region of 73-87% of gait cycle).
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The time at which occurred the minimum angle of knee joint was similar for all condi-

tions, taking place at transition from swing to stance (in the region of 100% of gait cycle).

The time at which occurred the maximum angle of knee joint was similar for all conditions,

taking place at the final of initial swing (in the region of 73% of gait cycle).

8.7 Force (Kinetics)

In order to determine if subjects would modify the patterns of interaction forces during the

gait cycle, we examined the average knee and hip exoskeleton joint forces. We observed

that in general, subjects were able to walk with a similar kinematic pattern imposed by the

robot. But changes in the mechanical pattern, related with the changes in modular control

and induced by altered demand, were observed (Figure 8.11). In general, the ROF (Range

Of Forces) decreased with the decrease of GF and the increase of speed.

Main deviations across combinations in the interactions forces were found in the transi-

tion from stance to swing (in the region of 60% of gait cycle).

8.7.1 Hip Kinetics (joint forces)

For the hip joint, we observed that with 20% and 40% GF, as the leg moved to prepare the

swing motion and initiate it, relative hip extension and flexion torques were small. Never-

theless, for higher GF (70% and 100%), the hip torque patterns required a more complex

strategy as subjects exerted significantly higher hip flexion torques at mid-swing (in the re-

gion of 73-87% of gait cycle). This reveals a strategy that is adopted to pull the leg towards

swing that is accentuated with augmented mechanical demand. This behavior correlates with

the increased RF (hip flexor) activity and decreased activity of the hamstrings (hip extensor).

8.7.2 Knee Kinetics (joint forces)

For the knee joint, the ROF (Table 8.14-(B)) decreased with the decrease of GF and the

increase of speed. The ROF using 20% and 40% GF is reduced when compared to higher

levels of GF. The main differences in forces across combinations for this joint were observed

in the transition from stance to swing (in the region of 60% of gait cycle). For 20% and 40%

GF, the limb produced reduced extension torques during pre-swing (in the region of 50-60%

of gait cycle), followed by reduced flexion torques at initial swing (in the region of 60-73%
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of gait cycle). In turn, using 70% and 100% GF resulted in increased knee extension torques

at pre-swing followed by increased knee flexion torques at initial swing. This behavior cor-

relates with the increased RF (knee extensor) and VL (knee extensor) activity during the

stance phase.
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Table 8.1: Evaluation of the quality of reconstruction (VAF) per gait phase, using only two modules. VAF
values equal or higher than 80% are colored in green. VAF values equal or higher than 70% are colored in
yellow. VAF values lower than 70% are colored in red.
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Table 8.2: Evaluation of the quality of reconstruction (VAF) per gait phase, using only three modules. VAF
values equal or higher than 80% are colored in green. VAF values equal or higher than 70% are colored in
yellow. VAF values lower than 70% are colored in red.
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Table 8.3: Evaluation of the quality of reconstruction (VAF) per gait phase, using only four modules. All the
VAF values are equal or higher than 80%. Therefore, all of them are colored in green.
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Figure 8.1: Modules obtained for all the conditions of Treadmill and Lokomat walking using 1.5 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 1.5 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Figure 8.2: Modules obtained for all the conditions of Treadmill and Lokomat walking using 2.0 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 2.0 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Figure 8.3: Modules obtained for all the conditions of Treadmill and Lokomat walking using 2.5 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 2.5 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Table 8.4: Similarity tests of the (A) motor modules and (B) activation signals actuating on Treadmill walking,
across participants.
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Figure 8.4: Activation signals (A) per gait speed and (B) per guidance force in the robotic condition
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Table 8.5: Similarity tests of the motor modules actuating on robotic-guided walking, across participants
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Table 8.6: Similarity tests of the activation signals actuating during robotic-guided walking, across partici-
pants



