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Abstract

Automation has changed the working conditions in industries and manufacturing
process, but still many industries needs manual operations and handling for various tasks.
These manual operations lead to work-related Musculoskeletal Disorders (MSD) which is
one of the major problems for industrial workers. Muscle fatigue is one of the reason
leads to Musculoskeletal Disorder. The companies have to pay attention on this issue
due to the new laws on penibility or repetitive tasks. In this thesis, we are focusing on
the development of an adequate and realistic dynamic muscle fatigue and recovery model
for dynamic work posture, its applications and validation through experiments. Firstly,
we have introduced a new dynamic muscle fatigue model with a newly introduced co-
contraction factor to predict the physical strength in dynamic conditions. A recovery
model is used to predict the recovery after fatigue. Both the models are first validated
theoretically and compared with previous models and then validated experimentally. In
theoretical analysis models are compared using regression methods. Secondly, experiments
were conducted on 10 subjects for push pull motion of the arm to study the muscle strength
and rate of recovery. Electromyography (EMG) technique is used to analyze the muscle
activity. At last, the experimental data are used to validate muscle fatigue and recovery
model. It has been found that with the increase in muscle fatigue co-contraction index
decreases and most of the subjects followed the exponential function predicted by fatigue
model. With the use of co-contraction factor dynamic maximum endurance time (DMET)
decreases by 25.9% as compared to R.Ma’s Model. At last, the normalized values of fatigue
rate and co-contraction factor are used to predict the DMET for various work loads. The
fatigue and recovery model proposed in this thesis can be useful in analyzing the muscle
fatigue and recovery parameters, to analyze human posture and in improving working

ergonomics conditions.
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Résumeé

L’automatisation a changé les conditions de travail dans les industries en changeant
les processus de fabrication. Cependant, il existe encore beaucoup dindustries deman-
dant des opérations manuelles ou de manutention pour diverses taches. Ces opérations
manuelles conduisent a apparition de troubles musculo-squelettiques (TMS) qui sont
['un des problemes majeurs pour les travailleurs. La fatigue musculaire est ['une des
causes des troubles musculo-squelettiques. Les entreprises doivent faire attention a ce
probleme en raison des nouvelles loits sur la pénibilité ou les taches répétitives. Dans
cette these, nous nous concentrons sur le développement d’un modele dynamique de fa-
tigue et de récupération musculaire pour des postures de travail dynamique, ses applica-
tions et sa validation par le biais d’expériences. Tout d’abord, nous avons introduit un
nouveau modele de fatigue musculaire dynamique incluant un facteur de co-contraction
pour prédire la variation de la force physique dans des conditions dynamiques. Un
modele de récupération est utilisé pour prédire la récupération apres la fatigue. Les
deuzr modeles sont d’abord validés thoriquement et comparés avec les modeles précédents,
puis validés expérimentalement. En théorie, les modeles d’analyse sont comparés en
utilisant la méthode de régression. Deuziemement, des expériences ont été menées sur
10 sujets pour le mouvement push-pull du bras pour étudier la force musculaire et le
taux de récupération. Des signauz d’électromyographies (EMG) sont utilisés pour anal-
yser lactivité musculaire et valider les modéles de fatigue musculaire et de récupération.
1l a été constaté que lorsque la fatigue musculaire augmente, l'indice de co-contraction
diminue. Aussi, la courbe de fatigue de la plupart des sujets a suivi la fonction expo-
nentielle décroissante prédite par le modéle de fatigue. Awvec ['utilisation du facteur de
co-contraction, dynamique, le temps d’endurance mazximale (DMET) diminue de 25,9 %

par rapport au modele de R. Ma. Enfin, les valeurs normalises du taux de fatigue et le



facteur co-contraction sont utilisés pour prédire la DMET pour diverses charges de tra-
vail. Le modeéle de fatigue et de récupération proposé dans cette thése peut étre utile dans
l’analyse des parametres de fatigue musculaire et de récupération, d’analyser la posture

humaine et dans 'amélioration de l’ergonomie des postes de travail.
Mots-clés :

Fatigue musculaire, troubles musculo-squelettiques (TMS/MSD), contraction max-

imale spontanée, modele de la fatigue musculaire dynamique, modle de récupération, co-

contraction, électromyographie (EMG), temps d’endurance maximale dynamique (DMET).
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Chapter 1

General Introduction

1.1 Motivation and Purpose

Manual handling is an important area of ergonomic intervention because of its asso-
ciation with a very large number of work related injuries and compensation claims. In the
NOHSC code, Manual handling is defined as any activity requiring the use of force to lift,
lower, push, pull, carry or otherwise mowve, hold or restrain any animate or inanimate
object. Many jobs in the construction and manufacturing industries involve repetitive
movements. Risks of manual handling include those associated with the working envi-
ronment, the task, the load and the individual’s capacity. The spine, discs, muscles and
ligaments are particularly vulnerable to the work related injuries. Automation has in-
creased its significance in many industries and manufacturing processes, but still manual
work is required in many processes. In many studies it was found that industrial repeti-
tive task lead to work related Musculoskeletal Disorders (MSD) problem. Fatigue caused
by physical load is one of the main reasons responsible for MSD.

Computer aided tools are in huge demand with the increasing global manufacturing
competition and changing customer demands. In the 80’s, conventional tools were used to
study the human ergonomics in different working condition. However, physical fatigue is
not considered and modeled in commercial ergonomic tools. Physical fatigue models for
static and dynamic conditions are proposed in some studies, but they are not so realistic
because of their limitations. Co-contraction is the activation of the group of muscle to
hold a position or load. Co-contraction is one of the factors which are not included in
the previous studies. So our objective is to develop and experimentally validate a more
realistic muscle fatigue model so that later it can be integrated into computer aided tools
to prevent MSD.
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1.2 Problem and Objective

In the study of muscle fatigue, muscle tiredness and muscle fatigue are two similar
terms. It is a sense of weariness or exhaustion that you feel when using the muscle.
The muscle isn’t genuinely weaker, it can still do its job, but it takes you more effort to
manage it. Sometimes the muscle starts off normally, but tires very quickly and takes
longer to recover than normal. The recovery of muscle to its normal strength after fatigue
depends on the fatiguability of the considered muscle. The evaluation of muscle fatigue
and recovery is the main concern in the ergonomics.

Muscle fatigue models proposed by Freund [1], Liu [2], xia [3] and silva [4] did not
explain the effect co-contraction in their study and also lack experimental validation for
the same. L.Ma (2008) [5] and R.Ma (2012) [6] proposed a dynamic muscle fatigue model
and validated it experimentally on Static and dynamic working posture respectively.
But these models also lack in explaining the effect of muscle co-contraction. They have
also introduced recovery model to study the effect of recovery time on the performance
of human beings, which needs experimental validation for dynamic conditions. These
models are defined for simple working posture for static and dynamic conditions and did
not explain the validity of their models for complex motion. The more detailed description
of these models with other models are in Chapter 2.

The objective of this research is to develop and validate a more realistic dynamic
muscle fatigue model. We have an objective to include a co-contraction factor in the pro-
posed model. Further, we aim to extend and develop the model for more complex motion
and validate experimentally. The evaluation of fatigue parameters, recovery parameters,
co-contraction between the muscle and muscle strength are the main problems that we
want to address and solve by muscle fatigue model. In this research we are focusing on
the muscles of the human arm for the analysis of muscle fatigue and recovery. The overall
purpose of this project is to develop and validate a muscle fatigue model which can be
useful in computer aided industrial tools to analyze different working posture with fatigue
and recovery parameters.

1.3 Structure of the Thesis

Muscle fatigue and recovery models are the main focus area of this thesis. Firstly,
Chapter 2 is the literature survey of the muscle fatigue models: the muscle fatigue phe-
nomenon is described, literature survey on various static and dynamic models, the overall
state of the art is exposed, insisting particularly on the problems of muscle fatigue and
recovery. The solutions proposed in the literature are analyzed, leading to the fact that
effect of co-contraction is not considered in the study and in some cases experimental val-
idations are also required. Based on this observation, we propose a new dynamic muscle
fatigue model with the introduction of a co-contraction factor in the model. This leads
to the experimental validation of our muscle fatigue and recovery model.

In Chapter 3, the methodology for a new dynamic muscle fatigue model with various
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hypothesis is defined. This chapter gives the detailed description of the muscle fatigue
model with trajectory and velocity behavior for a simple dynamic working posture. The
detailed description about the co-contraction factor is done in this chapter. The theo-
retical validation of the new dynamic muscle fatigue model and its comparison with the
previous model is done to validate its application for different body joints. This model is
applicable to simple dynamic and static postures.

Experimental validation of the muscle fatigue model is done with three different
case studies in Chapter 4. The dynamic muscle fatigue and recovery model is validated
through three experiments. The motion used in the experimental case study are Flexion
and extension. The experimental protocol is defined for the case study. The method for
data processing of raw electromyography data (for Bicep, Tricep, and Trapezius muscle)
and mechanical data (torque, position, and velocity) is also explained in details.

The results obtained from the previous chapters are described, analyzed and dis-
cussed in Chapter 5. This concerns the evaluation of muscle activity, muscle fatigue
and co-contraction, Comparison of a case studies, effect of recovery and validation of the
superposition principle for complex motion is done to the expected behavior. At last, con-
clusions and perspectives for the overall research work are presented in Chapter 6. In the
same chapter, we have presented the future perspectives or scopes of the dynamic muscle
fatigue model. We also describe the possible application and proposed the development
of the dynamic muscle fatigue model for complex motion in dynamic conditions.

1.4 Main Contribution of the Thesis

The main contribution of the thesis is in the field of industrial ergonomics and bio-
mechanics. The thesis represents the evaluation and validation of new dynamic muscle
fatigue model. It also includes the global analysis of muscle fatigue for the complex motion
along a joint using the newly proposed superposition model. The newly introduced co-
contraction factor in the dynamic muscle fatigue model makes it more realistic towards
the study of muscle fatigue. The electromyography (EMG) technique is used to analyze
the co-contraction between the muscles and corresponding fatigue. Most of the models
are applicable to either static or dynamic work posture, but this model can be applicable
on both type of work posture. This model can be used in computer aided ergonomic tools
in industries for fatigue analysis at different working postures.

The thesis also contributes in analyzing the recovery model for a case study which
helps us to determine the recovery rate and parameters according to ergonomic condi-
tion. The torque, position and velocity simulation help us to analyze the actual work
requirements.

The proposed dynamic muscle fatigue and recovery model takes co-contraction into
consideration which makes this model more realistic in comparison with other models.
The co-contraction factor which is introduced in the model shows significant effect on the
model by changing the fatigue rate in comparison to R.Ma’s and L.Ma’s models. The
experimental validation of this model for different working postures and complex motions

4
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makes it global muscle fatigue model which can be applicable to both static and dynamic
work posture. A model for dynamic maximum endurance time (DMET) is also validated
in this thesis. The results shows that DMET calculated through this model is much near
to the experimental data unlike R.Ma (DMET) and L.Ma. (MET) model. This gives
the safer value of endurance time in dynamic situations and helps in designing better
ergonomic work environment and work postures.



Chapter 2

Muscle Fatigue and Literature
Survey

2.1 Human Musculo-skeletal Movement

2.1.1 Musculo-skeletal System

The system of muscles is responsible for the movement of the human body. Each
muscle is a discrete organ constructed of skeletal muscle tissue, blood vessels, tendons,
and nerves. The heart, digestive organs, and blood vessels also have muscle tissue.

There are approximately 640 named muscles, attached to the bones of the skeletal
system that make up roughly half of a persons body weight. Almost every muscle con-
stitutes one part of a pair of identical bilateral muscles, found on both sides, resulting in
approximately 320 pairs of muscles. The muscles of the human body can be divided into
a number of groups which include muscles relating to the head and neck, muscles of the
torso or trunk, muscles of the upper limbs, and muscles of the lower limbs. From standard
anatomical position, the action refers to the activity of each muscle. In other positions,
other actions may be performed. The pictorial representation of the important muscles
of the whole body in anterior and posterior view respectively are shown in figures 2.1
and 2.2.

Most of the skeletal muscles are attached to two bones through tendons (Figure 2.8).
Tendons are tough bands that firmly attach muscles to bones [7]. Tendons are very strong
and are woven into the coverings of both muscles and bones.

The movement in muscle consists in shortening their length, pulling on tendons,
and moving bones closer to each other. Origin is called as the place on the stationary
bone that is connected via tendons to the muscle [8]. Insertion is the place on the moving
bone that is connected to the muscle via tendons. The fleshy part i.e., the belly of the
muscle in between the tendons does the actual contraction.
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Figure 2.1: Major muscles of the body. Right side: Superficial; left side: deep (anterior
view) [9]

To achieve movements in the body, skeletal muscles rarely work by themselves. Most
often they work in groups to produce precise movements. The muscle that produces any
particular movement of the body is known as an agonist or prime mover. The agonist
pairs with an antagonist muscle to produces the reverse effect on the same bones [8].
For example, the biceps muscle flexes the arm at the elbow. As the antagonist for this
motion, the triceps muscle extends the arm at the elbow. When the triceps is extending
the arm, the biceps would be considered as the antagonist. Between the antagonist and
agonist muscles activity there are always some transition activities between both muscles
known as Co-contraction.

In this thesis most work is done for the arm movement. The muscles of the arm
and hand are specifically designed to meet the bodys diverse needs of strength, speed,
and precision while completing many complex daily manipulation tasks [10].

For the flexion and extension of the forearm, at the elbow joint, the muscles of
the upper arm are responsible [10]. Flexion of the forearm is achieved by a group of
three muscles: the brachialis, biceps brachii, and brachioradialis (Figure 2.1). The flexor
muscles are all located on the anterior side of the upper arm and extend from the humerus
and scapula to the ulna and radius of the forearm (Figure 2.2). Also, the biceps brachii
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operates as a supinator of the forearm by rotating the radius and moving the palm of
the hand. The triceps brachii, acts as an extensor of the forearm at the elbow and the
humerus at the shoulder.

Most of the muscles that move the wrist, hand, and fingers are located in the
forearm. The muscles on the anterior side of the forearm, the flexor carpi radialis and
flexor digitorum superficialis, form the flexor group which flexes the hand at the wrist.

The supination (anterior rotation) and pronation (posterior rotation) are the mo-
tion from the muscles of the forearm and hand. The biceps brachii of the upper arm
and the supinator muscle of the forearm are responsible for supination. Likewise, the
pronator teres of the forearm is responsible for pronation. The origin of both supinator
and pronator teres muscles are on the humerus and ulna and insert on opposite sides of
the radius to roll the wrist in reverse side.
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2.1.2 Muscle Activity

All muscle contractions do not produce movement. For example isometric exercise
or isometrics are a type of strength training in which the joint angle and muscle length do
not change during contraction.During isometric contraction when we try to move body
part without any movement, light contractions can cause tension in the muscle without
exerting enough force. When people tense their bodies due to stress, they are performing
an isometric contraction. To Hold an object still and maintain the same posture are also
the result of isometric contractions. A contraction that does produce movement is an
isotonic contraction. Isotonic contractions are required to develop muscle mass through
weight lifting [7].

Movement of the body parts is the the main function of the muscular system.
Muscles tissue in the body that has the ability to contract and move the other parts of
the body. The other functions of the muscles is the maintenance of posture and body
position [8]. Most of the time muscles contract to hold the body still or in a particular
position instead of causing movement. The muscles that hold up the body throughout
the day have greater endurance and can do this without becoming very tired.

Human body muscles work together with joints and bones to form a lever system
where the muscle acts as a linear force. The bone acts as the lever. The joint acts as the
fulcrum and the object can be considered as the load.

Muscles are made of Muscle fibers. Production of force and movement is realized by
contraction of muscle fibers driven by nervous system commands as shown in figure 2.3.
The main functional unit of muscles is motor units which contain motoneurons and muscle
fibers. The number of motor units depends on the size and function of muscles, ranging
from few for small muscles to thousands for larger.

To control or activate motor units brain sends command signal pulses to motor
units. The command is in the form of electrical impulse as shown in figure 2.3 [2]. When
the command unit gets impulse more than the threshold, then the motor units activate
and control muscle fiber of this motor unit to contract synchronously [2].

If the stimulus is strong enough, then it triggers an action potential and required
number of muscle fibers of the motor unit get activated. But if the stimulus is not strong
enough, then no action potential will be triggered and so no motor in the fiber unit get
excited. We can say that there is no state between active and not active motor units.

The number of motor units involved in contraction and the amount of stimulus from
the nervous system can control the strength of a muscle contraction. A motor unit can
be contracted by a single nerve impulse briefly before relaxing. This small contraction
is known as a twitch contraction. If in short period of time the motor neuron provides
several signals, the duration and strength of the muscle contraction increases and this
phenomenon is known as temporal summation. If in rapid succession, the motor neuron
provides many nerve impulses, the muscle may enter the state complete and lasting
contraction. A muscle will remain in this condition until the nerve signal rate slows down
or the muscle becomes too fatigued to maintain the state.
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Figure 2.3: Muscle control Activity: (A) Schematic illustration of the human nervous system
and muscle. The brain sends down a command (voluntary drive) through the
spinal cord and peripheral nerves to muscle. Muscle is made of motor units. A
motor unit contains a motoneuron and the muscle fibers it innervates. When
a stimulus arrives at a motor unit and it is strong enough, it triggers an action
potential, which in turn activates the motor unit. Force is generated by contraction
of muscle fibers. (B) Action potential series. If the brain command continues, it
triggers a series of action potentials, which keep activating the motor units to
produce a sustained force. [2]

To perform any movement some motor units in a muscle or group of muscle have
to be activated. For small force, less motor units get activated and for larger force, more
motor units get activated. When a prolonged voluntary muscle contraction is sustained,
the brain continuously reinforces the descending command.

2.2 Muscle Fatigue

After being activated for a period of time, the activated motor units start to develop
fatigue due to factors such as insufficient supply of oxygen and glycogen, increase lactic
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acid level in blood and muscle and other reasons of muscle fatigue can be physiology. After
reaching critical point the motor units can no longer be activated and hence fatigued.
Hence after a long period of time when all the muscles get fatigued and cannot activate
any more then the force and movement cannot be continued any more.

Definitions of muscle fatigue

It is difficult both to define and to evaluate human muscle fatigue. According to
various authors, the following definitions exists:

1. The failure to maintain a required or expected force. (Edwards, 1977) [11].
2. Any reduction in the force generating capacity. (measured by the maximum volun-
tary contraction), regardless of the task performed. (Bigland-Ritchie and woods,
1984) [12].
. A reduction in maximal force generating capacity. (Bigland-Ritchie, 1986) [13].
4. The development of less than expected amount of force as a consequence of muscle
activation. (McCully, 1990) [14].

5. Reduction in the maximal force generating capability of the muscle during exercise.
(Miller, 1995) [15].

6. Muscle fatigue is a decline in the maximal contractile force of the muscle. (Vollestad,
1997) [16].

7. Fatigue is known to be reflected in the electromyography signal as an increase of
its amplitude and a decrease of its characteristics spectral frequencies. (kallenberg,
2007) [17].

w

The muscular fatigue is combination of physical, chemical and neuron signal changes
in the body. The muscle fatigue can be divided in to central and peripheral fatigue
depending on signal commands from brain and physical and chemical changes in muscles.
The muscle fatigue can be described in short by figure 2.4. Muscle fatigue can occur in
two basic mechanisms: (a) central involves proximal motor neurons (mainly in the brain);
and (b) peripheral involves within the motor units (i.e., motor neurons, peripheral nerves,
motor endplates, muscle fibers). These parts are describes briefly in the next sections.