8.7. FORCE (KINETICS) 95

Table 8.7: Similarity tests of the motor modules actuating on robotic-guided walking, in relation to the group
average
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Figure 8.5: Representation of average motor modules for all the conditions of walking (mean and standard
deviation among participants)
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Figure 8.6: Representation of average activation signals for all the conditions of walking (mean and standard
deviation among participants)
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Table 8.8: Evaluation of Module 1. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 1 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 1 among all the conditions of guidance force and speed in the average group.
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Table 8.9: Evaluation of Module 2. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 2 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 2 among all the conditions of guidance force and speed in the average group.
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Table 8.10: Evaluation of Module 3. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 3 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 3 among all the conditions of guidance force and speed in the average group.
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Table 8.11: Evaluation of Module 4. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 4 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 4 among all the conditions of guidance force and speed in the average group.
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Figure 8.7: Analysis of the computed activation signals for all conditions of guidance force and speed using
the motor modules obtained on (A) Treadmill at 2.5 Km/h, (B) Treadmill at 2.0 Km/h and (C) Treadmill at 1.5
Km/h. The same motor modules were used for all conditions.
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Figure 8.8: Average envelope signals of Rectus femoris (a), Vastus lateralis (b), Semitendinosus (c), Biceps
femoris (d), Gastrocnemius medialis (e), Gastrocnemius lateralis (f) and Tibialis anterior, for all the conditions
of guidance force and speed (all subjects).
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Table 8.12: Variability (mean ± SD) of some gait parameters across different conditions of walking within
the group of participants.
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Figure 8.9: Mean kinematic trajectories of the knee joint (sagittal plane) during the gait cycle comparing both
types of walking, in relation to the same speed.
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Figure 8.10: Mean kinematic trajectories of the hip and knee joints (sagittal plane) during the gait cycle in
the robotic-aided walking condition.
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Table 8.13: Kinematic patterns of the hip and knee joints in the sagittal plane during Lokomat walking.
Results of the group average for all conditions of guidance force and speed. Representation of the minimum and
maximum angle of the gait cycle, the range of motion, the standard deviation and the correspondent moments
of gait cycle when the minimum and maximum angles are obtained, for both joints.
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Figure 8.11: Mean interaction joint forces between the participants and Lokomat during the gait cycle.
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Table 8.14: Kinetic values obtained in the (A) hip and (B) knee joints in the sagittal plane during Lokomat
walking. Results of the group average for all conditions of guidance force and speed and for the seven phases
of gait cycle. Representation of the minimum and maximum forces obtained in each gait phase of for each
condition, for both joints. For each condition, it is also referred the ROF (range of forces) values.



 



Chapter 9
Conclusions

Evidences show that motor rehabilitation should be performed with the aim of improving

some damaged gait tasks, so that these tasks can be relearned [93] [21]. Future exoskele-

tons used in gait training will certainly present a control strategy based on this principle.

Robotic training should be as intensive as possible (providing only the amount of assistance

as needed) and begin as soon as possible. Thus, it is more likely to obtain the necessary

cortical arrangement responsible for improving the damaged walking tasks [5].

It is fundamental to understand how the nervous system coordinates the muscular ac-

tivity during robotic-guided walking in order to design new robotic therapy for post-stroke

patients. Our study evaluated the effects of robotic-aided walking in healthy participants. We

developed a protocol to analyze the differences in the modular organization of the nervous

system, in the muscular activation, in the gait parameters, as well as the kinematic and kinetic

differences between normal walking and walking assisted by an exoskeleton, changing the

guidance force and the speed. The results of our study are very important, because they pro-

vide a baseline for comparison with future studies about motor rehabilitation in post-stroke

patients during robotic therapy, as well as to develop new rehabilitation methods.

9.1 Discussion of the Work

Our work had three main goals: to study the muscular electric activity during walking in

Lokomat, by varying the total assistance provided by the device, as well as the walking

speed; to analyze the kinematic changes obtained during Lokomat-assisted walking, as well

as the interaction forces between each user and the robotic device; to understand how the
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nervous system synchronizes the muscular activity during walking assisted by robotic de-

vices. All these three major goals were completely achieved.

A very difficult task of this study was the acquisition of muscle activity during Loko-

mat walking. In some trials of the individuals not included in this study, we noticed contact

between sEMG electrodes and the Lokomat’s cuffs, which could influence the results. There-

fore, the results of those individuals were not considered for this study. We developed a final

protocol for the acquisition of electromyographic signals in robotic-aided locomotion, taking

into account the resting time the individuals need and the correct position of the electrodes

based on the cuffs location. Throughout all the steps of walking, we had to observe carefully

the position of the electrodes and the quality of the EMG signals. Finally, we had to motivate

the individuals during the 120 minutes they participated in the experience.

We should also take into account the possible existence of delays between the detection

of contact by the footswitches in relation to the real contact time. Those possible delays are

usually ignored in scientific papers and, therefore, not mentioned.

There is more than one computational decomposition technique to extract motor mod-

ules and activation signals. We decided to use NNMF for this study, which may influence

the quantitative results of the analysis in comparison with other methods, but it is unlikely

that those differences qualitatively change the results. Besides, the most recent studies seek-

ing for new modules during different motor tasks have been using NNMF methods as well

[11] [12] [28].

The main characteristic roles of motor modules and activation signals during robotic-

guided walking were identified in our study. Four modules were sufficient to reconstruct

every phases of all gait cycles. Fewer modules were insufficient to correctly reconstruct the

gait cycles. Module 1 mainly provides body support during the early stance phase. This

module increases its contribution in response to increased robotic guidance. Module 2 is a

major responsible of leg movement during late swing and preparation towards early stance.