When muscles run out of energy during either aerobic or anaerobic respiration, the muscle
quickly tires and loses its ability to contract. This condition is known as muscle fatigue.
It is the decline in ability of a muscle to generate force. There are two main reason of
muscle fatigue. First one is the limitations of the nervous system to generate or sustain
signals to control muscle [8]. The second reason can be the reduction in the ability of
muscle to contract [8]. Fatigue is a feeling of tiredness or exhaustion. It is a need to
rest because of lack of energy or strength. Fatigue may result from overwork, poor sleep,
worry or lack of exercise. It is a symptom that may be caused by illness, medicine, or
medical treatment such as chemotherapy. Anxiety or depression can also cause fatigue.

11
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Figure 2.4: Types of Muscle Fatigue [8]
2.2.1 Central fatigue

Central fatigue or Central nervous system fatigue, is a form of fatigue that is asso-
ciated with changes in the synaptic concentration of neurotransmitters within the central
nervous system (CNS; including the brain and spinal cord), affects exercise performance
and muscle function. Central fatigue is a reduction in the neural drive or nerve-based
motor command to working muscles that results in a decline in the force output. While
controlling motor units brain produces serotonin that control muscle contraction. Sero-
tonin is a monoamine neurotransmitter, derived from tryptophan, serotonin is primarily
found in the gastrointestinal tract (GI tract), blood platelets, and the central nervous
system (CNS) of humans. It is popularly thought to be a contributor to feelings of well-
being and happiness [18]. Because of more muscle activity serotonergic pathway contracts
which reduces the muscle contraction. It is a form of fatigue that is related with changes
in the synaptic concentration of neurotransmitters in the CNS ( including the spinal cord
and brain). It affects exercise performance and muscle function, and cannot be explained
by peripheral factors that affect muscle function.

Central fatigue is generated by an inhibition elicited by nervous impulses from
receptors (can be some kind of chemo-receptors) in the fatigued muscles. The inhibition
may act on the motor pathways anywhere from the voluntary centers in the brain to the
spinal motor neurons. This kind of fatigue should manifest itself by a decrease in the
outflow of motor impulses to the muscles. There are several good reasons for assuming
this central component is the result of central inhibition called forth by signals from the
fatigued muscles. This inhibition, most likely originating in the reticular formation, may
itself be inhibited or counteracted by other signals of peripheral or central nervous origin.
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2.2.2 Peripheral fatigue

Peripheral fatigue is an inability for the body to supply sufficient energy or other
metabolites to the contracting muscles to meet the increased energy demand. This causes
contractile dysfunction that causes reduction or lack of ability of a single or group of
muscles to do work. This is also known as metabolic fatigue because of reduction in
contractile force due to direct or indirect effects of reduction of substrates or accumula-
tion of metabolites in muscle fibers. Peripheral fatigue is a person’s inability to maintain
their expected level of work intensity. There are many causes of peripheral fatigue like
reduction in oxygen supply, ATP (Adenosine Triphosphate) depletion, increase in lactic
acid in muscles, chemical imbalance in the muscles. Any one or combination of these
can affect your peripheral fatigue [19]. In peripheral muscle fatigue there are at least
two different sites where repeated contractions may cause impairment: the “transmission
mechanism” (neuromuscular junction, muscle membrane, and endoplasmic reticulum),
and the “contractile mechanism” (muscle filaments). Peripheral muscle fatigue, defined
as a transient decrease in a muscle group’s capacity for exercise, can be purely peripheral
(i.e., located distally to the motor neurons). The mechanical response of the particu-
lar or individual active muscle fibers decline with fatigue, a certain reinforcement can
be achieved by pumping the innervation frequency and/or the number of motor units
which are active. The reasons for the appearance of peripheral muscle fatigue are local
changes in the internal conditions of the muscle. These may be biochemical, depletion
of substrates such as glycogen, high energy phosphate compounds in the muscle fibers,
and acetylcholine in the terminal motor nerve branches, or they may be due to the accu-
mulation of metabolites, such as lactate or electrolytes liberated from the muscles during
activity.

One reason of metabolic fatigue can be metabolite depletion. ATP (adenosine
triphosphate) and CP (creatine phosphate) levels both decreases with the start of exercise.
ATP is the major energy origin for the majority of cellular functions in your body. CP
help to maintain ATP levels. As metabolites deplete (especially CP), muscle fatigue start
in which causes less energy to fuel muscle contractions. Other reason for muscle fatigue
can be metabolite accumulation. To decrease in force, the accumulation of di-hydrogen
phosphate (H2PO4-) and lactic acid (H=) can be responsible. An increase in the level of
phosphate causes a decrease in the force of muscle contraction. Lactic Acid accumulation
also reduces muscle power by moving Calcium ions that are necessary to the process of
muscle contraction.

Disturbances in homeostasis can also cause fatigue [20]. This includes dehydration,
altitude, heat and cold. When it is very hot or very cold outside, blood is diverted from
the working muscles to the skin to release the excess heat or blood is also rerouted from
the working muscles to the bodys core to keep more vital organs warm respectively. Both
these processes restrict oxygen supply and can cause muscle fatigue.

13



Chapter 2. Muscle Fatigue and Literature Survey

2.2.3 Conclusions

The interrelationship between central (the brain) and peripheral (muscles, motor
nerves etc.) systems are important in the study of fatigue. The study shows how local
muscle fatigue is influenced by central nervous factors. Peripheral fatigue is a part of
every human worker. Harmful metabolites accumulate with depletion of energy sources
and both of these are contributing to the inability to maintain exercise intensity. Cellular
changes are not the only things within the muscle that contribute to fatigue, but there is
also evidence that the brain has a major effect on human being’s perception of fatigue [18,
20]. The human body is a complex network and the connections between the muscular
and nervous systems are essential.

The central and peripheral fatigue contribute together in physical fatigue. The
contribution varies from 15-30 percent for central fatigue and remaining is peripheral
fatigue. A study shows 20% contribution of central fatigue in the reduction of MV C*,
while the intramuscular metabolic milieu ([H+]) was responsible for the remainder of
the fatigue [21]. Metabolic milieu ([H+]) controls the mitochondrial activity of the cells
in the body. In the current study we are concentrating on physical fatigue in terms of
maximum voluntary contraction (MVC) reduction.

* The Maximum Voluntary Contraction (MVC) is a measure of strength. The
measure can be a maximal exertion of force reported as force (e.g., Ib, kg, Newtons) or
as a moment around a joint (e.g., Newton-meters, foot-pounds, kilogram-meters).

2.3 Musculoskeletal Disorders (MSD)

2.3.1 Definition of Musculoskeletal Disorder (MSD)

The definition of MSD is simple and can be written as “Musculoskeletal Disorders or
MSDs are injuries and disorders that affect the human bodys movement or musculoskele-
tal system (i.e. muscles, tendons, ligaments, nerves, discs, blood vessels, etc.)” [22].

Musculoskeletal disorders (MSD) consist of physical disabilities. MSD is used to
describe conditions that affect the joints, bones, and muscles [23]. The severity of the
MSD depends on working conditions. Pain and discomfort can affect everyday work
activities. MSD are extremely common in industries and risk increases with age. MSD
can affect all main areas of the body, including neck, shoulders, wrists, back (upper
and lower), hips, legs, knees, feet [24]. The sign and symptoms of MSD are low back
pain, fibromyalgia, gout, osteoarthritis, rheumatoid arthritis and tendinitis [25]. These
disorders can create little discomfort leading to debilitating pain. Low back pain is the
most common MSD.

According to the syudy in the USA and Europe, MSDs are a common and severe
problem for the people and companies across the United States and Europe [22,23, 25].
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MSD because of work-related injuries are responsible for almost 30% of all workers com-
pensation costs (source: BLS) [26]. Direct cost for MSD compensation costs $50 millions
to U.S. companies (source: CDC) [27]and indirect costs could be up to five times the
direct costs (source: OSHA) [28]. The average cost for MSD equate with a direct cost of
approximately $15,000 (source: BLS) [26]. The human and economic costs of MSD are
unnecessary and preventable.

2.3.2 The Causes of Work-Related Musculoskeletal Disorder
(MSD)

According to Canadian Center for Occupational Health and Safety (CCOHS), “Al-
most all work requires the use of the arms and hands. Therefore, most work related
musculoskeletal disorders (WMSDs) affect the hands, wrists, elbows, neck, and shoul-
ders. Work using the legs can lead to WMSD of the legs, hips, ankles, and feet. Some
back problems also result from repetitive activities” [29]. A worker begins to fatigue
when he/she is exposed to MSD risk factors. When fatigue overtake their bodys recovery
system, they generate a musculoskeletal imbalance. With time, as fatigue continues to
overtake recovery and the musculoskeletal imbalance increases, a musculoskeletal disorder
develops. These risk factors can be divided into two categories: work-related (ergonomic)
risk factors and individual-related risk factors. Over time exposure of human to these risk
factors leads to MSD. Some of the major risk factors related to ergonomics and individual
are shown in figure 2.5 [22]. The risk factors like excessive force, frequent repetitive tasks,
wrong working postures and muscle fatigue are mainly related to ergonomics risk factors.
The individual risk factors are mainly because of the poor work practices, poor fitness,
less recovery after work, poor health and food habits and working with the injuries.

e e Force
Ergonomics kR o Repetitive task
Risk Factors —— Posture

Muscle fatigue

Over time, exposure to risk factors leads to MSD
Poor Work Practices

Individual Poor Fitness
Risk factors Poor Health Habits
Injuries

Figure 2.5: Work-related (Ergonomics) and Individual-related Risk Factors [22]

Recovery plays important role in preventing MSD due to fatigue. When Fatigue overruns
recovery of muscles, it leads to MSD. In figure 2.6 [22], we can see the red zone which
starts with discomfort due to working conditions and leads to MSD. It also show the
command of fatigue over recovery leads the graph towards MSD. The figure shows the
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peak head as the initial strength of a human, which reduces with the time while working
and after some time it reaches to fatigue then discomfort and finally with pain leads to
the loss of function of muscle or MSD. There is a possibility that after muscle fatigue and
then recovery, person can have MSD. That is why muscle fatigue is not the only reason
of MSD. There are many other parameters which affect MSD.

-y MSD Curve

Fatigue vs. Recovery
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DISOOMEORT
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Figure 2.6: MSD curve: Fatigue vs Recovery [22]

2.3.3 Major Injuries due to Work-related Musculoskeletal Dis-
order

Workplace design plays a crucial role in the development of an MSD. According
to CCOHS, “Work-related musculoskeletal disorders (WMSD) are a group of painful
disorders of muscles, tendons, and nerves. Carpal tunnel syndrome, tendonitis, thoracic
outlet syndrome, and tension neck syndrome are examples” [29].

When a worker does any work, outside his body limitations and capacity, he put
his musculoskeletal system at risk. In such kind of situations, evaluation of fatigue and
recovery tells us about the incompetency in the workstation design. The evaluation
could predict that ergonomic risk factors are eminent, the worker can be at musculoskele-
tal imbalance risk and a musculoskeletal disorder persist. Punnett and wegman (2004),
evident this fact in their work, “Thus there is an international near-consensus that mus-
culoskeletal disorders are causally related to occupational ergonomic stressors, such as
repetitive and stereotyped motions, forceful exertions, non-neutral postures, vibration,
and combinations of these exposures” [30].

Work-related Musculoskeletal Disorder (WMSD) include three types of injuries [29]:
e Muscle injury: During muscle contraction, chemical energy from sugars and by-

products such as lactic acid absorb by the blood. Blood flow reduces with long
time of muscle contraction. These substances when starts accumulate in muscles
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due to lack of absorption by blood. The accumulation of these substances irritates
muscles and causes pain. The intensity of this pain depends on the duration of the
muscle contractions. It also depends on the amount of time between activities for
the muscles to get rid of those irritating substances.

e Tendon injury: Tendons are made of many bundles of fibres that attach muscles
to bones. Because of repetitive or frequent work activities with awkward working
postures occur, tendon problem occur in two main sectors —tendons includes sheaths
as shown in figure 2.7 [29], mainly present in the hand and wrist; and tendons with-
out sheaths as shown in figure 2.8 [29], present near the shoulder, forearm, and
elbow.

Tendon Sheaths

"'\
‘Tendons

* Lipament

Figure 2.7: Finger tendons and their ~ Figure 2.8: Tendon, muscle and
sheaths [29] bone unit [29]

Repetitive or excessive movement of the hand deteriorate lubrication system which
leads to low production and poor quality lubrication fluid. Friction between tendon
and sheath increases with the failure of the lubrication system which result into
inflammation and swelling of the tendon area. Tendons without sheaths are also
prone to repetitive motions and uncomfortable working postures. Fibres of tendons
can tear apart with the continuous tension in tendons. This leads to thickening of
tendons and tendons become bumpy, causing inflammation.

e Nerve injury: Nerves carry signals from the brain to control activities of muscles.
Feelings about temperature, pain and touch from the body to the brain are carried
by nerves. Nerves are surrounded by muscles, tendons, and ligaments. Nerves
get squeeze or compressed with the swollen tissues surrounding nerves because of
repetitive movements and uncomfortable postures which causes muscle weakness,
sensations of “pins and needles” and numbness.

2.3.4 Primary Risk factors of Work-related MSD

There are various risk factors which can arise from the movement of different body
parts of the body. Our study is going to be focused on arm motion so lets take an example
of the arm for understanding various risk factors for WMSDs. Work-related MSD arise
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from arm and hand movements [29] such as bending, straightening, gripping, holding,
twisting, clenching and reaching. In daily life these movements are not harmful in the
normal activities. What makes them harmful in work conditions are: a). the continuous
repetition in a forceful manner [29], b). the speed of the movements and c). the lack of
time for recovery between the movements [29, 31].

Various risk factors are thought to be associated with MSDs [31], include:

1. Long term highly repetitive tasks: Many work tasks and cycles are repetitive
in nature and because of daily targets their frequency increases. When other risk
factors such as high force and uncomfortable working postures combined with long
term task repetition can contribute to the formation of MSD. A job is considered
highly repetitive if the cycle time is 30 seconds or less [26, 31].

2. Forceful exertions: High forces on the human body are necessity of some work
tasks. High force requirements increase the muscle forces and associated fatigue
which can lead to MSD [28,31].

3. Repetitive or sustained uncomfortable postures: Uncomfortable postures
exert more forces on joints and overload the muscles and tendons around the working
joint. The mid-range motion of the joint is the most efficient position for the joint
movements [29] and repetitive work with sustained period with inadequate recovery
time increases the risk of MSD outside the mid-range motion.

4. Poor Work Practices: The poor work practices like working in adverse working
conditions like severe hot or cold, lack of control on body movements, high pressure
also leads to injuries and MSD.

Consequences of the primary risk factors leads to the muscle fatigue and insufficient
recovery.

1. Muscle Fatigue: Muscle fatigue is also one of the risk factor which causes MSD.
The repetitive task for sustained period of time causes muscle fatigue. negligence
of muscle fatigue and working above the body capacity can cause MSD.

2. Insufficient Recovery Time: After muscle fatigue recovery time is very impor-
tant to regain the muscle strength. More the repetitive task more recovery time

needed after muscle fatigue. less or insufficient recovery time leads to muscles
weakness and finally MSD.

Exposure to these workplace risk factors puts workers at a higher level of MSD risk.
High task repetition, forceful exertions and repetitive or sustained uncomfortable working
postures, fatigue the workers body over their ability to recover and cause musculoskeletal
imbalance and eventually MSD.

2.4 Difficulties in the Study of Muscle Fatigue

Muscle is a complex system of the human body. To avoid MSD study of various
risk factors is necessary. Muscle fatigue is one of the risk factor cause MSD. In some per-
spectives, various risk factors have their inclination toward muscle fatigue and recovery.
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The study of muscle fatigue is defined on the basis of central and peripheral factors of
the muscle. Fatigue is a normal response to physical exertion or stress, but can also be a
sign of a physical disorder. Before initiating the study of fatigue it is necessary to define
the factor of muscle on which study is based. The factors for study of muscle fatigue can
be, changes in the length of muscle, change in the volume of muscle, activity of muscle,
intramuscular chemical imbalance or metabolism, and central fatigue factors. All factors
have certain contribution in the activity of muscle. That is why the quantification of
muscle fatigue is a difficult and complex task. The central and peripheral factors have
a particular amount of contribution in physical fatigue [21]. The separate and combined
study of central and peripheral fatigue on the basis of certain factors is possible. From the
difficulties and limitations described above for the study of muscle fatigue various models
have been proposed. All these models are based on different conditions and factors to
study muscle fatigue.

2.5 Muscle Fatigue Models

In the field of industrial bio-mechanics, muscle fatigue is defined as “any reduction
in the maximal capacity to generate the force and power output”. In industries, mostly
repetitive manual tasks lead to work-related MSD problems [32,33]. Some times people
have to work more on the same repetitive task which can be painful and lead to MSD due
to muscle fatigue. MSD can cause pain [32,34,35] or temporary dysfunction of the affected
muscles [31,36]. Muscle fatigue and uncomfortable working postures can cause drop in
the productivity of human. To improve the performance and productivity, improvement
in the work environment and ergonomics with the study of muscle fatigue are necessary
in order to reduce the chances of MSD [35].

Various muscle fatigue models have been introduced for the analysis of muscle fa-
tigue and recovery. Most of them use different approaches for their study. Some fatigue
models worked on static [5,16,37] or dynamic motion [1,2,6] of the body to analyze the
effect of muscle fatigue and recovery on the performance of human. Some models use
muscle fiber in analysis and some take joint torque for the analysis according to require-
ments, hypothesis and type of study [38]. There are many theoretical and experimental
models for explaining the effect of fatigue [38]. Validation of various models was done by
different approaches.

The motion can be divided into static, quasi-static, and dynamic [39]. A static
model is the model in which the acceleration is zero and the object is supposed to be
fixed, the joint angles and angular acceleration are constant. There is a state called quasi
static, in which speeds are considered slow and acceleration is assumed to be zero. In
dynamic models no constraint is specified in the motion and the inertial effect is taken
into account. The torque applied to the joint depends on angle, speed and angular
acceleration(Fig. 2.9) [40].

Various muscle fatigue models have been proposed [3,5,16,38,41,42]. Today, there

are few effective models are available to predict muscle fatigue [5]. The well known model
of muscle was developed by A.V. Hill in 1938 [38], which explains the muscle activation
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Figure 2.9: Static, Quasi-static and Dynamic Motion [40]

and study of muscle length shortening and dynamic parameters of muscles. Silva [4]
used Hill’s model to validate muscle model with fatigue using Opensim to simulate and
validate his model. Several people worked on the static model of fatigue to study the
muscle fatigue and its effect on the muscles and performance of human. L.Ma’s fatigue
model [5] have experimental validation for fatigue and effect of recovery in arm on static
drilling posture. In both the models constant load is applied to the arm end and fatigue is
analyzed with respect to time. Some Dynamic fatigue models are also introduced [1,2,6].
Ruina Ma has introduced a muscle fatigue model for dynamic motion of the arm [6,43].
Missenard also explain the effect of fatigue and co-contraction on accuracy [44]. We can
say that various fatigue models are defined and used according to the requirements of the
study.

In study of muscle fatigue, various techniques are used to observe the behavior
of muscle activity [45]: EMG-joint angle relationship [46,47], twitch interpolation, en-
durance time [16,48], joint torque-MVC [6], ultrasonic imaging [49], etc., are some of the
ways to study the behavior of muscles.