This module decreases its contribution (decrease activity of the hamstrings) in response to

increased robotic guidance. Module 3 mainly contributes to control the propulsion of the foot

during the last part of the stance phase. Module 4 provides mainly contribution to control
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the ankle during early stance and early swing. Modules 3 and 4 contribute less significantly

to the generation of torque during the tested conditions.

We verified that if the biomechanical requirements had changed during Lokomat walk-

ing, then the modular activation would also change. Motor modules were very similar among

conditions and across individuals, whereas the activation signals varied much more according

to the conditions of guidance force and speed. The computed motor modules and activation

signals support the idea of a modular organization of the nervous system to produce walking

and that a flexible modulation of this organization is sufficient to explain the walking under

variations of robotic guidance force and speed. We believe that neuronal signals select, acti-

vate and combine in a flexible way (activation signals) specified by networks with constant

motor modules in the spinal cord or in the brain stem.

The motor responses among different conditions of guidance force and speed can be de-

scribed by the correlation values. High correlation values indicate a similar motor response

between conditions and low correlation values indicate a different motor response between

conditions. For rehabilitations purposes, we believe that future design and control strategies

should induce similar synergistic activation patterns with the normal walking obtained in

healthy subjects. Therefore, control strategies inducing different synergistic activation can

have negative consequences for motor learning.

The modular control of the nervous system produced variations in muscular activation as

a result of the type of robotic assistance. It is remarkable that in the present study is con-

firmed that robot-aided walking in general induces significantly different muscle activation

patterns if compared to treadmill walking, in line with the results obtained by McGowan [59].

The reduced degrees of freedom on Lokomat are believed to be the reason to induce different

muscular activation between Treadmill and Lokomat walking, especially when using higher

guidance forces. Maybe the use of more degrees of freedom that allow pelvis and abduction

movement, as well as the control of ankle movement could introduce new advantages to re-

habilitation purposes. An electromyographic study of the walking in a rehabilitation device

presenting those features could guide further development in robotic devices for gait training.

The biomechanical results gave us the basis to compare future biomechanical data of
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post-stroke patients during robotic-aided walking, in comparison with healthy subjects. Fu-

ture therapy design will be done based on these results.

The conclusions of this study with healthy subjects cannot be extrapolated to people with

neurologic damages. We assume that those individuals exhibit different modular organiza-

tion due to the injuries in some motor commands. Nevertheless, this study can be a basis of

comparison between healthy subjects and individuals with neurologic injuries.

One of the contributes of our study is to have proposed a method to generate a motor con-

trol template for robotic-based rehabilitation of walking. Future design control strategies to

be implemented in robotic gait trainers might be directed to promote similar modular control

to the obtained in this study. Robotic devices to retrain human gait after brain damage should

be adapted to train the nervous system to induce the required timing of activity generated by

central pattern generator neurons that is directed to the motorneurons.

We also pretend to analyze the activity of more muscles simultaneously in order to verify

more accurately the possible existence of more modules and how they act according to the

amount of assistance provided by the exoskeleton. If researches identify which modules are

affected post-stroke, it will be possible to develop focused therapies to retrain those modules.

To achieve this goal, it is necessary to perform much more studies about the working of the

modules in post-stroke patients during robotic-assisted walking, by testing many different

therapies.

Finally, we believe that future directions on the rehabilitation orthoses field are the ad-

dition of more degrees of freedom to the individual’s leg, as well as the implementation of

complex control strategies to guide leg movements such as the ’assistance-as-needed’ control

algorithm. The addition of more degrees of freedom will allow more natural motion at later

stage of rehabilitation. On the other hand, therapists can lock come joints if the patient is not

sufficiently prepared to perform some movements without those joints being locked. Each

exoskeleton should be capable of customize the training for every patient, according to their

modular organization and kinematic/kinetic patterns. Assistance-as-needed should be con-

trolled according to each gait phase and for all the joints. Each of these features mentioned

above may result in more normative muscle activation patterns and provide new challenges
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to the patient during the training, which can add more benefits to the recovery of people with

neurologic injuries.

9.2 Future Work

Rehabilitation of gait disorders requires a step-forward to intervene with more accurate ac-

tions that rely on objective assessment of the patients’ performance and recovery. This re-

quires improvement in two key aspects:

• The assessment of pathologic gait in terms of biomechanics and neuromuscular per-

formance in realistic conditions;

• Training of movement with feedback that is designed based on targeted neuromuscular

and biomechanical patterns.

In the future, we pretend to develop novel means to ambulatory monitor and rehabilitate

gait in stroke survivors by means of improved wearable sensing and exoskeletons technolo-

gies that are suitable for gait retraining in stroke, spinal cord and Parkinson disease (PD) pa-

tients and to gain a new insight into cognitive human-robot interface systems (Brain-neuronal

computer interaction). Innovation comes from the hypothesis of a TOP-DOWN robotic ap-

proach for walking: neuro-physiological signals originated in the neural system can be used

to complement biomechanical signals for both monitoring and control technologies used for

neuro-rehabilitation. The PhD project is to be fitted in the framework of the HYPER (Span-

ish) and BETTER (European) projects coordinated by CSIC’s Bioengineering Group. At the

final, our results should include:

• New rehabilitation tools for future treatment and research.