2.5.1 Muscle Fatigue Models

Attempts were made to mathematically model muscle force that consider many
physiological and mechanical factors of the muscle. Muscle length, shortening velocity,
neural activation, and muscle architecture [50-58] are some of the factors used to calcu-
late muscle force. Many models calculate the muscle force by summing the activity of
each muscle fiber. Fuglevand [59] developed a model based on single motor unit stim-
ulation which can describe the time duration between onset of muscle activation to the
peak activation. Later on this model is improved for more accurate stimulation and
activation [60].

Sustained muscle activation or contraction make muscle fatigued. Intermittent fa-
tigue and recovery effects in the neuromuscular system affect the force production by
muscle [61-64]. However, previous models did not consider the effect of fatigue and re-
covery time in the models. Hawkins and Hull [65,66] identified the importance of the
fatigue effect in long duration of tasks. They develop a force-time dependence based on
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empirical relation to predict muscle force production using indices like endurance time and
fatigue rate in fiber based model. But this model could not give satisfactory estimation
of muscle forces based on experimental data.

With the advancement of technology, modeling of muscle model starts with the
action lines of muscles to represent a 3-D representation of the musculoskeletal system [67—
69]. Application of finite element modeling to these models [70,71] have developed a
new approach to determine how muscle force is transferred to the tendons and bone.
However, these models are time consuming to run and there are some redundancy in the
assumptions made regarding load sharing between muscles. For example if the isometric
MVC is being measured at the elbow using a dynamometer then the force produced by the
subject can be the average of three measured MVCs with some rest period between each
contraction. The muscle model has to determine the contribution in MVC by different
muscles or group of muscles: biceps brachii, brachialis, flexor carpi radialis, flexor carpi
ulnaris, brachioradialis, and the pronator teres. We cannot individually measure the

contribution by each muscles that is why we take a group of muscle as contributor to
MVC.

Study on muscle fatigue is going on since late 1800s [72,73] and research has mainly
focused on the fatigue rate in terms of MVC [74-81]. The common methodology for
these studies measurement of maximum voluntary contraction at a joint (e.g. ankle,
elbow, knee, etc). Three MVCs are measured for each subject. The maximum or in
some cases the average of three MVC are used to take a reference value. The subjects
perform contractions at some percent of MVC until they are no longer able to produce
the required force. The time where the force production can no longer be maintained is
defined as the endurance time (ET).

Rhomert in 1960 [74] studied the endurance time of muscles over a range of MVCs.
Rhomert found that Endutance time (ET) is a nonlinear function of contraction inten-
sity [74] and response curves have been coined as Rhomert Curves. Rohmert discovered
a non-linear relation between ones ability to maintain a static force (the onset of fatigue)
and the percent of ones maximum voluntary contraction (MVC) they are holding. A
formula (equation 2.1) was developed, which calculated time of endurance, based on the
percentage of ones MVC they are trying to sustain.

T(secy = —90 + (126/P) — (36/P?) + (6/P) (2.1)
Where P is the decimal percentage of maximum force applied. Charting this formula
results in what has been referred to as Rohmert’s curve shown in figure 2.10. This curve

displays static muscle endurance in time, as a function of the percent of the MVC exerted.
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Figure 2.10: Rohmert’s curve: endurance time v/s exertion level [74]

From this study, Rohmert deducted that 15% or less of MVC can be sustained
indefinitely. The value of this type of analysis is the ability to match equipment or
system requirements to the efficiency of human abilities. If a worker’s ability to maintain
a force is predictable based on a MVC, equipment can be designed to function within
these parameters.

Multiple statistical muscle fatigue models have been developed to predict the en-
durance time (ET) of isometric tasks. These models have been used to validate other
isometric regression models that have recently been developed [81,82].

A meta analysis has been done by Frey [83] to curve-fit muscle intensity- endurantce
time equations for several joint regions, including: ankle, knee, trunk, shoulder, elbow,
and wrist/hand. The results of the meta-analysis validate nonlinear time endurance
relationship (proposed by Rhomert, 1960), and also found different fatigue rate for each
joint region.

Recently, Xia [3,84] gave a digital human muscle fatigue model that use the Modified
Denavit-Hartenberg (modified DH) notation system which is the basis of the Santos?™
kinematic model [85]. However, Xia and Frey-Law, 2008’s [3] model has not been vali-
dated for dynamic conditions. Various muscle fatigue models are described in more details
and classified in three categories according to their work and type of study: Generalized
models, Static models and Dynamic models.

Generalized Muscle Fatigue Models

In previous subsections we see the muscle fatigue model for static and dynamic
condition for particular kind of posture or movement. Now in this section we will discuss
about some generalized muscle fatigue models on the basis of theoretical and mathe-
matical explanation of muscle fatigue observing the effect and correlation with tendons,
muscle fibers, muscle length etc.
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Researchers have tried to understand muscle, muscle mechanics and anatomy since
Leonardo Da Vincis Vitruvian Man around 1490. Researchers tried to study the phe-
nomenon of muscles contraction and force production. Bendall in 1952 [86], first identify
the relation between muscle contraction and adenosine triphosphate (ATP). Various mod-
els initially focused on the muscles contraction and response models such as the Hill’s
muscle model to explain the muscle response [38]. Hill proposed three component based
model to explain muscle activation and energy generation. The popular state equation
applicable to skeletal muscle that has been stimulated to show tetanic contraction. It
relates tension to velocity with regard to the internal thermodynamics. The equation
is described by the equation 2.2, where F' is the tension or load in the muscle, v is the
velocity of contraction, Fj is the maximum isometric tension (or load) generated in the
muscle, a is the coefficient of shortening heat, b = a - vg/Fy, v is the maximum velocity,
when F'= 0.

(v+0)(F +a) =b(Fy+a) (2.2)

F

CE

e

SE

F

Figure 2.11: Hill elastic muscle model [38]

The three-element Hill muscle model is a representation of the muscle mechanical re-
sponse. The model is constituted by a contractile element (CE) and two non-linear spring
elements, one in series (SE) and another in parallel (PE) as shown in figure 2.11 [38].
The net force-length characteristics of a muscle is a combination of the force-length char-
acteristics of both active and passive elements. The forces in the contractile element, in
the series element and in the parallel element, Fop, Fgp and Fpg, respectively, satisfy
equation 2.3.

F=Fpp+Fgp and Fop=Fgp (2.3)
On the other hand, the length of muscle L and the lengths Log, Lgg and Lpg of
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elements from the model satisfy

L:LPE and L:LCE+LSE

The total muscle length is considered to be constant, the stretching of the series
element can only occur if there is an equal shortening of the contractile element itself.

The parallel element arrangement shows the muscle passive behavior when it is
stretched. And the series arrangement represent the tendon and muscle fiber elasticity.
This model is helpful for estimating stress and muscle force, but Hills model is not able to
model variation in force producing capability over time (i.e., muscle fatigue). This model
explains the working of muscle activation and studies the muscle length shortening and
dynamic parameters of muscle to understand the behavior of muscle. Various techniques
were used to measure the energy of the muscle. Models developed now-a-days use his
theory for fatigue study of muscles.

The Visco-elasticity of contracting muscle is considered to be property of two com-
ponents of muscle. One component is considered to be undamped and elastic while the
other is governed by equation 2.4 and corresponding energy relation. In equation 2.4, P
represents the force factor (N), v represents velocity of contraction (cm/sec), a is load
factor (gm/sq.cm) and b is velocity factor (length/sec). This shows that large force
causes a low energy rate resulting into low speed and forces. The muscles are assumed
to be in active state for this model.
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Figure 2.12: Variation of maximal force, residual forces, impulse, and EMG PTP [87]
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(P +a)(v+b) = Constant. (2.4)

There are some models which describe the muscle activation, fatigue and recovery
process for muscle. Mizrahi [87] made a study of the work force and electromyographi-
cal(EMG) fatigue characteristics of functional electrical stimulation activated paralyzed
muscles, both in initially unfatigued state and in reactivated state. The Force and EMG
experiments have been performed on two subjects to see the effect of training and recov-
ery on muscles. The variation of maximal force, residual force, impulse, and EMG peak
to peak (PTP), over the functional electrical simulation is shown in figure 2.12 [87]. In
this study it was found that there is no significant effect of recovery on fatigue index.

Voluntary activation Voluntary activation Voluntary activation

100% 87% 85%
]4 Nm
] a )
X2 gain 100 ms
trial MVC contraction #3 contraction #18

Figure 2.13: Twitch interpolation: Force tracing during fatigue protocol [16]
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Figure 2.14: EMG amplitude recorded during repetitive quadriceps contraction at 30% of
initial MVC in relation to MVC Force [16]

From figure 2.12, we can see the effect training on the muscle activity. The muscle
strength which is less in start, increases with the duration of time. Hence muscle ca-
pacity and maximal force have direct relation with training time. Some Mechanical and
Mathematical model of muscles are described in Syuzev, 2010 [42]. But did not explain
much about fatigue and recovery. Various procedures for measurement of muscle fatigue
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were explained in Vollestad, 1997 [16].

Twitch interpolation, endurance time and electromyography were considered for
measurements. Twitch interpolation method is based on twitch contraction activated
either by single or a double electrical stimulus. The twitch superimposed on a given
target force level may thus be used to estimate the generated force relative to the current
maximal force. In figure 2.13 [16] upper tracing shows the twitch force evoked by a
super maximal paired stimuli in the relaxed muscle and the lower tracing shows the force
response to the same stimulation during a MVC.
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Figure 2.15: Comparison of number of repetitions to the weight lifted [88]
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Endurance time and changes in maximal capacity to generate force or power provide
different processes induced in an exercise. But while studying the fatigue with EMG is
not the same as expected. Vollestad take the experimental data of the four subjects from
previous experiments and compare it. The comparison is based on the calculated MVC
force with respect to EMG. The result in figure 2.14 [16] shows that two of the subjects
represent an expected rise in EMG as fatigue develops (decrease in MVC), while in two
subjects EMG remained unchanged.

During any work and movement some muscles motor units can be in the state active,
rest and fatigued. Active motor units means motor units responding for contraction of
muscle fibers however rest and fatigued state represent motor units not yet activated
and motor units fatigued after activation respectively. In Liu, 2002’s [2] model also
took the three muscle characteristics, activated, rested and fatigued muscles are taken
to explain the muscle activation and fatigue processes. It says that the muscle cannot
attain the maximum force generation at the same time the load applied, there will always
be some interval between the maximum force generated and the minimum force. It can
also be understood by figure 2.16 [2]. The ordinate indicate the percentage proportion
of each of the three group of motor units relative to total number of motor unit numbers
in the involved muscles. My, Mg, Mo represents activated motor units, fatigued
motor units and number of motor units in rest state respectively and represented by
equations 2.5, 2.6 and 2.7 recpectively.

dM
WA = B.Myc — F.M 4+ R.Mp (2.5)
dM
TF = F.My — R.Mp (2.6)
Myc(t) = My — Ma(t) — Mp(t) (2.7)

100%
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Figure 2.16: Curve for the activation of Motor units [2]
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In equations 2.5, 2.6 and 2.7, M represent total number of motor units. In fig-
ure 2.16, we see during contraction or muscle or movement, some motor units are activated
while some are in the state of rest and fatigue. The state of motor units is represented
by their respective notation.

In Gacesa, 2010 [88] the effect of exercise on muscle development and strength is
given. The experiment was done on a person for 12 weeks and frequency of five sessions
per week. During the experiment resting period of 1 minute was given between each set
of the exercise. The results shown in figure 2.15 [88] show that with respect to time the
muscle strength increases. The muscle strength increase after the exercise protocol. The
load carrying capacity and number of repetitions for particular load also increased.

A theoretical approach for modeling peripheral muscle fatigue and recovery is given
in Xia, 2008 [3]. Muscle is considered in one of the three state: resting, activated or
fatigued. In this model the characteristic behavior of three basic component, the time
course of activated, fatigued and rested muscles and endurance time with respect to four
represented isometric loading condition: 100%, 70%, 30% and 10% of MVC shown in
figure 2.17. Xia also used equations 2.5, 2.6 and 2.7 proposed by Liu, 2002 [2] for the
validation of the model. The model show the recovery effect during the rest period. It

also predict the effect of rest period on endurance time.
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Figure 2.17: Distribution of muscle between compartments for four isometric loading condi-
tions, where active (M4: solid line), fatigued (Mp: dotted line), and resting
(Mp: dotdash line) states are in percent of total motor units (%MU). Arrows
demonstrate endurance time, where M4 cannot maintain target load. [3]
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Figure 2.17 shows that larger the load less will be the endurance time for the subject.
At different level of MVC load the enduarnce time decreased with the increase in MVC
load.

Static Muscle Fatigue Models

L.Ma [5] gave a model for the arm to explain the behavior of fatigue in static
condition.The experiment was done on a person carrying a drilling machine. In this
posture the static motion muscle fatigue analysis was done. The picture of drilling task
with geometrical representation of model is shown in figure 2.18 [5]. The effect of vibration
was excluded from the analysis. The force from drilling machine is divided between two
arms equally and the analysis was done only on right arm. The result shows that the
reduction of elbow and shoulder strength relative to time, more the weight faster the
strength will decrease. Figure 2.18b represent the Denavit-Hartenberg (DH) notation
methods to describe the geometric structure of the right arm where a; is angle between
axes Z;_1 and Z; around the axes X; 1, d; is the distance between axes Z; 1 and Z;
along the axes X;_1, 0; is the angle between axes X;_1 and X around the axes Z; and
rj is the distance between axes X; 1 and X; along the axes Z;.

o

(a) Drilling Posture

(b) Graphical Representation

Figure 2.18: L.Ma’s muscle fatigue model experimental setup [5]

The basic equation used for validation of fatigue in the static model is shown in
equation 2.8. Fiem represents the current exertable maximum force, current capacity of
muscle or non fatigued motor units of muscles, MVC is maximum voluntary contraction,
Fjp4q 1s muscle load at time instant ¢ and k is fatigue ratio equals to 1.

dF, t E t
eenll) __y Teont) gt 28)

The equation used for study effect of recovery is equation 2.9, where R is the recovery
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rate of muscle motor units. The experiments have been performed with drilling machines
of 2.5Kg and 3.5Kg. The reduction in the strength with time for static loading condition
of elbow and shoulder for different loads are shown in figure 2.19 and 2.20 for elbow
and figure 2.21 and 2.22 for shoulder. Result shows that for larger the weight of drilling
machine faster is the reduction in strength of both elbow and shoulder while for less
weight the reduction in strength is smaller. In figure 2.19 to 2.22, o, and ay represents
the elbow and shoulder angle respectively. o; and o are the standard deviation along
strength s;. Blue horizontal line represent the joint torque, I';.
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Figure 2.19: Reduction of the elbow strength while holding a drilling machine weighted as 2.5
kg [5]
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Geometric configuration in o= 307, o, = 90", mass of drilling machine 3.5 kg
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Figure 2.20: Reduction of the elbow strength while holding a drilling machine weighted as 3.5

kg [5]
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120
== Siﬁzﬁi
, el o
= 11
%m -
5 R it
] i Hli 2{II
80 — iy

2

=
=

R&duclinn of Shoulder Flexion stren
=

1

S0y tolaihime (}féghoulcftéq:lcxic%é?m driflite hotd 8 [-s.j‘““. 450

Figure 2.21: Reduction of the shoulder strength while holding a drilling machine weighted as
2.5 kg [5]
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Geometric configuration in o= 307, o, = 90", mass of drlling machine 3.5 kg

120 i
- 520
1 ]
= =0T
i
00 _ S].
— Si+ﬁi
i 3,20,
7T
80 | — 11.

.
=

Reduction of Shoulder Flexion strength [N
£ o
=] =)

Q0

Figure 2.22: Reduction of the shoulder strength while holding a drilling machine weighted as
3.5 kg [5]

It also explains the effect of recovery and shows that larger the recovery time better
will be the gain in strength. As shown in figure 2.23 [5] part a shows the recovery for 30
sec and part b shows the recovery for 60 sec which shows that more the recovery time
better will be the strength. In both graph comparison we can say that more the recovery
time more will be the gain in force output or muscles activation.
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Geometric configuration in o = 307 o, = 90°, mass of drilling machine 3.5 kg
120

- 5:1.-2(5.'
F_lﬂth.,\. i -—- .')1-:5[
':1'“0' hu, \\ 'I \\ ,-f \'\‘ - ') =7
® . S vi| oo 8425, k
i
i

Reduction of Shoulder Flexion stren

Ilﬂfcﬂng time of !:sll\]r?uldcr Flc}iiﬂll‘??ﬂl' drilling I%?Qiasks [s]

(a) Recovery effect in 30 sec [5]

Geometric configuration in o = 307, o, = 90", mass of drilling machine 3.5 kg

120+

=== 8-20.
110k, - — g |
'E \\‘ - ",\ Jﬁ‘.- \.\ S]
¥ - # ~ i
/I—l-ﬂﬂ ""_" “'\ - £

—— .'S].—r.'r
e = -2
0 i L TN, |
b --"P \\u - - . — 1_

~, - - £ 1
L . F N, 7 ———

b

-]
=
o
LY
‘I
%
’
’
N

W =)
= =
T
'
¢
N
LY
4
]
%
\
o
L
\

=
=1
Ll
[
1
1
1
i
[
i
[
[
1
'
]
1
i
[
[

Reduction of Shoulder Flexion strength
_ e & & ¢
¢ ;
;
1 !
; -,
'_ L L1 .
r #
\ 3 :

HnFang time of .‘:lliiir?uld::r 1'~'Imtir}n5 ?ﬂl‘ drilling I&ngtks [=] ol
(b) Recovery Effect in 60 sec [5]

Figure 2.23: Recovery effect in L.Ma’s Model

In Silva, 2010 [37] Hill Type muscle model is used to validate the muscle model
with fatigue. Opensim is used to simulate the model. this model consider five muscles
to control the movement of arm. KEach group of muscle activated at a time for any
movement. The effect of co-activation is neglected. The model is considered to be the
static model of human arm, shown in figure 2.24 [37] in which the constant load is applied
at the end of arm to see the effect of force on muscle fatigue relative to time. Result
shows the decrease in muscle load carrying capacity with respect to time represented in
figure 2.25 [37]. The figure represents different muscles and their change in strength with
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respect to time for certain amount of load.

Figure 2.24: Silva’s muscle fatigue model in Opensim [37]
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Figure 2.25: Muscle Load Carrying Capacity [37]

Freund [1] gave a bio mechanical model of forearm, consisting of 61 muscle-tendon
systems or tendon. This model explains the role of muscle tendon in controlling the
movement of forearm. The motion of pressing, grasping and lifting of loads are considered
for the analysis figure 2.26 [1]. Tt explains the co-activation of muscle fibers to control any
movement. Simultaneous activity of agonist and antagonist muscles [89] may be observed
in this model. In this work it was explained that arms muscles act differently if we carry
the load with different postures. For example If the load is carried in hand in downward
direction then the weight of the load will try to open the hand and at the same time the
muscle will co-contract to not let hand open and hold the weight at the same position.
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Figure 2.26: Various Posture of Forearm: Pressing, Grasping and Lifting [1]

The static model described above lack in the applicability to the dynamic conditions
and some models have many variables which make them less realistic in real conditions.
The need of a muscle fatigue model for the dynamic situations is proposed by some of
the model described in the next section. One other limitation in this model is that it did
not include co-contraction of muscles into consideration.

Dynamic Muscle Fatigue Models

In Fayazi,2013 [90] the optimal pacing time was calculated using a cyclist’s fatigue
dynamics. Thighs and foreleg muscle are focused during the study. The various param-
eters of cyclist: Power, force, state of fatigue, velocity, grade force, and elevation was
obtained parallel and comparison was made with the obtained date with optimal pace. It
was observed that with optimal pace the fatigue is greater as compared to normal riding
condition.

In R.Ma, 2012 [6], the dynamic model was presented to analyze the muscle fatigue
with recovery. R.Ma also considered two groups of muscles, agonist and antagonist for
muscle activity. This model takes fatigue of muscle proportional to joint torque. The
study was done on the elbow joint with push pull motion with fixed interval of rest and
motion. The graphical representation of arm is in figure 2.27 [6]. In this experiment the
torque is measured and compared relative to time and fatigue parameter is observed.

0

Figure 2.27: Graphical Representation of R.Ma’s experimental model [6]

The mathematical equation used in this model for study of fatigue is shown in equa-
tion 2.10. Where "¢y, is current exertable maximum joint torque, which represents the
torque to apply according to the external load, I'j /¢ is maximum voluntary contraction
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at joint, I' joint(t) is Joint torque, which represents the torque generated at the joint, and
k is fatigue rate.

drcem(t) - Leem T

— 1 iint(t 2.1
dt FMVC’ jomt( )7 ( 0)

In this model it is shown that more the applied torque, faster will be the reduction of
capacity of muscles or increase in fatigue. The fatigue rate k for every person is different.
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Figure 2.28: R.Ma’s theoretical evolution of I'c.y, and experiment data using different values
of kagonist [6]
For t =1, 2, 3, 4, 5 minutes, the agonistic and antagonistic muscle group fatigue
rate were evaluated as follows:

kagonist = [0-13,0.17,0.07,0.13, 0.09] [min']
Kantagonist = [19:56,28.07,20.32, 19.86, 18.36] [min']

Figure 2.28 represents the theoretical evolution of I'cey, for different value of & in
R.Ma model. The values of K which is obtained from the experiment by putting the
experiment data in to the model is 0.87, s0 kqgonist 18 a realistic value due to the fact
that blood circulation is better during dynamic motions. Conversely, kggonist seems to
be too high. In fact, due to the co-contraction activities influence, the torque of the
antagonistic muscle group is higher than the results computed by the dynamic model.
The dark bold line in the figure represents the experimentally calculated values of the
torque and dotted lines represents the theoretically calculated values of torque for the
values of Kqptagonist and kqgonist- This means the experimentally calculated values of
torque lies with in the range of theoretical values.

There can be a relation between accuracy of task performed with fatigue rate.
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Means more the fatigue less accurate will the task performed. accuracy is depend on the
co-contraction of the muscles during the fatigue. For better accuracy good co-contraction
can be needed during fatigue. In Missenard, 2008 [44] and Macefield, 2000 [91], the effect
of fatigue on accuracy and co-contraction of muscles with their inter-relation has been
discussed. The experiment was conducted on seven participants aged between 24 and 34
for two isometric flexions and two isometric extensions. The person had to move his arm
in horizontal plane along vertical axis about elbow as shown in figure 2.29 [44]. During
motion it is observed that the accuracy of reaching the start point and end point decreases
with fatigue and for maintaining the accuracy the co-contraction of muscle pertains. And
after some time accuracy again start decreasing with fatigue of supported muscles. The
study was done two times as pre-fatigue movement session and post fatigue movement
session with different MVC level before each session. Based on EMG signals the index of
co-contraction (CI) was estimated by equation 2.11, where EMG,;,, is minimum level
of EMG, EMG g0 is EMG at agonist pair and EM Gyt is EMG at antagonist pair. In
(Fig. 2.30) [44] we can see the effect of co-contraction in two movement sessions. The
experiment was done on thigh and toe extensors.

t
f
f EMGmZn X dt
CI = 7 fo % 100 (2.11)
[ [EMGago + EMGap] x dt
to
Start ling Targat
LTS
| 1 1 +
0% 60% 100% \ o

Strain gaune s

(a) Experimental setup for R.Ma’s fatigue pro-
tocol [6] (b) Pointing movements

Pre-fatigue : Post-fatigue
+ MVG1H movement session H Fatigue protocol H MVCQH movement session H s »

(c) Experimental protocol

Figure 2.29: Experimental Setup and Protocol [44]
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Figure 2.30: Co-contraction Index in two movement session [44]

In figure 2.29, we can see that strain gauge is attached to the hand to measure the
force applied by the hand. The subject have to complete the motion in given range from
start line to end line. It is observed (see figure 2.30) that co-contraction index percentage
reduces after post fatigue condition.

2.5.2 Literature Synthesis

All the models described in section 2.5.1 have some limitations and specific assump-
tions. The models are compared on the basis of type of model, studied factor (fatigue
or recovery), whether the models have experimental validation, assumptions and their
limitations. Most of the models lack in including co-contraction or co-activation in their
study which make those models less realistic because co-contraction have significant con-
tribution in each motion or activity. The literature synthesis of these models are shown
in table 2.1.

In table 2.1, general model means the models which shows the generalized fatigue
model not specified to any particular joint, static model are models applicable to static
situation and dynamic models are the models applied to dynamic situations. Joint based
and fiber based model are the application of models to the motion at the joint and the
mechanism of muscles activity like change in length, respectively.

The literature synthesis shown in table 2.1 details assumptions and limitations of
various models with the type of their models. Some models have limited experimental
validation which means that these models have been explained theoretically but not
validated experimentally. Some models have one muscle group activation that means only
one group of muscle will be activated for one side of motion neglecting co-contraction of
the muscles. Some models limit their study to either peripheral fatigue or central fatigue
which make their application limited. In table 2.1, fiber based model means there is
no consideration of joint forces to measure the fatigue, which means muscle fatigue is
measured by muscles activity and change in physical or chemical properties in muscles
with fatigue while joint based model means that some joint is taken into consideration
to measure the forces or torque at the joint.

38



Chapter 2. Muscle Fatigue and Literature Survey

The major limitations of all the models are:

e No co-contraction between the muscles.
e No global dynamic muscle fatigue model.
e No experimental validation of new model.

Co-contraction is a very common phenomenon of the muscle activity. But there is
no use of co-contraction in these models. The question arises, whether it is necessary to
include co-contraction into this consideration or not? It is required to check the viability
of co-contraction factor in the study of muscle fatigue models. Many of the models are
mostly limited to application of model either in static or dynamic condition for particular
kind of motion. There is a necessity to extend the model for dynamic situation. The
dynamic model should be applicable to global joints of the body. Most of the models
are not experimentally validated for any static or dynamic situation. The mathematical
description of the model can only be validated through real experiments on human being
for the real life industrial tasks.

In this thesis we are going to address these major limitations or problems from the

previous models to develop a new dynamics muscle fatigue model which will be more
realistic and globally applicable to whole body.
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2.6 Conclusions

2.6.1 Problematic analysis of muscle fatigue models
Shortcoming in conventional ergonomic tools

The available digital human modeling (DHM) tools cannot evaluate fatigue properly
because of lack in dynamic and realistic fatigue model application. That is why new
fatigue evaluation tool is needed to be developed and integrated with new more realistic
static and dynamic muscle fatigue model.

In most of the tools, the physical capacity is constant in the simulation. The effect
of fatigue and recovery with time is not considered properly. Different working postures
provide changes in physical status and parameters of fatigue but in most of the tools it
is considered to be constant.

Shortcoming in fatigue models

Some fatigue models have been combined with digital human tools to predict the
variable physical parameters and strength. For example, Wexler’s fatigue model [84] has
been incorporated into Santos? ™ [85], and Giat’s fatigue model [73] has been developed
based on Hill’s muscle model [38]. However, these models either have too many variables
which makes them less feasible in real situations or too many assumptions which make
them less realistic. Most of these models also never integrate co-contraction into fatigue
and recovery models. It is necessary to propose a simple new dynamic muscle fatigue
model with less variables which can be useful for ergonomics applications.

2.6.2 Solution for fatigue analysis

In order to analyze the physical work in more details and predict muscle fatigue,
a new dynamic human muscle fatigue model, including the overall dynamic working
process, should be developed. To assess and predict the potential MSD risks objectively
it is necessary to analyze muscle fatigue and recovery with taking co-contraction into
consideration. This concern became the main content of our research work.

In this thesis, we are going to analyze muscle fatigue for different human gestures.
The fatigue and recovery effects are modeled by a new simple dynamic muscle fatigue and
recovery model. From macroscopic point of view, temporal parameters, physical factors,
and personal factors are taken into consideration. This new model has to be validated
theoretically and experimentally both. The experimental case study are done to show the
applicability of our model in posture analysis and posture prediction with the analysis
of fatigue and recovery. To study muscle activity and co-contraction, electromyography
technique is used.
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Dynamic Muscle Fatigue Model

3.1 Theory of Dynamic Muscle Fatigue Model

The dynamic muscle fatigue model will be applicable to the dynamic motion of the
human body parts. The motions like push-pull operation of the arm, walking, pronation,
supination etc. are examples of the dynamic motion. A dynamic muscle fatigue model is
proposed by L.Ma [5,92,93] firstly applied on static drilling task. R.Ma [6,43] developed
this model for the dynamic motions like push/pull operation of the arm. However, no
consideration about the co-contraction of paired muscles is taken. The co-contraction of
the muscles are not included in both the studied models. Any known dynamic muscle
fatigue model which includes co-contraction in study is not known till now.

* Co-contraction: Simultaneous contraction of both the agonist and antagonist
muscle around a joint to hold a stable position is known as co-contraction between the
muscle.

*Co-Activation: It is a phenomenon in which a muscle is activated coordinately
with another muscle.

The new dynamic muscle fatigue model which includes co-contraction effect is the
extension of R.Ma’s Model (without co-contraction). The co-contraction is included as a
multiplicative factor to the model. The detailed description of this is given in the next
section. Any co-activation and contribution of other body muscles are not included in
the current study.

The muscle fatigue can be defined according to the initial MVC, duration of effort,

nature of motion (static or dynamic) and the morphological and psychological character-
istics of the individual.
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3.1.1 Base of the Dynamic Muscle Fatigue Model

R.Ma’s dynamic model of muscle fatigue was proposed, based on the considerations
static model proposed by Ma et al. (2009) [82]. This model assumes that muscle fatigue
is related to the external load, and also to operator fatigue factor. L.Ma’s static muscle
fatigue model is expressed as follows:

dFeem(t) . Feem(t)

By solving the differential equation of the first order and considering that Frep,(0)
= MVC, Fem is expressed by:

fé ke Floga(u) du
Feem(t) = Fypyo-e Fuve (3.2)

If, Froad and Fyryo held constant, the model can be simplifies as follows:
F
Feem(t) = Fapyoe *Ct where ¢ = 2£oad (3.3)
Fuve
And R.Ma’s dynamic muscle fatigue model with joint torque can be written as:

drcem(t) Leem
e = 3.4
dt T Ve jomt() ( )

and, I j it and I'pryo held constant, the model can be simplifies as follows:

_ I 70
Ceem(t) = Tyve-e ForqueCt  here ¢ = ot (3.5)
Tmve

The various parameters involved in this dynamic model of fatigue are listed in the
table 3.1

3.1.2 Hypothesis for New Dynamic Muscle Fatigue Model

In dynamic situation, body posture modified over time. The desired torque at joint
is also a function of time.

From robotics vision, we assume that between two joints, the human body is rigid

and homogeneous, and we can apply the laws of dynamics. Based on the study by
R.Ma [6] and L.Ma [82], we assume the following assumptions. As we know, there are
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’ Elements \ Unit \ Description
—

Ktorque min Fatigue Parameter, constant

'yvive N.m Maximum torque that muscle can exert on joint

L roint N.m Torque from external load

Leem N.m Current capacity of the muscle to generate the torque
k min~1 | Fatigue factor

Fyve N Maximum force from muscle voluntary contraction
Froad N Force generated by muscle because of external load
Feem N Current capacity of the muscle to generate the force

Table 3.1: Parameters of muscle fatigue models

two major muscle groups for each joint motion, agonist and antagonist. For push motion,
a muscle motivates the motion while antagonist muscle makes the motion accurate and
stable. If the motion is reversed, i.e, pull cycles, agonist and antagonist muscles switch
their roles. Co-operation of the two muscles is called co-contraction. More the torque
imposed on the joint, more will be the rate of muscle fatigue. Similarly, less the muscle’s
ability, the fatigue will be felt quickly. In this dynamic situation, the torque imposed on
the joint is linked to the movement and not only to external loads. We make the following
assumptions for a new dynamic muscle fatigue model:

1. Muscle fatigue is directly proportional to the torque applied at the joint (external
load).

2. Muscle fatigue is inversely proportional to the maximum capacity (without fatigue)
of muscle to generate torque I' sy, which represent the maximum torque generated
at the joint.

3. From the previous models, we consider that the evolution of I'cep, (variation in
torque or capacity of muscle with fatigue) can be represented by a linear differential
equation of the first order.

4. Co-contraction factor ”"n” is introduced in the model as a multiplicative factor with
fatigue parameter 'k’ (represent the rate of fatigue during the protocol).

5. Co-contraction area for all cycle varies exponentially.

No effect of co-activation is considered in the model.

7. There are two group of muscle for each joint, i.e, agonist and antagonist. One group
of muscles will be active during one kind of motion and other will be passive with
co-contraction in between each activity. The co-contraction will be the common
activity during activity of both muscles.

&

3.1.3 Co-contraction Factor

The co-contraction is the simultaneous contraction of both the agonist and antag-
onist muscle around a joint to hold a stable position at a time. The co-contraction is
generally decreases as the fatigue increase [44]. It signifies that, it could follow some
pattern of decrement on co-contraction. In our model we calculate co-contraction from
the common activity between the two group of muscles. The co-contraction is the si-
multaneous contraction of both the agonist and antagonist muscle around a joint to hold
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a stable position at a time. Assumptions made for finding co-contraction factor are as
follows:

1. The co-contraction is the common activity between the two groups of acting muscles.
2. The co-contraction factor will be the same for each agonist and antagonist activities.

The co-contraction area can be understand by the figure 3.1. This figure is just
an example representation of a motion cycle. In this figure, we introduce the common
EMG activity between bicep and tricep muscle groups shown by the orange color, which
is co-contraction index C4. The formula for calculating the co-contraction index from
EMG activities is given in equation 3.6. The trapezius activity shown along with the two
muscles is co-activation.

C'4 = co — contractionindex

ffoloo EMG, i  dt

3.6)
: (
ftoloo [EMGagom'st + EMGantagom’st] x dt

Cy=

where, EMG,;n is the common area share by the EMG activity of bicep and tricep,
EMG qgonist and EMG gptagonist are the full activities of the bicep and triceps muscle.
The activities of the both the muscles are normalized with respect to the normalization
value of the activities for the same muscle which can be calculated using the equation 4.1,
it is because the absolute value of the external torque is the same for push/pull operation.

1 e
0.8

0.6

Emg
Acivity
0.4

GO 10 20 30 40 50 60 70 80 90 100

% of Cycle

Figure 3.1: A representative plot of EMG activity of bicep, triceps and trapezius normalized
with the maximum value of each muscle’s activity for one cycle
C'4 is a co-contraction index between the two group of muscles or common activities
between the two muscle groups. We assume that curve fit for the co-contraction index for
each subject will vary exponentially. The curve can vary according to the equation 3.7.
This is an assumption for the variation in co-contraction index with respect to muscle
fatigue so we have to verify it after experiment.
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The curve of co-contraction index C'y can vary according to following equation:

Cg=a.expb.x (3.7)

where, a and b are constant parameters and x is the time of the test.

Now can represent co-contraction factor n as follows:

n = co — contraction factor
n=1+Cy (3.8)

The co-contraction factor n will be used in the muscle fatigue model. To see the
effect of co-contraction factor in the model we will compare it with other models.

3.2 Proposed Dynamic Model of Muscular Fatigue

We choose the two parameters It and I'jy/¢ to build our muscle fatigue model.
The hypotheses can then be incorporated into a mathematical model of muscle fatigue
which is expressed as follows:

dlcem(t) Leem
—— = —kn.———T e (t .
dt n Tarve jomt( ) (3.9)

where, k is the fatigue factor and n is the co-contraction factor.
If we assume that I'cern(0) = 'y = constant and £ is a constant, the integration

result of the previous equation is given by the equation 3.10 and further can be written
as equation 3.10.

nk
T Jo T Joint (w)du
F .
Fcem(t) - FMVC’e_knCt7 Where C - M (311)
Cyve

The parameters for this model is expressed in the table 3.2.
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’ Elements \ Unit \ Description
k min~ ! Fatigue factor, constant
'yvive N.m Maximum torque that muscle can exert on joint
L roint N.m Torque from external load
Leem N.m Current capacity of the muscle to generate the torque
n unit less | co-contraction factor

Table 3.2: Parameters of new dynamic muscle fatigue model

The value of I'psy/o is a fixed calculated value for each subject. We assume that
I'yrv e is constant for some duration of time. With the help of robotic dynamic model,
I joint(u) can be modeled as equation 3.12 depending on the joint angle, velocity, accel-
eration and load.

Hence equation 3.10 can be written as equation 3.13 as follows:

JET(u.0.6.6)d
Leem(t) = Tarve-e FMVC (3.13)

Equation 3.13 also represents our dynamic muscle fatigue model for a joint. Accord-
ing to our hypothesis, the motion of joint is driven by a pair of muscles. For each cycle,
the I'jpint positive and 4 negative sign show joint toque by agonist and antagonis
muscles respectively. Hence, there will be two fatigue rate parameters &k (kggonist and
Kantagonist) for dynamic motion. However, co-contraction factor will be only one value
for dynamic motions.

3.2.1 Maximum Endurance Time (MET)

Endurance (also related to sufferance, resilience, constitution, fortitude, and hardi-
ness) is the ability of an person or muscle to exert itself and remain active for a longer
period of time, as well as its ability to resist, withstand, recover from, and have immunity
to trauma, wounds, or fatigue. It is usually used in aerobic or anaerobic exercise. The
definition of ’long’ varies according to the type of exertion minutes for high intensity
anaerobic exercise, hours or days for low intensity aerobic exercise.

Muscular endurance is very important for people playing sports and who have to
sustain an activity for long periods of time. Muscular endurance is determined by how
well your slow twitch muscle fibers are developed. Muscle endurance is the ability to do
some work or task over and over for an extended period of time without getting tired. The
time when the force production can no longer be maintained is defined as the endurance
time (ET).
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The reduction in the maximum exertable force or torque capacity of muscle is one of
the hypothesis for the proposed dynamic muscle fatigue model. Maximum endurance time
(MET) represents the maximum time during which a static load can be maintained [81].
The MET is generally calculated as the percentage of the maximum voluntary contraction
(%MVC) or to the relative force/torque (I'yryyc = %MVC/100). MET models are used

to predict endurance time of a muscle under static or dynamic conditions or posture.

If we consider I'y,,,4(t) is constant in equation 3.11 for static situation then MET is
the duration in which ey drop down to I'y,,,4- MET can be calculated by equations 3.14
and 3.15.

ft . FLoad(u) du
Leem(t) =Tpve - e Pyve (3.14)

1 (FLoad(t))

t— MET — — MVC :_ln(erc>

. PLoad(!) nk.Iyye
S MVC

(3.15)

In the equation 3.15, MET is the time duration for the reduction in muscle strength
from initial state to exhaustion. The I'jsy/ ¢ is the ratio of the external load to the MVC
when the external load is constant. We can consider fatigue rate ‘k’ equal to 1 for best
strength condition.

We can classify the dynamic tasks into two categories: periodic tasks (or repetitive)
and non-periodic tasks. In the field of ergonomics, repetitive tasks are the main tasks that
can lead to musculoskeletal disorders. We therefore, focus our study this type of task.
We assume that the generated force can be broken into a periodic task time period “T".
So for dynamic conditions we will calculate dynamic maximum endurance time (DMET).

For periodic or repeated dynamic motions the dynamic model can be represented
by an equation 3.16 [40].