• Advancement in current concepts of motor control of walking.

• Improved neuro-rehabilitation, involving enhanced motor learning in stroke survivors,

spinal cord injured and/or PD patients.
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Appendix A
Pocket EMG Features

Figure A.1: Block Diagram of the components implemented in Pocket EMG. Courtesy of BTS

Instrumentation amplifier:

- Gain: fixed, selectable between 1 and 10000

- CMRR: 110 dB

- Noise Voltage: 10 nV/ Hz with frequencies up to 1 KHz

- Input resistance: 1010Ω

- Common Mode Input Capacity: 4pF

- Differential Input Capacity: 1pF

Analog Filter:

- Type: High Pass

- Fcutoff: 15.7 Hz

Variable amplifier:

- Gain: variable between 0 and 255/256 in 256 steps
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- Noise Voltage: 29 nV

Fixed Amplifier:

- Gain: fixed, 120

- CMRR: 95 dB

- Noise Voltage: 8 nV

- Common Mode Input Capacity: 8.8 pF

- Differential Input Capacity: 2.59 pF

Filter:

- Type: Analogic -20dB/dec

- Fcutoff: 1000 Hz

ADC Converter:

- Resolution: 16 bit

- Sampling frequency: up to 100 KHz. Standard = 20 KHz

Antialiasing Filter:

- Type: Digital, FIR lowpass (Kaiser Window), 16 tap.

- Fcutoff: 450 Hz with sampling frequency up to 1KHz, 750 Hz up to 2KHz and 1000

Hz for Fs= 2KHz

Decimation:

- 1, 2, 5, 10 KHz of the signal sampled at 20 KHz, according to the choosen sampling

frequency



Appendix B
Electrodes location

It is necessary to place the participant in a starting posture to determine the correct location

of the electrodes on each muscle (figure B.1), based in relative distances between anatomical

landmarks (represented in figure 4.11). Finally, there were performed tests to check if the

electrodes were effectively well fitted. All the procedures performed for each muscle are

detailed in table B.1 and they were done according to the SENIAM recommendations [32].
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Figure B.1: Electrodes location in the seven muscles studied: (A) Rectus femoris and Vastus laterais, (B)
Semitendinosus and Biceps femoris, (C) Gastrocnemius medialis and Gastrocnemius lateralis, (D) Tibialis
anterior. (E) Reference electrode is placed in the knee.
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Table B.1: Recommendations for the starting posture, electrodes location and tests of activity of the seven
studied muscles on this work. Adapted from SENIAM [32]

Rectus femoris
Starting posture Sitting on a table with the knee in slight flexion and the upper body bend backward
Electrodes location At the middle of the line between anterior superior iliac spine and the patella
Test Extend the knee while applying force against the leg in the direction of flexion

Vastus lateralis
Starting posture Sitting on a table with the knee in slight flexion and the upper body bend backward
Electrodes location At 2/3 on the line between anterior superior iliac spine and the lateral side of patella
Test Extend the knee while applying force against the leg in the direction of flexion

Semitendinosus
Starting posture Lying on a table with the face down , the thigh touching on the table and the knee flexed

approximately 45 degrees
Electrodes location In the middle of the line between the Ischial tuberosity and the medial epycondyle of the

tibia
Test Press the leg in the direction of knee extension

Biceps femoris
Starting posture Lying on a table with the face down , the thigh touching on the table and the knee flexed

approximately 45 degrees
Electrodes location In the middle of the line between the Ischial tuberosity and the lateral epycondyle of the

tibia
Test Press the leg in the direction of knee extension

Gastrocnemius medialis
Starting posture Standing, with the ankle joint in plantarflexion
Electrodes location On the most prominent bulge of the muscle
Test Standing, in plantarflexion, with a bar or some other fixed platform making pressure

against the shoulder

Gastrocnemius lateralis
Starting posture Standing, with the ankle joint in plantarflexion
Electrodes location At 1/3 of the line between the head of the fibula and the heel
Test Standing, in plantarflexion, with a bar or some other fixed platform making pressure

against the shoulder

Tibialis anterior
Starting posture Sitting
Electrodes location At 1/3 of the line between the tip of the fibula and the tip of medial malleolus
Test Apply pressure against the medial side, dorsal surface of the foot, in the direction of

plantarflexion of the ankle joint



Appendix C
Matlab functions to implement NNMF

Figure C.1: Function nmf (). Used with permission from [52]
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Figure C.2: Function nlssubprob (). Used with permission from [52]