F JET(u0,6.0)d
Ceem(t) =Tyvoe ~MVC (3.16)
fO (u,0, 0 9 du
Teem(T) = Tppye e erc (3.17)
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Similarly, for t = 2T or 2 cycles; I'¢ern, will be,

_n ST T(u,0,0,6)du
Teem(2T) = Typyoe TMVE (3.18)

The equation 3.18 can be rephrased as equation 3.19,

2 [ 0 (w,0,0,6)du
LCeem(2T) = Tprve-e FMVC

2 (3.19)

JET(u,0,6,6)d
=Tyve. | e FMVC

To show the value of the function at t = T, we introduce the parameter MVC in
the formula.

2
F JE 0(0,0.6,6)du
r e Tmve
Teem(2T) = Tppye - | 7 Trrve
(3.20)

2
_r <M)
=Tuve- (¢

MVC

Now, we can generalise the formula for t=mT, means for m number of cycles by
equation 3.21

m
Ceem(mT) =T pve - < Torve )) ,  where me N (3.21)

[eem(mT) represent value of muscle strength or capacity after m number of repet-
itive cycles.  As described by R.Ma, the approximate value DMET is used to define
the boundary of the DMET [40]. Figure 3.2 illustrates R.Ma’s assessment of DMET for
fatigue model. In this figure blue repetitive curves shows repetitive cycle, blue dotted line
represent external load, and red curve shows the reduction of the value of 'y, with re-
spect to time. The figure is divided in two zones, i.e, endurance zone and MSD risk zone.
The efforts are made in this model to keep the value of I'cep, in safe zone or endurance
zone. In endurance zone there are high chances of MSD.
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The number of cycles before fatigue limit can be calculated by equation 3.22.
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Figure 3.2: The endurance time for dynamic conditions [40]

n.I’ H\™
Leem(mT) =Tyye - (Fc&()> = %?gt (3.22)
MVC

From R.Ma model F%%t is the external load. The value of load will be same for the
particular task is direction of motion. For obtaining number of cycles ‘m’, the equation

can be modified to equation 3.23:
(T
Fyve

Carve
Hence, approximate value of DMET are as follows:
m(F%%)
Carve
DMET ~m-T=T- (3.24)

Fypve

The parameters for the equation 3.24 are defined in the table 3.3.
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’ Elements | Unit \ Description
T min Task period
I'vive N.m Maximum torque that muscle can exert on joint
| R N.m Maximum torque from external load
Leem N.m Current capacity of the muscle to generate the torque
n unit less | co-contraction factor

Table 3.3: Parameters and variables for DMET calculation equation
3.2.2 Theoretical Validation of Dynamic Model

In the proposed model, there are many parameters. For the theoretical validation of
the model we can evaluate the theoretical value of I'¢¢p, by assuming the other parameters
from the equation 3.24. In this section we have compared the proposed model with the
other models available for MET prediction. The comparison is also done on the basis of
the Pearsons correlation ‘r’” and the intraclass correlation ‘1CC’.

The Proposed dynamic muscle fatigue model is based on the reduction of I'cep
during a period of time while doing dynamic motions. To validate dynamic muscle fatigue
model with other state of art models we can compare the endurance time evaluation of
each model. To compare our dynamic muscle fatigue model with other model we are
using Pearsons correlation ‘r’ in equation 3.25 and the intraclass correlation ‘ICC’ in
equation 3.26 [48]. Pearson’s correlation ‘r’ gives linear relationship between two models.
The closeness between two random variable is represented by ICC. The range of ‘r” varies
between 0 to 1. The value nearest to 1 represents better linear relation. The closeness of
ICC value to 1 gives better similarity between the models. In equation 3.26, M Speiween
represents the mean square between different MET or DMET values at different I"j/y¢
levels while M .S,,;thin represents the mean square within MET or DMET values at the
same I'jr17c level. The number of models to be compared is represented by p, since we
are comparing 2 models at the same time so the value of p is 2.

> (An — A)(Bn — B)
n
2 2
[ =475 (B, - B)
n n
In equation 3.25, Ay and By, represent value of endurance time for model number
one and two respectively. Similarly, A and B represent average value of endurance time for

model number one and two respectively. In equation 3.26, M Spetypeen 1S polled variance
between the subjects and M Spetpeen represent trait variance between the subjects.

T =

(3.25)

MSbetween - MSwithin

1CC =
MSbetween + (p - 1)MSwithin

(3.26)

By solving equation 3.24 by considering Tcern (T') = '}, = T'1yqq With physical
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and mechanical parameters of motion using method described by R.Ma [40], DMET can

be rewritten as:
(T,
'ymve

DMET = — St (3.27)
n.d.k. [ =22
Fvve
rmes
Also, fyye = =220 — —Load DMET will be:
Pvve  Twave
11
DMET = — BIMVE)  here 0 < d <1 (3.28)

ndk  fyve

MET models usually involve the relative strength or the percentage of maximal
voluntary contraction, (Fyryyc = F/MV (), in their calculation. In the particular case
of the static model or quasi-static [82], the parameter F represents the external load
Froaq 80 in this condition, Fyrve = Froed/Fyuve- In our case, this external load
is time dependent and replaced by I'join;. We use the maximum value as a reference.
The relative torque or percent of maximum voluntary contraction is then defined as
farve = Uroad/T amve- In order to compare our model DMET with existing models of
MET, we want to intervene fp /¢ the parameter in our calculation of DMET by using
equation 3.28. Here, d represents dynamic parameter of motions. The value of d varies
from 0 to 1.

a
o
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Sato et al. (1984)
—Manenica et al. (1986)
—Rohmert et al. (1986)
—Rose et al. (1992)
Rose et al. (2000)
—Ma et al. (2009)
—Ruina (d=0.5)
—Deep (d=0.5)(n=1.38)
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Figure 3.3: Comparison of maximum endurance time of our model with various models

The fatigue parameter k is involved in L.Ma’s MET model [82], R.Ma’s DMET
model [6] and our DMET model which also include co-contraction factor. For comparison
between these models we assume £ = 1. Figure 3.3 represents change in maximum
endurance time different with respect to fj /¢ in model with d = 0.5. In reality, when
people perform work, static posture is mostly more tiring than the dynamic movement.
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Chapter 3. Dynamic Muscle Fatigue Model

Because in a dynamic work, there is better transport of blood in muscles which causes
transfer of oxygen to the cells and thereby brings more energy to the muscles. This is
one of the reasons why people feel less fatigue in dynamic situations as compare to static
situations. In figure 3.3, we see that for any particular value of fjs1 ¢, the endurance time
is different for each model. For example if we take load as 30% of MVC i.e., fy;yc = 0.3
then we can see that except R.Ma model and D.seth model, all other models which are
static models have very less endurance time in comparison the proposed dynamic model.
The DMET for Proposed model is less than the R.Ma model because we have include
the effect of co-contraction in the model.
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Figure 3.4: Comparison of maximum endurance time for different value of ‘d’ for our model

In the model of DMET, we introduce a parameter representing the dynamic factor
‘d’. The value varies from 0 to 1. DMET variation according to different values of d are
shown in figure 3.4. More we reach towards d = 0, more maximum endurance time become
more important. It means less number of repetitive cycles or static condition leads to less
fatigue and more endurance time. To compare in better way we can compare our models
with other models by Pearson’s coefficient and ICC using equation 3.25 and equation 3.26
respectively. In figure 3.4, we see that for any particular value of fj,y ¢, the endurance
time is different for the proposed model. For example if we take load as 30% of MVC
ie., fmveo = 0.3 then we can see that the model is giving different value of DMET at
different value of ‘d’. The DMET for Proposed model is less for mode value of d and
more for less value of d toward 0.

In this section, we compare our DMET approach with other MET approaches. The
parameter ‘d’ involved in the DMET model is between 0 and 1 and depends on the
magnitude and speed of the movement. To compare our DMET model with MET model
proposed by L.Ma and R.Ma, we take k = 1 and n = 1.38 (from experiment calculation
explained in chapter 5) as a reference. We compare our model for various values of
d (d € 0.1,0.5,0.9,1) in order to analyze the variation of the parameters ‘r’ and ‘ICC’
correlations for different dynamic situations. The variation of endurance time for different
value of d are shown in figures 3.5 to 3.8 and corresponding correlation coefficients are
shown in tables 3.4 to 3.7. We can observe in figure 3.5, that at d = 0.1, all models except
R.Ma model are very far from the the red dotted line which represent the proposed model.
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Chapter 3. Dynamic Muscle Fatigue Model

It is because other models are static and our model is dynamic, that is why Ruina model
which is dynamic is nearer to the proposed model. And at the same time if we observe
in figure 3.8, that at d = 1, all models came closer to the red dotted line which represent
the proposed model. It is because other models are static and our model is dynamic, but
at d = 1 R.Ma model and the proposed model also act as static model. And in the same
figure we can observe that R.Ma model and L..Ma model become same line, it is because
at d = 1 both models act in same way or become similar. We can observe from figures 3.5
to 3.8 that from d = 0.1 to d = 1 the model are getting closer when we move from 0 to 1
for the value of d, i.e., when we mode from dynamic to the static condition.
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Figure 3.5: Evolution of ICC coefficient for different value of fa;v e, d = 0.1

’ Model \ Model’s Equation \ r \ 1CC ‘
Hagberg (1981) [76,94] | MET = 0.298(fav ) > 0.9930 | -0.1277
Sato (1984) [95] MET = 0.195( farve) 22 0.9827 | -0.1104
Manenica (1986) [96] | MET = 20.6972exp(—4.5 /a1y ) 0.9915 | -0.1065
Rohmert (1986) [97] | MET = 0.2285(fyy ) 200 0.9996 | -0.1970
Rose (1992) (98] MET = 10.23exp(—4.69fyrv0) 0.9985 | -0.1911
Rose (2000) [79] MET = 20.6exp(—6.04f31v¢) 0.9931 | -0.1589
L.Ma (2009) [32] MET = —In(fyrve) k- fuve (K=1) 1 [-0.1331
R.Ma (2012) [6] MET = —In(Ty;yc)/dkDyve (K=1) | 1 | 0.8828

Table 3.4: Determination of correlation coefficients ‘v’ and ‘ICC’ with d=0.1.

Discussion and Conclusion

If we compare correlation coefficient in tables 3.4, 3.5, 3.6 and 3.7 and figures 3.5, 3.6, 3.7
and 3.8, it is clear that endurance time calculation by our model and other models have
high degree of linear relationship. Indeed, all the coefficients of Pearson (r) exceed 0.9.
At the same time, we can notice that the value of coefficient r is independent of the
parameter. Indeed, the calculation of r gives same value regardless of the value of d. We
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Figure 3.6: Evolution of ICC coefficient for different value of fyyco, d = 0.5

’ Model \ Model’s Equation \ r \ ICC ‘
Hagberg (1981) [76,94] | MET = 0.298(farve) > 0.9930 | 0.4382
Sato (19834) [95] MET = 0.195(farve)” 20 0.9827 | 0.5073
Manenica (1936) [96] | MET = 20.6972exp(—4.5 fary ) 0.9915 | 0.5403
Rohmert (1986) [97] | MET = 0.2285(fyrvc) 11 0.9996 | 0.0887
Rose (1992) [98] MET = 10.23exp(—4.69f27v0) 0.9985 | 0.1192
Rose (2000) [79] MET = 20.6exp(—6.04f31¢) 0.9931 | 0.2838
L.Ma (2009) [32] MET = —In(farve) fk-fauve (K=1) 1 | 04121
R.Ma (2012) [6] MET = —In(Tppye)/dkDyve (K=1) | 1 | 0.8828

Table 3.5: Determination of correlation coefficients ‘v’ and ‘ICC’ with d=0.5.

can conclude that the linear correlation is unaffected by torque variations but only by its
maximum value.

The analysis of the tables 3.4, 3.5, 3.6 and 3.7 shows that the value of d will affect
the ICC coefficient. More the d value tends to 1, the more the ICC coefficient tends
to move toward 1 and hence at the same time proposed endurance time model is more
similar to other models. We can also notice that when d = 1, the values of r and ICC
coefficients between our model and the one proposed by L.Ma and R.Ma are equal. This
signifies that in this situation, the two models are similar.

3.2.3 Position profile for dynamic situation

In the dynamic situation for position, we have defined the motion in repetitive cycles
with intervals of 3 seconds. The path is defined with polynomial function, 'P’ of third
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Figure 3.7: Evolution of ICC coefficient for different value of fyryco, d = 0.9

’ Model \ Model’s Equation \ r \ ICC ‘
Hagberg (1981) [76,94] | MET = 0.298(farve) >4 0.9930 | -0.8430
Sato (1984) [95] MET = 0.195(fasve) 20 0.9827 | 0.8884
Manenica (1986) [96] | MET = 20.6972exp(—4.5 fary ) 0.9915 | 0.9236
Rohmert (1986) [97] | MET = 0.2285(fav o) 391 0.9996 | 0.3782
Rose (1992) [98] MET = 10.23exp(—4.69fa7v0) 0.9985 | 0.4269
Rose (2000) [79] MET = 20.6exp(—6.04f17v0) 0.9931 | 0.6675
L.Ma (2009) [32] MET = —In(farve) /k-fauve (K=1) 1 | 08191
R.Ma (2012) [6] MET = —In(Tppyc)/d-kDyve (K=1) | 1 | 0.8828

Table 3.6: Determination of correlation coefficients ‘v’ and ‘ICC’ with d=0.9.

order [40], see equation 3.29. This equation is just showing the position profile.

P = ag + ait + ast® + ast> (3.29)

where a1, ag and ag are the coefficient define according to the following conditions:

0(0) = 0™l §(0) =0, O(tp) =0 0(tp) =0 (3.30)

6(0) is initial angle and 6( f) is final angle of motion. The position can be determined
by equation 3.31. #(t) is angle at time period t.

9<t> _ einitial + T(t).(@end . 0initial> =0,0<t< tf (331)

26



Chapter 3. Dynamic Muscle Fatigue Model

=
N

—Hagberg

—Manenica
Sato
Rohmert

—Rose00

—Ro0se92
Liang
Ruina

-- Deep

——Bissectrice

[y
o
1

[or]

Endurance Time in Elbow models [min]
(o))

10 12

4 6 8
Endurance Time in Dynamic model [min]

Figure 3.8: Evolution of ICC coefficient for different value of fy;veo, d =1

’ Model \ Model’s Equation \ r \ ICC ‘
Hagberg (1981) [76,94] | MET = 0.298(farve) > 0.9930 | 0.9020
Sato (19834) [95] MET = 0.195(farve)” 20 0.9827 | 0.9336
Manenica (1936) [96] | MET = 20.6972exp(—4.5 fary ) 0.9915 | 0.9612
Rohmert (1986) [97] | MET = 0.2285(fyrvc) 11 0.9996 | 0.4464
Rose (1992) [98] MET = 10.23exp(—4.69f27v0) 0.9985 | 0.4977
Rose (2000) [79] MET = 20.6exp(—6.04f31¢) 0.9931 | 0.7419
L.Ma (2009) [32] MET = —In(farve) fk-fauve (K=1) 1 | 0.8828
R.Ma (2012) [6] MET = —In(Tppye)/dkDyve (K=1) | 1 | 0.8828

Table 3.7: Determination of correlation coefficients ‘v’ and ‘ICC’ with d=1.
where, r(t) can be interpolate as follows:

t
ty

t

5)3 (3.32)

r(t) = 3(-)" = 2(

Here, t is current time and ¢ is final time period.

3.3 Recovery Model

3.3.1 Introduction

Definition of recovery: “Increase of the functional capacity of an organ or organism,
of which the functional capacity was reduced as a result of fatigue; recovery occurs by
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ending, reducing or changing the action which results in reduction of the functional
capacity of an organ or of an organism” [99]. Insufficient amount of recovery of muscles
may lead to increased risk of MSD [36].

Muscle fatigue can result from over training, exercising your muscles beyond their
current endurance level or improper nutrition. After exercise, muscles might ache, and
person might find it hard to do anything beside crash in a chair from the fatigue he feel.
Recovery is an important parameter to avoid MSD after muscle fatigue prevails.

The fatigue rate and recovery rate are often use to understand fatigue level and to
depict the process of fatigue and recovery, respectively [99]. The fatigue rate represents
the rate with which the fatigue occur while the recovery rate represents the rate of
regaining the muscle strength after fatigue.

For physical fatigue, fatigue rate can be measures using physical factors such as
heart rate [100], force [101] or EMG data [102]. According to physiological factors
many empirical models have been developed. Recovery can also be measured as force
strength [11,103-105]. In some cases endurance time is used as recovery factor [106].
Various physical factors [99,107] as well as power spectral analysis of surface EMG [108],
were used as parameters for modeling recovery processes. All parameters normally sug-
gest that recovery is totally depend on time. However, speed of recovery for different
parameters it might be different. Study suggest that muscle strength regain in much
faster rate in comparison to muscle endurance [108] and recovery of the power spectrum
of EMG is better then both muscle endurance and muscle strength. Different Phsiological
parameters are described in Winkel, 1996 [109]. There are many discrepancies in differ-
ent parameters. But individual differences are not considered appropriately to design a
physical task.

3.3.2 Recovery Model

We have proposed a muscle fatigue model in form of negative exponential function.
The model includes individual recovery rate to model recovery strength. The recovery
model is derived from the L.Ma’s work [48,110]. The exponential recovery variation is
shown by L.Ma’s model in figure 3.9. The figure shows the variation of recovery curves
with respect to the different recovery rates. The model is described by an equation 3.33.
Recovery is measured in the form of force Fiep(t) or joint torque strength I'cep(?).
Feem/(t) or Teem (t) represents the current exertable maximum force at a given time. Fa-
tigue and recovery shows the change in strength. Fjqz(t) or I'ypee(t) represents maximum
voluntary contraction for given posture without fatigue. Recovery rate ‘R’ represents the
recovery speed of a muscle group after fatigue. It is assumed that recovery rate remains
stable for a certain period according to physical conditions. The differential equation
shows that the recovered strength is proportional to the fatigue (I'yaz — Deem(t))-

drcem (t)

L = R(Tmaz — Leem(t)) (3.33)
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Reocvery processes with different rates of revcovery: R from 0.5-1.3
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Figure 3.9: Recovery curves of a joint under different rates of recovery

Teem (0
Leem(0) 100%), where I'ces, (0)
Fmam

is the initial strength at beginning of the recovery and I'j;4; is maximum strength. Sim-

ilarly for the time instant t, fatigue level can be the ratio of recovery strength till time t
Fcem (t>

The fatigue level can be expressed as a percentage (

to the T'yqz, expressed as ( x 100%). The recovery strength after time duration

max
t can be represented by the integral of equation 3.33 and represented by equation 3.34.

Fcem<t) = Fma:c‘i‘(rcem(o)_rmax)eiRt = Fcem(())"‘(rma:c_Fcem(o))(l_eiRw (3-34)

According to the muscle physiology, there are two type of motor unit to control
muscle: Type I and Type II. These motors units are responsible for muscle contraction
and force generation. Type I is more fatigue resistant in comparison to Type II. These
motor units do not work until get recovered from fatigue. The fatigue level of motor unit
is represented by (I'ynaz — eem(0)). Total fatigue is composition of fatigue from both
type of motor units. But it is difficult to determine the exact proportion of fatigue from
each type, we are considering constant fatigue from combining each unit and and one
recovery parameter ‘R’ is used to represent the overall fatigue.
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3.3.3 State of the art recovery models

The recovery model is explained above. In this section we explained other state of
the art models to observe their limitation and application.

Elfving’s EMG Model

In this model recovery of the median frequency of the EMG power spectrum has been
studied on the healthy 55 subjects, and reference data is calculated by equation 3.35 [108].
The exponential dependence was otained by root means square of determination, r2 =
0.98.

F=tet (i g0 (1= o (1)) (3.35)

where, 7 (minutes) is the relaxation time constant, f; and fe are frequency at the
start and end of fatigue contraction respectively.

The experimental results shows very good correlation of mean recovery data with
the exponential model. The individual recovery analysis can be possible with regression.
In this model, further experimental data for strength recovery for shoulder and torso
extension also demonstrate exponential dependence of the recovery.

Liu’s Motor Unit Model

Liu’s model provide a general approach to analyze fatigue with motor unit pat-
tern [2]. If we assume that during recovery period signals from central nervous system
are zero hence no motor unit activity then recovery can be predicted by equation 3.36
based on Liu’s model. In this equation M represents total number of fatigued unit and
can be replaced by (Fiaz — Feem), as this also represents fatigued motor unit in muscles
and can be written as equation 3.37

dMp
— = —RM 3.36
7 F (3.36)
d(F — F
( nax Cem) — _R(Fmal' - Fcem) (337)

dt

After simplifying equation 3.37 can be written as equation 3.38, considering Fiqqz
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as constant.

dFeem
dt

This model was validated through experiments for maximum gripping strength. R
ranges from 0.0042 to 0.0125 s—1 after fitting result data. In this experiment, recovery
process was occurred simultaneously with fatigue process. The variation in recovery rate
represents differences of physical parameters between different subjects.

conclusion

These models used different physical parameters to validate and analyze recovery.
Wood’s work cycle model [103] use fatigue model to predict fatigue strength and later
use same model to identify recovery. This model used to predict amount of grip strength
recovered for grip jobs. It shows during recovery the worker do not use grip force. Al-
though different physical parameters were taken in different model but all of them have
common exponential function to predict recovery. This exponential behavior of recovery
can also be seen in the new model. The recovery model does not depend on any kind of
motion hence it can be applicable to either static or dynamic situations

3.4 Summary

From all the description in this chapter now we have a new dynamic muscle fatigue
model which includes co-contraction into consideration. This model can contribute to
study the muscle fatigue in the dynamic situation for different kind of simple postures
and motions at different joints. For the application of this model to complex motion and
at different joints for simple motion there may be requirement of some modification in
the model according to the situation. Similarly for the DMET model the modification
may required according to the type of motion and joint. The co-contraction in this model
is evaluated for two group of muscles activation, but if more that two group of muscle
are involved like in complex motion then we have to modify the method to evaluate the
co-contraction index. But when we move to the recovery part we can see that this model
is applicable for both dynamic and static situation as for recovery we don’t need any kind
of motion, it is a rest process. The variation in recovery model may be needed according
to the situation like complex real life. The validity of model is not yet verified for different
kind of motions ot task. In this thesis we will validate this model after push-pill activity
for the arm.

A new dynamic muscle fatigue model with a co-contraction factor has been in-
troduced. The dynamic maximum endurance time model has also been introduced to
measure DMET for each subject in dynamic conditions. The theoretical validation of
dynamic muscle fatigue model on the basis of DMET model has also been done and
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compared with other models. A recovery model is also introduced and compared with
other existing models. The experimental validation and analysis of these models will be
in upcoming chapters.
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Chapter 4

Methodology: Experiment and
Description

4.1 Introduction

4.1.1 Description

The muscle fatigue model described in chapter 3 needs to be validated experimen-
tally. Before going for experimental validation we have to define the different dynamic
postures and experiment protocol for the study of muscle fatigue and recovery. Elec-
tromyography (EMG) technique has been used for the analysis of muscle activity. The
analysis of the muscle activity during the motion helps us in understanding the behavior
of muscles for different types of motions. The assumptions, methodology and analysis of
the EMG data as well as the findings which support the co-contraction factor and the
description of the experiments performed for push-pull motion of the human arm are also
described in this chapter. The results and findings will be discussed in detail in the next
chapter.

4.1.2 Push-Pull operation and muscles activity

The push-pull motion of the arm is the extension and flexion motion about the elbow
respectively as shown in figure 4.1. The plane of the motion is vertical plane (sagittal
plane). The Push pull activity with the muscle activation is shown in figure 4.2. In our
model,the effect of co-contraction and delay (rest) between each cycles were introduced to
analyze the activities in a realistic way. Here the push motion is considered as the motion
of the arm away from the body while pull motion is the motion of the arm towards the
body.

According to the hypothesis made in the previous chapter, when the biceps muscles
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Extension

Figure 4.1: Arm movement - flexion and extension
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Figure 4.2: Push-Pull Motion and Muscles Activity

are active triceps should be passive and vice verse. But in between the activities of the
biceps and the triceps there will be some co-contraction which will affect the accuracy [44]
and reach-ability of the motion. The co-contraction is just after the consecutive activity
of biceps and triceps i.e., flexion. But it is not prominent after the activity of triceps and
biceps (extension) because there is a long delay between these activities after completion
of one cycle as shown in figure 4.2. There are some activity during delay period from
both the muscles but we are neglecting those activities.

4.2 Experiment Set-Up

4.2.1 Main objectives

The aim of this experiment is to study the muscle fatigue and recovery parameters
for arm flexion and extension in the vertical plane. The analysis of the activities of the
biceps, triceps and trapezius muscle were done using EMG data. The co-contraction
between the bicep and tricep muscles is included in the model as co-contraction factor.
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The main part of this experiment is to validate the dynamic muscle fatigue model with
the MVC data and newly introduced co-contraction factor.

4.2.2 Experiment protocol

&

10.

The protocol is divided into the following ten steps:

. Warm up exercise for 2 minutes to relax the muscles.
. Initial MVC measurement for no fatigued condition. Always during the experi-

ments, MVC measurement just take 2-3 second, in this duration subject have to
apply full effort.

A biodex (REF) system is used to perform flexion and extension in isotonic mode
in vertical plane (figure 4.3).

The motion range is about seventy degrees and it is from —20° to 50° as shown in
figure. 4.3.

500

20°

Figure 4.3: Arm movement range while flexion and extension in vertical plane

The subject has to complete 20 cycles in one minute of the fatigue protocol.

Each cycle (flexion + extension) should be completed within 3 seconds.

External load was 20% of initial MVC. MVC was calculated between each fatigue
protocol.

MVC Was measured at 0° arm position in sagittal plane during the experiments.
At the time of MVC measurement the hand will be fixed at 0° position for isometric
condition to measure the MVC.

The test protocol repetition continues till exhaustion. MVC is measured for push
and pull phase separately.

After exhaustion MVC will be measured at duration of 1 minute, 5 minutes and 15
minutes respectively from the end of protocol. This MVC will be used to analyze
the recovery after fatigue in 15 minutes.

The Experiment protocol can easily be understood by the flowchart shown in the

figure 4.4.
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Start Test ’

One Minute
Warm Up

MVC Measurementl

Repeat Protocol

One Minute
Push-Pull

Cycles

MVC Measurement

Is Subject
Exhausted?

4.2.3 Subject’s description

Yes

‘ End of Test

MVC Measurement

10 Minutes
Rest/Recovery

MVC Measurement

4 Minutes
Rest/Recovery

MVC Measurement

1 Minute
Rest/Recovery

Figure 4.4: Flow chart for experiment protocol

Ten subjects, aged 24 + 4 years old, performed the protocol. All the subjects were
sportive. The subjects were physically fit and had no injuries in the upper limb. The
subjects characteristics for age, weight, height, upper arm and fore arm length are given
in table 4.1, as well as their sport activities.

’ Subject \ Age \ Weight \ Height \ Upper arm \ Forearm \ Sports ‘
1 28 89 kg 185 cm 29 cm 26.5 cm Running
2 24 80.2 kg | 183.5 cm 31.5 cm 28 cm Musculation
3 20 69.8 kg | 180.1 cm 30 cm 29.5 cm Handball
4 20 80.9 kg 177 cm 29.8 cm 29 cm Handball
5 21 62.2 kg | 172.8 cm 29.2 cm 26.5 cm Tennis
6 25 61.1 kg | 164.8 cm 26 cm 24.5 cm Rugby
7 26 74 kg 176 cm 28.5 cm 27 cm Tennis
8 27 66 kg 181 cm 29.5 cm 26.5 cm wall climb
9 23 66.3 kg 164 cm 27 cm 25.5 cm Swimming
10 26 85 kg 184 cm 29 cm 26.5 cm Football

Table 4.1: Subject’s anthropometric data and description

4.2.4 Equipment required for experiment and data acquisition

To prepare an experiment setup, we need various equipments. The experiments
are performed on the a Biodex system 3 research (Biodex medical shirley, NY) isokinetic
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dynamo-meter. The biodex system and dynamometer are shown in figures 4.5 and 4.6

respectively.
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Figure 4.6: Experiment dynamometer

For the acquisition of EMG activity from the bicep, tricep and trapezius muscles, the
surface electrodes are fixed on the skin at middle and parallel to the muscles (figure 4.7).
The position of the electrodes on the arm are shown in figure 4.7. Prior to electrodes
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placement, the skin was shaved and cleaned with alcohol in order to reduce electrode-skin
impedance below 55 k2. Then, EMG signals were preamplified (gain = 600, bandwidth
6 400 Hz) and sampled at 2000 Hz.

Figure 4.7: Position of the EMG electrodes on the arm

To record all the data, mechanical or EMG data, PowerLab data acquisition system
is used with Labchart software to visualize and convert the data from raw to digital
readable format. After data acquisition the raw data is drafted into a text file for further
process on Matlab.

Every time before starting a new experiment, setup has to be arranged according
to protocol and a calibration of dynamo-meter is necessary. The inputs to Powerlab data
acquisition system are EMG data from bicep, tricep and trapezius muscles and velocity,
position and torque generated by subject.

Procedure

The subjects should not move body during the test. To avoid this we can fix the
subjects with soft belts to the experiment chair as shown in figure 4.8. The exercise
were performed using the right arm. The experiment setup with a subject is shown in
figure 4.9. The maximum MVC for the unfatigued subject were calculated before starting
the test. This MVC value will be a reference for all the further analysis for the same
subject. To set the torque on the handle, the value of torque will be 20% of initial
maximum MVC, which means when subjects will apply torque more than or equal to the
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Figure 4.8: Experiment setup without any subject

fixed value then only they will be able to move the handle. Here subject have to perform
repetitive 20 cycles of push and pull at fixed load which is 20 % of maximum capacity of
subject. Hence subject can do repetitions easily until he reached the level of fatigue or
endurance time. If subject fail to apply this effort then it may possible that subject will
not complete the cycle or return it from middle. But the experiment was in proper vision
and subjects were always motivated to complete all the cycles. Each MVC measurement
required just 2-3 seconds for both flexion and extension phases. After measuring the
MVC value the subjects take rest for ten seconds (which is also the time to prepare the
device again for next protocol) before starting the fatigue protocol. In this experiment,
subjects should complete 20 repetitions or cycles in one minute as mentioned in the
experiment protocol. After each one minute protocol MVC have to be measured again.
If the subject is exhausted or not able to do further exercise after certain repetitions of
fatigue protocol, then the test should be stopped. After ending the fatigue test MVC was
measured. During the fatigue protocol the subject should always be motivated to go up
to exhaustion but until comfortable limit so that the subject can not hurt muscles if he
go beyond limit.

The EMG is measure to three muscle group for biceps, triceps and trapezius. For
flexion and Eextension motion of the arm biceps and triceps muscle are mainly respon-
sible. But at the time of some motion or fatigue it is possible that other muscles come
into effect to support the motion that is why we have also included trapezius muscle as
test to see the activity of third muscle during flexion and extension.

4.3 Data processing and analysis

All the data were processed using standardized Matlab program. The processing
includes filtering the raw data, normalization, cycles separation, and frequency analysis.
The step by step procedure for all this are as follows:
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Figure 4.9: Experiment setup with one subject

4.3.1 Filtering the raw EMG data

1.

The data processing was performed using standardized Matlab scripts (User Guide
- The Mathworks, Natick, USA). A Butterworth second order low pass (10 Hz) was
applied to the raw mechanical signals (torque, position and velocity) from flexion
and extension movements of the arm (Appendix .1 and .2). The raw data contains
some noise at low frequency. To remove these noise we filter the signal at low
frequency.

. Remove DC offset from the signal by detrend the raw EMG data and mechanical

data (position, velocity and torque). Normally, we want the signal to have a middle
point at zero to allow a maximum dynamic range. Offset refers to adjust data to
zero point. While DC offset can be useful in the control of some kinds of synthesis
(such as Amplitude Modulation or Frequency Modulation). Detrending means,
removing offsets, or linear trends from regularly sampled time-domain input-output
data signals. This data processing operation helps us estimate more accurate linear
models because linear models cannot capture arbitrary differences between the input
and output signal levels (Matlab code for this process is explained in appendix .2).
Detrend computes the least-squares fit of a straight line (or composite line for
piecewise linear trends) to the data and subtracts the resulting function from the
data.

Rectify the EMG signal. This will help in easy filtering of the raw data (Ap-
pendix .2).

. Apply Butterworth band pass filter of 20-400 Hz to the rectified raw EMG data

(Appendix .3).
Normalize the filtered data for all the EMG activity with respect to the normaliza-
tion value of each signal calculated equation 4.1. Normalization means dividing the
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whole data for each index with its reference value or normalization value.

The output data after filtering are shown in the figure 4.10 is normalized based on
the value described in equation 4.1 . Bicep, Tricep, Trapezius, and Torque are normalised,
position has units in degrees in which range is varying between -20 to 50 degrees and
velocity has units in degrees/sec.

All the cycles are normalized according to the equation:

value N ormalization = Valuemean" " + 30 (4.1)

o valuenNormalization - Reference value for data normalization.
e valuemeqn*" : Maximum value of standard deviation along the mean.
e o0 : Standard deviation

For each case there are some cycles which reached abnormal maximum and minimum,
so to avoid those cycles from comparison we select the normalization value calculated on
the basis of the equation 4.1.

4.3.2 Extraction of the relevant data

Different number of cycles(push+pull) were completed by the ten subjects in the
fatigue test. Time scale normalization is needed for the comparison of the repetitions
of cycles, like in highly standardized movement patterns or repetition cycles, such as
normal gait or iso-kinetics knee. Not being robots, it is difficult for normal subjects
to really reproduce a movement a second time. As an example, figure 4.10 illustrates a
sample of filtered data for 5 push-pull cycles. The three first lines represents EMG signals
for biceps, triceps and trapezius respectively, line 4 to 6 are joint torque, position and
velocity respectively. We can observe on this figure that the delay between two biceps
EMG activity. We can also observe that some period show no EMG signals at all.

The filtered EMG data for all the muscles without removing any delay for the five
cycles is shown in figure. 4.10. In this figure we can see that there is a delay between
each activity, means after completing each cycle subject stop for some duration and then
again start the cycle.

In case of isometric contraction there is no movement at that time we compare
cycles on the basis of EMG. But in dynamic conditions there will be movement of the

body part so cycles can be compared on the basis of actual mechanical data.

We are comparing the cycles with having some activity that is why delay or rest in
which there is no activity is not taken in for the study. But this will not have significant
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effect on the result. It is done just to analyze the required part of the data.

Here we break the cycle in two parts; (i) Push phase and (ii) Pull phase separately, so
that we can compare the activity of all the three muscles in the both phases in figure 4.10,
the muscle activity is characterized by the biceps EMG activity, the pull is characterized
by the triceps EMG, we can see an absence of EMG activity between one pull phase and
the following push phase (figure 4.10), denoted by area ‘b’. Another resting period can
be observed on the joint torque, position and velocity data denoted by ‘a’ in figure 4.10:
all these data are zero in this phase, even though EMG signals show activity. For doing
this we have two options to separate the push and pull phases: one is according to EMG
activity of biceps and tricep (zero EMG signal = no muscle activity) and another one is
according to the change in mechanical data of joint position or velocity (zero joint torque,
velocity and position = no movement). The assumption made for separating the cycles
are as follows:

e Separation of push-pull cycles in two parts.

e Neglecting the delay or rest in between each cycle (no motion and no activity).

e For cycles separation and comparison on the basis of EMG, all the push cycles will
start at onset of EMG signal and end at offset of EMG signal of Biceps. Similarly,
all the pull cycles will start at onset of EMG signal and end at offset of EMG signal
of Triceps.

e For cycles separation on the basis of joint velocity, the positive part of the velocity
is considered as push phase and the negative part is considered as pull phase.
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EMG onset is the approximate point where the muscle activity starts and Offset is
the point where the same ends.

According to these assumptions, we have removed the delays due to no motion or
no EMG activity between all the cycles.

In figure 4.10 (raw filtered EMG data) the vertical black dotted line is showing the
lines the joint velocity where signal is zero. Similarly, pink dotted lines passing from
the onset and offset of EMG activity of biceps and triceps. ‘a’ and ‘b’ representing the
EMG delay between the cycles. If we remove the delay between the cycles on the basis of
the velocity changes, then the processed data will be smoother for velocity and position
as shown in figure 4.11. This figure is the outcome of plotting the data of all the five
cycles again after removing the data corresponding to zero joint velocity. The method is

explained in next section 4.3.3 and compared with the cycles separation on the basis of
EMG Onset and Offset Values.

The plot for velocity and position is smoother in figure 4.11 in comparison to fig-
ure 4.10, while the plot for EMG for Biceps, Triceps, Trapezius, and torque do not have
same start and end points for each cycle. It is because the EMG activity for both push
and pull is for longer duration than the velocity or position change.

4.3.3 Time-scale normalization of the cycles

It is impossible to precisely repeat the duration of a repetition in human locomotion.
Any averaging of such repetitions requires a time normalized format. Any averaging of
such repetitions requires a time normalized format. The most popular concept, originally
developed for gait analysis, separates all repetition within a given sequence into an equal
amount of periods and calculates the mean value of each period. The original (mili-)
second time scale is converted to percent of cycle ranging from 0 to 100%. Usually a
segmentation of 100 (1 data point at each 1% step) is used. The simple method to
normalize the EMG data on the basis of time scale and separation of each cycle the
method is explained below:

e First data point, Ty = 0% of the cycle = (pLimelorfirstoample )

e Last data point, T99 = 100% of the cycle = ( Time[orlastsample )*100

Totaltime forwholecycle
e Interpolate all the data points with piecewise linear interpolation to 100 points for

whole cycle.(Appendix .5)

The plot of each cycle on the same normalized scale would give the better com-
parison between each cycle. Based on the steps described above each repetition cycle is
averaged to a mean curve. According to the filtered data shown in figure 4.10, we can do
time scale normalization and cycle separation on the basis of two methods:

1. EMG Onset and Offset
2. Velocity variation
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Cycle Separation

Velocity EMG
Push Pull Push Pull
Negative phase Positive phase ‘ ‘
EMG onset to offset EMG onset to offset
Triceps activity Biceps activity

Figure 4.12: Cycle Separation

Here we will do time scale normalization on the basis of both methods and we will
select a method best suitable for further data analysis. The figure 4.12 represent the
same in a graphical way.

Cycles separation on the basis of EMG

If we separate the cycles and remove the delay on the basis of EMG activity (EMG
onset and offset) as shown in figure 4.13 and figure 4.14. We have taken a small part from
figure 4.13 to expand it in bigger form and understand it minutely. In figure 4.14 we can
see that the data from first red dotted line to the second red dotted line is pull and from
second red dotted line to third one is push. Here we can see that both push and pull have
some co-contraction in between because of overlapping of some data of biceps and triceps.
These plot is for one cycles. In this figure we can see that we have proper start and end
for EMG data but for the mechanical data (torque, position and velocity) we have the
data in which there is no actual mechanical work or motion. In figures /reffig:emgemgplm
to /refemgvelplm we can observe plots with standard deviation range which shows that
the most cycles are near the standard deviation around the mean. In these figures we
can also observe that EMG data have smooth plot but in mechanical data of position,
velocity and torque have missing data in the start and end of the cycle. This is because
of the cycle separation on the basis of EMG. The cycles separation on the basis of EMG
Onset and Offset activity are done as follows:

e cycle(start) = data®™%
e cycle(end) = data®ffset

e First data point = cycle(start), Ty = 0% of the cycle = ( Timefor firstsample )

Totaltime forwholecycle

e Last data point = cycle(end), Tygg = 100% of the cycle = ( Timeforlastsample )*100

Totaltime forwholecycle
e Interpolate all the data points with piecewise linear interpolation for 100 points for

whole cycle.(Appendix .5)
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Figure 4.14: Separation on the basis of EMG

The above procedure is repeated for the biceps and triceps muscles separately,
so that we can extract push part of the cycle and pull part of the cycles in separate
comparable platform. The procedure of this part to compare the cycles on the basis of
EMG (Appendix .6).

The cycles separated on the basis of EMG are shown in figure 4.15 for EMG activities
of all the muscles in push phase and figure 4.16 shows the mechanical data for velocity,
position and torque with the maximum and minimum region of reach for the cycles and
the single mean cycle of all the cycle.
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Figure 4.15: Mean and Standard deviation plot for EMG data of Bicep, Tricep and Trapezius
in Push Phase of the cycles based on EMG onset and Offset
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Figure 4.16: Mean and Standard deviation plot for velocity, position and torque in Push Phase
of the cycles based on EMG onset and Offset
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Figure 4.17: Mean and Standard deviation plot for EMG data of Bicep, Tricep and Trapezius
in Pull Phase of the cycles based on EMG onset and Offset

Note:- Curves representation in figures4.15 to 4.24:
___ Blue color curves show mean EMG activity.
I Red bar plotted on blue curves show the standard deviation of all the EMG activities

along the mean.
— Black dotted curves show the maximum and minimum reach from the EMG activies.
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Figure 4.18: Mean and Standard deviation plot for velocity, position and torque in Push Phase
of the cycles based on EMG onset and Offset

The red bars shows the standard deviation of all cycles plotted. And for pull part
cycles are shown in figure 4.17 for EMG activities of all the muscles and figure 4.18 shows
the mechanical data for velocity, position and torque with the maximum and minimum
region of reach for the cycles and the single mean cycle of all the cycle. There are 2000
cycles plotted on the same graph for ten subjects. All the cycles are compared on the
same scale. In these figures we observed that we are loosing some of the mechanical
data from torque, position and velocity. The advantage of this approach is that we can
have very good EMG activity without any loss but at the same time we have very big
disadvantage that we will loose the mechanical data, which is actually showing the real
movement during the fatigue protocol.

Cycles separation on the basis of velocity

The cycles separated on the basis of velocity are on the basis of positive and negative
phase of the velocity as shown in figure 4.19 and figure 4.20. We have taken a small part
from figure 4.19 to expand it in bigger form and understand it minutely. In figure 4.20 we
can see that the data from first red dotted line to the second red dotted line is pull and
from second red dotted line to third one is push. Here we can see that both push and pull
have some co-contraction in between because of overlapping of some data of biceps and
triceps. These plot is for one cycles. In this figure we can see that we have proper start
and end for the mechanical data (torque, position and velocity) without much loss but
in EMG data we lose some of the data in start or end of EMG of biceps and tricps. In
figures /reffig:velemgphm to /refvelvelplm we can observe plots with standard deviation
range which shows that the most cycles are near the standard deviation around the mean.
In these figures we can also observe that velocity data have smooth plot but in EMG data
have missing data in the start and end of the cycle. This is because of the cycle separation
on the basis of velocity.
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Figure 4.20: Separation on the basis of velocity

Here graphs plotted for push part are shown in figure 4.21 for EMG activities of all
the muscles and figure 4.22 shows the mechanical data for velocity, position and torque
with the maximum and minimum region of reach for the cycles and the single mean cycle
of all the cycle. The red bars shows the standard deviation of all cycles plotted. And
for pull part cycles are shown in figure 4.23 for EMG activities of all the muscles and
figure 4.24 shows the mechanical data for velocity, position and torque with the maximum
and minimum region of reach for the cycles and the single mean cycle of all the cycle.
There are 2000 cycles plotted on the same graph with standard deviation range which
shows that the most cycles are near the standard deviation around the mean.

EMG Trapezius EMG Triceps EMG Biceps

Figure 4.21: Mean and Standard deviation plot for EMG data of Bicep, Tricep and Trapezius

in Push Phase cycle based on velocity change
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Figure 4.22: Mean and Standard deviation plot for EMG data of Bicep, Tricep and Trapezius
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in Pull Phase cycle based on velocity change
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Figure 4.23: Mean and Standard deviation plot for velocity, position and torque in Push Phase

cycle based on velocity change

The cycles separation on the basis of velocity are done as follows:
e velocity(Positive) = v/ “fSt to vy 5€cond — pugh cycle
e velocity(Negative) = v_J77st to y_second — pyll cycle

e First data point = velocity (Positive), Ty = 0% of the cycle = (
e Last data point = velocity(Negative), Tgg = 100% of the cycle = (

Timefor firstsample )

Totaltime forwholecycle
Timeforlastsample ) *100

Totaltime forwholecycle

e Interpolate all the data points with piecewise linear interpolation for 100 points for
whole cycle.(Appendix .5)
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Figure 4.24: Mean and Standard deviation plot for velocity, position and torque in Push Phase
cycle based on velocity change

v T8t and vy 56€0nd are respectively the start and the end point of positive velocity
part of each cycle and v_Jirst and y_second gre respectively the start and the end point
of negative velocity part of each cycle. The procedure of this part to compare the cycles
on the basis of velocity is given in appendix .4. But in this case the mechanical data
plots show that the position and velocity have some delay in the plots and not able to
complete the push or pull cycles properly. This shows that this type of cycles separation
is not good for mechanical data, which is the actual identification of push and pull phases
in the cycle.

There are 2000 cycles plotted on the same graph for ten subjects. All the cycles are
compared on the same scale. In these figures we observed that we are loosing some of the
EMG data in start or end of muscles activity. The advantage of this approach is that we
can have very good mechanical activity without any loss but at the same time we have
disadvantage that we will loose the EMG data, which is actually not showing the actual
movement during the fatigue protocol.

4.3.4 Analysis and Conclusions

On comparing the figure 4.15 and figure 4.17, respectively with the figure 4.21 and
figure 4.23, we can see that the EMG plots in figure 4.15 and figure 4.17 are more consis-
tent at end points as compared to the other two plots in both push and pull cases. This
shows that cycles separation on the basis of EMG gives consistent plots for EMG activity
in comparison to velocity based cycles separation. On the other hand on comparing the
figure 4.16 and figure 4.18, respectively with the figure 4.22 and figure 4.24, we can see
that the mechanical data plots in figure 4.22 and figure 4.24 are more consistent at end
points as compared to the other two plots in both push and pull cases. But in this case
the EMG data plots are not consistent at the start and end in both push and pull cases.
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This is mostly because we have remove the delay part from the analysis which also consist
some EMG data. We can observe that the velocity based comparison and separation of
cycles are more precise from the above analysis. So we made all the further analysis and
results based on this method.

4.4 Summary

For the validation of proposed muscle fatigue and recovery model, experiment setup
and protocol is defined. The experiments were performed on ten subjects for flexion-
extension (push-pull) motion of the arm. The aim of these experiments was also to study
the effect of co-contraction and effect of muscle fatigue on the EMG activity of muscles.
The method to process and analyze the experimental raw EMG data is described, which
includes filtering of the raw EMG data, extraction of requisite data and time-scale nor-
malization of cycles. Two methods for the separation of cycles are proposed, i.e, EMG
Onset and Offset basis and velocity change basis. Out of these two methods cycles sepa-
ration on the basis of velocity found to be more precise for the purpose and will be applied
further for any analysis of the cycles. The results and discussion for all the findings are
given in next chapter.
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Chapter 5

Results and Discussion

5.1 EMG Data Analysis

5.1.1 Description

The EMG data for each subject is filtered and normalized on time scale to compare
push and pull phases of cycles. The number of cycles compared for each subject is shown
in table 5.1. The phases are separated from the main cycle on the basis of the change in
velocity. The EMG plots for Biceps, Triceps, Trapezius muscle are shown in figure 5.1.
The mechanical data for joint position, velocity and torque are shown in figure 5.2. Both
Biceps and Triceps have three muscles, i.e, for biceps muscles are Biceps brachii short,
Biceps brachii long and Brachialis, similarly for Triceps muscles are Triceps long, Triceps
lateral and Triceps medial. In Our experiment we just put sensors on Biceps brachii long
and Triceps lateral. Hence in whole thesis term Triceps represents triceps lateral and Bi-
ceps represents Biceps long. We did this because we just want to confirm the usefulness
of co-contraction between muscles for our model. For Triceps we did not put sensor on
Triceps long because it was covered by the back support.

Subject Number \ Number of cycles \ Total Test Duration (Minutes) ‘

1 340 17
2 220 11
3 120 6
J 100 5
5 160 8
6 420 21
7 640 32
8 160 8
9 140 7
10 60 3

Table 5.1: Number of cycles completed by each subject
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It is obvious that if we put sensor on all the muscles we could have better data
for co-contraction nut because we have joint based model that is why we prefer just one
muscle activity in place of group of muscles.

For figures 5.1, 5.2, 5.3 and 5.4 representations are as follows:
___ Blue colors curve show mean EMG activity.
I Red bar plots on blue curve shows the standard deviation of all the EMG activities

along the mean.
— Black dotted curves shows the maximum and minimum reaches from the EMG activi-

ties.

The total number of cycles compared for all the ten subjects are 2000 cycles in
figures 5.3 and 5.4. The collective EMG plots for Biceps, Triceps and Trapezius muscle are
show in figure 5.3a and figure 5.3b for all the ten subjects and the collective comparison for
the mechanical data position, velocity and torque are shown in figure 5.4b and figure 5.4a
for all the ten subjects.
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Figure 5.4: Mean and Standard deviation plots for joint velocity, position and torque for all
subjects
In figures 5.1, 5.2, 5.3 and 5.4 it is observed that because of the cycle separation on
the basis of velocity we loose some data of EMG from the activity of triceps and biceps.
It may be interesting to see if we can provide some factor to compensate this loss of
activities. That can help us in analyzing the EMG activity and co-contraction in better
way.
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5.1.2 Analysis and Discussion

After processing the EMG data of all the muscle groups from figures 5.1, 5.2, 5.3
and 5.4 we can observe that when the biceps are active during flexion phase there are
always some activities from the triceps and on the other hand when triceps are active
during pull phase the biceps are almost passive or activities are very near to zero. But in
our assumptions we said that when one group of muscle is active, other will be passive.
We can also observe the co-activation of Trapezius muscle with the activation of biceps.
During flexion phase, the activation of triceps with the biceps is co-contraction between
two muscles. We can observe that the activities of biceps and triceps during flexion and
extension are according to our hypothesis for extension phase while for flexion phase it
is not true. This is because during flexion the subject have to work against gravity while
during extension the gravity supports the motion. In our experiment we did compensate
the effect of gravity by increasing the load for extension equivalent to the load by handle
alone at zero position but still this does not show much effect. For study we divided this
co-contraction equally between both the phases for further simplification and analysis
of co-contraction factor. In these results we see the activity from the trapezius which
is intermittent in many cycles, but we can also analyze the activity from other nearby
muscles which can help in motion at the time of fatigue. We see the co-contraction with
the tricep muscle at the time of flexion. It will be better to analyze more muscle of the
triceps and biceps.

5.2 Results and analysis for co-contraction

5.2.1 Description

The co-contraction index calculated by using equation 3.6 is fitted with the ex-
ponential equation 3.7 in section 3.1.3. The figure 5.6 shows the fitted graphs for the
co-contraction index for test cycles of all ten subjects. Figure 5.6 blue dots show the con-
traction index during each extension-flexion phase and red curve shows the exponential
fit for the co-contraction index but in every case this fit looks almost linear in behavior.
In figure 5.6 we observe the decreasing slope of C'4 for almost 9 subjects, see figures 5.6a
to figure 5.6j, the co-contraction index for activity between the muscles reduces as the
fatigue test proceed or the muscles gets fatigued. We can notice that only the subject
number 8 in figure 5.6h has increasing slope for the co-contraction area. This behavior
can be associated with his sport activity which is wall climbing and very different from
other subjects as shown in table 4.1. But still for 9 subjects we are getting the upward
slope. By the equation 3.6 and 3.8 we can find n; (co-contraction factor for each subject)
as shown in table 5.2, where 7 is the subject number:

| n; [m | no | mg [na| ms | ng | n7 | ng | mg [ mpo]

| Mean co-contraction factor | 1.4 [1.45|1.33 [ 1.4 1.41 | 1.35[1.36 | 1.26 | 1.5 [ 1.3 |

Table 5.2: Co-contraction factor for each subject
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The residual of co-contraction index data from all the subjects is shown in figure 5.5.
The plot of the residual of C'y shows that all the data lie within the deviation range of
45 from the zero line. Hence distribution is good for 10 human subjects.

Normally the residual should be near to zero line in mechanical experiments for
better accuracy. But in this case because of human unpredictable data behavior the 5%

variation is quite satisfactory.
- Data
{—zero line|

25~

20

10

Residual deviation

- 1 1 1 1 I 1 l I 1 |
150 10 20 30 40 50 60 70 80 90 100

Fatigue test

Figure 5.5: Residual analysis for co-contraction index data

The sigma distribution of co-contraction index as shown in figure 5.7 gives the mean
value of co-contraction for general public. The sigma distribution is in the range of [—20
to +20]. The mean average value of C'4 for all subjects is approximately 0.38 calculated
by using equation 5.1 with ¢ = 0.0791. The sigma distribution is done using the equation
described above the figure 5.7.

o—(@—p)%/(20?)
flx) = = (5.1)

As we know the mean co-contraction index value for the 10 subjects (table 5.2), we
can also find the normalized mean value of co-contraction factor. This value will be used
further to analyze and validate muscle fatigue model. Here, we are using the value of C'y
calculated by equation 5.1.

CA ~ 0.38

n=1+0Cy
n=1+0.38=1.38
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5.2.2 Co-contraction Analysis

The co-contraction index in figure 5.6 shows the decreasing slope for 9 out of 10
subjects which is satisfactory which means for 90 % of population co-contraction index
behave in this way. The value of co-contraction index signifies the participation of co-
contraction between two muscles activity during the protocol. The value is 1.38 which
means during whole activity co-contraction contribution is 38% of whole activity. Hence
by including co-contraction in the dynamic muscle fatigue model will make it more re-
alistic. The co-contraction factor value of n = 1.38 represent part of the whole cycle
excluding co-contraction effect. If we include this into model it means that the model
will predict the fatigue with excluding the forces or activity because of co-contraction
and hence represent the real forces produced by muscles without being contracted at the
same time. The co-contraction signifies varies characteristics with fatigue with linear and
downward slope see figures 5.6a to 5.6j. The effect of co-contraction will be visible in
upcoming sections.

5.3 Experimental Validation of Muscle Fatigue Model

The MVC values are measured between each protocol of one minute (Appendix .7).
We can see in most of the cases MVC decreases as fatigue increases. The MVC is same
as I'cemn used in our model. The theoretical and experimental evolution of I'cep, is on
the basis of k (fatigue rate) using equation 3.11 and equation 3.15 and calculated, n;
and C' = 0.2. The evolution of I'cey, extension for fatigue parameter ‘k’ is shown in
figure 5.8, 5.10, 5.12, 5.14, 5.16, 5.18, 5.20, 5.22, 5.24 and 5.26. Similarly the evolution of
['cem flexion is shown in figure 5.9, 5.11, 5.13, 5.15, 5.17, 5.19, 5.21, 5.23, 5.25 and 5.27.
In these figures blue line show the MVC measured for flexion and extension after each
test protocol of 1 minute. The MVC values measured are I'cen(t), used in calculating
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fatigue rate ‘k’ using equation 5.2.

_ - ]_ ln Fcem (t)
n.Ct’ 'vive

The theoretical I'cep, is then calculated with respect to minimum, maximum and
average value of fatigue rate using equation 3.11. The theoretical and experimental
evolution of I'cepn shows that the experimental values are well fit with in the theoretical
model. The co-contraction factor have significant effect on the model. The minimum,
maximum and average value of ‘k’ for each subject are shown in table 5.3. The red, pink
and black dotted curves in figures 5.8 - 5.27 represent theoretical ['cep,, calculated from
minimum, maximum and average value of fatigue rate ‘k’ respectively.

k

(5.2)

Kextension kfleacion
Subject || Minimum | Maximum | Average || Minimum | Maximum | Average
1 -0.0718 0.0605 0.0069 0.0420 0.3943 0.1182
2 0.1389 0.3606 0.2161 0.0923 0.2170 0.1341
3 0.3116 0.6096 0.4791 0.2073 0.4029 0.2821
4 0.9171 1.8485 1.2438 0.8476 1.4332 1.0815
5 0.2152 0.5310 0.3468 0.2607 0.5231 0.3657
6 0.0428 0.3305 0.1403 0.1268 0.6086 0.2542
7 0.0103 0.1423 0.0376 0.0036 0.1009 0.0436
8 0.1103 0.2972 0.1944 0.1196 0.6325 0.3636
9 0.2116 0.7701 0.5601 0.0884 0.4942 0.2876
10 0.2329 0.2883 0.2606 0.1687 0.3443 0.2565

Table 5.3: Experimentally calculated values of ‘k’for flexion and extension motion
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Figure 5.8: I'..,, evaluation for extension phase in the subject 1

The experimentally calculated value of I'cepy () is mostly in the range of theoretical
['cem, which validate our muscle fatigue model. The fatigue rate increased with the input
of co-contraction factor in the fatigue model, which show the significant effect of co-
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contraction factor in the fatigue model. In Place of particular value of n for each subject
we are going to use n = 1.38 as calculated in previous section. The experimentally
calculated values of MVC for each subject in Appendix .7.
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Figure 5.9: I'..,, evaluation for flexion phase in the subject 1

100
= Experimental data
cem
90 gl atk .. =0.1389
cem minimum
80 ---T atk . =0.3606
cem maximum
---r atk =0.2161
70 cem average
T 60
Z
g 50
g
2 40
30
20
10
0 | | J
1 2 3 4 5 6 7 8 9 10 1"

Time(minute)
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Figure 5.11: I'..,, evaluation for flexion phase in the subject 2
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Figure 5.14: I'.,, evaluation for extension phase in the subject 4
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Figure 5.16: I'..y, evaluation for extension phase in the subject 5
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Figure 5.17: I'.,, evaluation for flexion phase in the subject 5
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Figure 5.20: I'.,, evaluation for extension phase in the subject 7
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Figure 5.21: I'..,, evaluation for flexion phase in the subject 7
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Figure 5.22: I'..,, evaluation for extension phase in the subject 8
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Figure 5.23: I'.,, evaluation for flexion phase in the subject 8
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Figure 5.24: Iy, evaluation for extension phase in the subject 9
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Figure 5.27: T'.., evaluation for flexion phase in the subject 10

5.4 Experimental Validation of Recovery Model

The recovery model is described in chapter 3 with equation 3.33. The model can
be simplified to equation 5.3 to find the value of recovery factor R for each subject. It is
suppose that recovery rate ‘R’ keeps model constant for certain period of time.

The individual recovery rate (R) was proposed in the recovery model to charac-
terize individual differences between different subjects. The recovery rates demonstrate
the speed in which the subjects return to their original maximum muscle strength. In
this study, individual recovery rate of each subject was determined mathematically after
fitting the measured recovered strengths to the recovery model.

Recovery capacity w.r.t., time is proportional to fatigue part (MV C e (t)). After
finding the value of R we will use equation 3.34 to find theoretical values of I'cep ().

log
R

_ B\ MVC Teem(t) 5.3
t

During Experiment we have measures MVC three times. First after one minute,
second after five minutes and third after fifteen minutes of completing the fatigue protocol.
These values are the experimental data to validate recovery model. During the rest the
subject was sitting normally and not holding the handle. MVC measurement was done
once between each rest period. During the MVC measurement there is a possibility
that subject can have fatigue. The recovery model is valid for both static and dynamic
conditions because during recovery subject do not need to perform any kind of motion.
We used this data in equation 5.3 to calculate different values of R for flexion’s and
extension’ muscles recovery.
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Figure 5.28: I'.,, evaluation for recovery in extension phase in the subject 1
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Figure 5.31: I'.,, evaluation for recovery in flexion phase in the subject 2
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Figure 5.32: T'..,, evaluation for recovery in extension phase in the subject 3
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Figure 5.33: I'.,, evaluation for recovery in flexion phase in the subject 3
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Figure 5.34: I'.,, evaluation for recovery in extension phase in the subject 4
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Figure 5.35: I'.,, evaluation for recovery in flexion phase in the subject 4
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Figure 5.36: I'..,, evaluation for recovery in extension phase in the subject 5
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Figure 5.40: T'..,, evaluation for recovery in extension phase in the subject 7
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Figure 5.41: T'..,, evaluation for recovery in flexion phase in the subject 7
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Figure 5.42: I'..,, evaluation for recovery in extension phase in the subject 8
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Figure 5.43: T'..,, evaluation for recovery in flexion phase in the subject 8
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Figure 5.44: T'..,, evaluation for recovery in extension phase in the subject 9
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Figure 5.45: I'..,, evaluation for recovery in flexion phase in the subject 9
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Figure 5.46: I'..,, evaluation for recovery in extension phase in the subject 10
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Figure 5.47: T'..y, evaluation for recovery in flexion phase in the subject 10

Theoretically R cannot be negative thats why we take R,inimum s 0 and Ry, qzimum
is calculated value from the equation 5.3. The calculated value of R are used to calculate
theoretical values of T'cepn(t). Then the theoretical values of T'cepn(t) and experimental
values of MVC for recovery are plotted on the same graph for flexion and extension sep-
arately. We can see that for most of the cases the the experimental values are in the
range of theoretically calculated values. Hence our recovery model is well fitted for this
posture.

5.4.1 Recovery Analysis

Recovery model validated through experimental data for all subject have close val-
idation with the theoretical data because in most of the cases the experiment values are
within the limits of theoretical values. The drop in I'cep, during recovery gives negative
value of R because during experiment sometimes there is no recovery in strength of the
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subject and that is why the value of I'c¢y, decreases. The drop in recovery is also possible
because of the fatigue occur from MVC measurement after rest. During recovery it is
expected that the subject will recover its strength and hence if we measure "¢y, after
that it should increase. Hence theoretically it can not be negative, so we take 0 as the
minimum value. The drop in recovery MVC for some subjects shows the intermittent
behavior of human muscles to get recover. In some cases we can see the recovery is above
100% but in some cases it is below 100%. It is because subject didnt perform Maximum
exertion in starting of the test when we measure the maximum MVC.

5.4.2 Limitations

There are several limitations to the validation of the recovery model. These limita-
tions can be further classified into theoretical limitations and experimental limitations.
The recovery model is relatively simple, and only one parameter (R) is used to represent
the average recovery property of both muscle fibers. Muscle fibers can be roughly classi-
fied into two types: type I and type II. Each muscle fiber has its specific fatigue resistance
and recovery attributes. However, the differences between the two types of muscle fibers
were not considered in the development of the model. This assumption might cause
certain shortcomings for the application of this recovery model. In the experimental de-
sign, an exponential relationship was found in the different empirical models from the
literature.

It is not easy to obtain the original data from those studies to validate the model
with the original data. In addition, only the hand grip strength and shoulder joint
strength were selected and validated within a limited range of relative forces. It is nec-
essary to investigate the applicability of the recovery model to other muscle groups and
other relative force levels. The recovered strength measurement is still difficult under the
protocol in this study. A better approach should be designed appropriately to measure
the strength without interrupting the recovery process.

5.4.3 Conclusions

A theoretical model was proposed and validated in this study. The fatigue level
and muscle strength were incorporated in this model to reveal the macro appearance of
the overall behavior of micro motor units. The recovery rate (R) was used in this model
to account for the individual fatigue attributes. Through theoretical and experimental
validation, it was found that this recovery model was able to interpret the empirical
exponential recovery relationship. Substantial differences between the calculated recovery
rates were found as well. These differences imply that recovery rate has both individual
dependency and muscle group dependency.
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5.5 Position plot comparison with old model
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Figure 5.48: Predictive velocity and position profile for dynamic cycles in R.Ma’s model
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Figure 5.49: Predictive velocity and position profile for dynamic cycles in Experiment

In Ruina’s model arm motion is in between 0 to 90 degree position. The predictive
velocity and position behavior is shown in figure 5.48 In the current experiment, motion
is in between -20 to 50 degrees. the velocity and position predictive profile is shown in
figure 5.49 The comparison shows almost the same behavior of velocity and position. The
comparison is on the basis of the model described in section 3.2.3. Position is shown in
radians and velocity in radians/second.
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5.6 DMET Analysis

5.6.1 Discussion

The dynamic maximum endurance time has been calculated for each subject ac-
cording to their respective fatigue rate values. The fatigue rate for flexion and extension
phases are different in each subject that is why we have selected the maximum average
value of k£ from both the phases because more the fatigue rate we choose for work design
with our model more safer will the endurance time for the subject. In DMET calcula-
tions, ‘d’ represents the dynamic factor ranging between 0.1 to 1. Larger the value of d
more static will be the model and smaller value of d represent more dynamic model.

The comparison between the DMET calculated for the same subject by R.Ma’s
model and MET calculated by L.Ma’s model has been done. The DMET comparison is
shown in table 5.4. The DMET is calculated using the equation 3.24 for proposed model.
MET calculation for L.Ma is done by the same equation with n = 1 and d = 1 because
this model is for static conditions and without co-contraction. The DMET calculation
for R.Ma is also done by the same equation with n = 1 and d = 0.5 because there
is no co-contraction included and dynamic factor is for medium dynamic motion. For
Seth’s model, the DMET is calculated with the parameters, n = 1.38 and d = 0.5. The
percentage difference between the DMET calculated from Seth’s model and experiment
test duration is also presented in table 5.4. The DMET is calculated for each subject on
the basis of their maximum fatigue rate ‘k’ so that the DMET calculated can be safer
to subjects. According to fatigue experiment protocol for each subject load was 20% of
MVC. The values of load for each subject corresponding to their maximum MVC values
are also presented in table 5.4.
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The DMET is also predicted for Seth’s model (deep’s model) keeping the value
of co-contraction factor n = 1.38 at different values of d. The value of k is also kept
constant is calculated from the average of the values of k given for all the subjects. The
average value of k is 0.41. The value is just to predict the DMET behavior at average
value of k. The DMET predicted at d = 0.1, 0.5, 0.9, 1 are shown in figures 5.50, 5.51,
5.52 and 5.53 respectively. These figures represent the maximum endurance time for
subject with respect to the value of load fj17¢, which is the ratio of external load to
the maximum capacity or MVC of a subject. From figures 5.50 to 5.53, we observe that
larger the value of d better will be the maximum endurance time that is why at d = 0.1
the maximum endurance time with respect to each value of fy/¢ is larger in comparison
to the maximum endurance time at other values of d. At d = 1 all the models acts like
static model. That is why in figure 5.53, maximum endurance time curve for R.Ma’s and
L.Ma’s model are overlapping on the other hand because of n = 1.38 only in Seth’s model
the curve is away from the both other models.
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5.6.2 Analysis

From the DMET calculation for each subject, we can see that the DMET calculated
for each subject is more than the experimented value. It is because DMET is the maxi-
mum limit of any human and we did the experiment for each subject up to comfortable
exhaustion level. Comfortable exhaustion level means the level at which the subjects
want to stop the experiment because of fatigue. It may be possible in this cases that the
subject do not reach their maximum limit but they stop the test, for example, subject
number 10, we can see in table 5.4 that he stopped the test after 3 minutes means after
completing 60 cycles but the maximum endurance time is much larger than the exper-
iment duration. For subject 10 the percentage difference between the DMEt calculated

116



Chapter 5. Results and Discussion

by Seth’s model and experiment duration is 80.2%, which is much higher in comparison
to other subjects. L.Ma’s model is static model, that is why maximum endurance time
calculated is less than the experimented value. R.Ma’s model gives more DMET for each
subject in comparison to Seth’s DMET model which is much near to the experimental
values. The DMET calculated by Seth’s model is 25.9% less than the DMET calculated
by R.Ma’s model. The DMET calculated for Seth’s model is less because we have intro-
duced the co-contraction factor into the model. This gives more approximate value to
the experimental data. So the work design according to this model will be more safer
in comparison to R.Ma’s Model, L.Ma’s model is for static posture hence, it may not be
real to compare for dynamic situations.
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Conclusions and Future perspectives

6.1 Conclusions

The main focus of this thesis is to deal with the dynamic posture and motion
analysis of the human body. The thesis contributes in defining the human muscle fatigue
status and its mathematical description, then develop a dynamic muscle fatigue and
recovery model for ergonomic applications, posture analysis and posture prediction with
consideration of fatigue effect.

In Chapter 1, we present a general concept and motivation for the project with a
summary of all the chapters in the thesis. In Chapter 2, we discuss about the behavior
of a muscle, its activity and related problems. The importance of muscle fatigue in MSD
and the limitations in the study of muscle fatigue and recovery analysis like proper quan-
tification of fatigue, co-contraction analysis in other models, lack of recovery parameters
and lack of more realistic muscle fatigue model lead us to the study of muscle fatigue
models. From the literature survey of various muscle fatigue models we came to know
that most of the models have different parameters or factors to represent muscle fatigue.
Some models just gave the theoretical description of muscle fatigue activity without val-
idating it. The limitations in these models are shortcoming in the applicability of the
models with the ergonomics tool, too many variables include studying muscle fatigue and
no consideration of co-contraction give us a direction to develop a new dynamic muscle
fatigue model with inclusion of co-contraction factor.

In chapter 3, first we have introduced the base of a new dynamic muscle fatigue
model with its hypothesis. The details of the co-contraction factor are given in this chap-
ter. We define the co-contraction factor as a representation of common muscle activity
between two groups of muscle. Then we defined a proposed dynamic muscle fatigue
model. The model is then compared with other muscle fatigue models and validated
theoretically. After the analysis and validation of the dynamic fatigue model, we find
that muscle fatigue follows the exponential curve for each subject and inclusion of co-
contraction factor reduces the strength prediction for the model in comparison to other
models. The recovery model is also introduced in this chapter to understand the effect of
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recovery. The recovery model is then compared theoretically with other recovery models.
In this comparison we find that recovery model also follows a negative exponential curve
for the muscle strength recovery like other models. Dynamic maximum endurance time
has also been described in this chapter with a theoretical comparison to other models.

In chapter 4, an experiment for the validation of muscle fatigue and recovery model
is described. The experiment protocol has been defined and then setup for experiment
is done accordingly. The experiment has the main objective to study muscle fatigue
and recovery model by predicting changes in the muscle strength with the factors like
fatigue rate, recovery rate, co-contraction index, and dynamic variability factor. The
experiments were performed on 10 sportive male subjects according to the experimental
protocol. All the data collected from the experiment are then processed and analyzed for
further study. After the analysis we found that most of the hypothesis and assumptions
made in the previous chapters are supported by the experiment outcome. The behav-
ior and pattern of muscle activity, co-contraction between muscle and muscle strength
reduction are approximately the same as expected. The experiment gives the direct
measurement of muscle strength of the arm of a human subject with dynamic push-pull
motion in a vertical plane. It also measures the changes in strength during recovery
phase. These measurements helped us in validating muscle fatigue and recovery model in
chapter 5. All the analysis related to co-contraction and validation of muscle fatigue and
recovery model are done in chapter 5. The results show that co-contraction index reduces
as the muscle fatigue increases. The reduction in co-contraction index does not mean the
reduction in co-contraction itself. The co-contraction factor calculated after analysis is
normalized to one value that is 1.38. For the validation of dynamic muscle fatigue model,
we use muscle strength measuring during the fatigue protocol for each subject. The ex-
perimentally calculated values of I'cepy, lie well within the range of theoretically calculated
values which shows the prediction of the muscle fatigue model is good. The same data
is used to validate the recovery model. In both validations, we found that muscle fatigue
and recovery have exponential variation in experimentally measured values. The DMET
model validation shows that there is a reduction of endurance time in comparison with
R.Ma model and in some cases with L.Ma model. The DMET comparison shows that
there is 25.9% reduction in maximum endurance time in Seth’s model as compared to
R.Ma model. When we compare the DMET at dynamic variation factor, d = 0.5, it
shows that the time taken by different subject to complete the fatigue protocols during
the experiment are near to the DMET values calculated for maximum values of k and
more closer to the Seth’s model.

In the development of the fatigue model, 5 main parameters were used unlike R.Ma’s
model which uses 4 parameters and L.Ma’s 3 parameters. The parameters are fatigue
rate for agonist and antagonist muscle groups, dynamic variability factor, co-contraction
factor and I'cep, calculated theoretical. The new parameters have been created to indicate
the fatigue resistance and recovery rate of an individual. Although only 10 subjects have
been tested experimentally for the fatigue resistance in arm muscle groups, it can be
validated for more subjects if needed and it is believed that all the parameters are valid
to quantify fatigue and recovery properties in dynamic conditions. If the distribution was
achievable for some other postures and experimental conditions, these parameters could
be very important for evaluating the fatigue and recovery rate, of a certain population.
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6.2 Future Perspectives

In our work we take into consideration only the physical human factors. The ex-
ternal environmental factors and other internal factors can also be included in the study
for better understanding.

In our fatigue and recovery model, only the human arm has been tested in the
experiments in our current research. In the future research, more experiments should be
carefully designed to test the availability of our model in other muscle groups, such as
back/hip, neck etc. The recovery model is experimentally and theoretically compared
with other existing models in the literature. More effort should be made to validate
recovery model for other work postures. The combination of the fatigue and recovery
model can be applied in the measurement for work-rest allowance. For the fatigue rate
and recovery rate normalization for large population more experiments are needed. Till
now our model is validated for one planar motion and a simple task. There is a need of
validation of our model for different planar motions and complex three dimensional real
life tasks. For this some changes in the model may be required, like for more complex
motions more muscles will come into effect and more co-contraction factors have to be
introduced for different type of motions, similarly to characterize the muscle fatigue and
recovery model for the whole body there would be a need of various other fatigue and
physical factors.

In this thesis, we have a case study with dynamic conditions. In dynamic operations,
with the change in posture of arms or other parts of the body, the fatigue and recovery
process might be different from the study we did in this thesis. It could be interesting to
find out the applicability of our model in different postures.

In our study, we used 5 parameters to study muscle fatigue. kqgonist and kantagonist
have different behavior in flexion and extension phase. In extension phases, we observed
almost no activity from other muscle groups. So some work needed to observe the viability
of the reducing the fatigue rate factor to one in place to two for different group of muscles.
Efforts have to be made to experimentally establish generalized the fatigue rate ‘k’ for
different group of people according to their activity and classes like sports, industrial
worker, students, old people, working woman etc.

We can also study the influence of anthropometric data in studies of muscle fatigue,
for example, for the group of male subjects of the same height and weight group can give
different values of fatigue rate and strength as compared to mixed groups.

With the increase in fatigue during experiment we observed the change in co-
contraction between muscles. There is a possibility of some work in analyzing the relation
between accuracy of any dynamic task and co-contraction. It is believed that change in
co-contraction can affect the accuracy of the task performed.

Some work has to be done to integrate our model into ergonomic tools. There

could be a need for the development of a muscle fatigue and strength database to define
various working postures and fatigue characteristics. This database could be applied to
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an ergonomic tool for the fatigue prediction according to the posture. The human work
behavior and environmental conditions should also be taken into account in order to
assess an operation completely. For prediction of these behaviors and to integrate it with
fatigue model some separate study may be required and it could be a complete research
topic for study.

Furthermore, there is a lot of scope of application of muscle fatigue model to the
health sectors and different area of bio-mechanics research. One of our research direction
would be constructing detailed musculoskeletal systems and study the muscle behavior
for prosthesis and injured muscle part. This could include the study of the force reaction
of muscles, tendons, and bones. It is expected that detailed study of several parameters
of muscle fatigue can also help us in avoiding and analyzing the source of MSDs.

In summary, there are still lots of fields available to study the muscle fatigue model
in certain aspect and conditions. The final aim of this model is that it should be able
to predict the human’s postures as real as possible and as quick as possible. This could
be done with the devices like motion capture system, light tracker, etc. This could be
helpful in reducing the various risks in motion and posture prediction and hence help in
better study of the muscle fatigue and recovery characteristics.
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.1 Load the data into MATLAB and indexing

Loading the data into Matlab
For importing the raw data into Matlab we have used this command:
data = importdata(’Users\deep\Dropbox\subject9\6.txt’,"\t’);

Indexing parameters to loaded data in Matlab
t=data(:,2);  %//data for Torque//
p=data(:,4);  %//data for Position//
v= data( 3); %/ /data for velocity//
i=data(:,5); %/ /data for Biceps EMG//
trl data(:,6); %/ /data for Triceps EMG//
tra=data(:,7); %/ /data for Trapezius EMG//

After loading the raw data into Matlab each column of the data is indexed to specific
character.
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.2 Filter, Detrend, Rectification

% For filtering (bandpass FIR filter with Hamming window)

Here we have defined the environment for filtering the raw data:

lowfreq =6; %[Hz| % Set low frequency
highfreq = 400; %[Hz] % Set high frequency
nyquist freq = 2000/2; % Set nyquist frequency
Wn = [lowfreq/nyquist freqhigh freq/nyquist freq] % Filter window;
b= firl(4, Wn);
filtsignall = filter(b, 1, bi);
%De-mean bicep data
mv = mean( filtsignall);
filtjeameangignalyt = filtsignall — mu;
bil = filt jeameansignalyi;
filtsignal2 = filter(b, 1, tri);
%De-mean tricep data
mv = mean( filtsignal2);
filtgeameangignalyri = filtsignal2 — mu;
tril = filtjeameangignalyri,
filtsignal3 = filter(b, 1, tra);
%De-mean trapezius data
muv = mean( filtsignal3);
filtjeameangignalyra = filtsignal3 — mu;
tral = filtjeameangignalira;

%Full wave rectification of Data
bi2 = detrend(bil); % Detrend
recyi = abs(bi2); % Rectification
tri2 = detrend(tril);

recyri = abs(tri);

tra2 = detrend(tral);

recgra = abs(tra2);
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.3 Butterworth Filter

%Here we have applied Butter worth Low pass filter to EMG data
b, a] = butter(4,20/2000, low');
filteryi = filt filt(b, a,recyi);
bl = abs(filteryi);
(b, a] = butter(4,20/2000, low');
filteryri = filt filt(b, a,recyri);
t1 = abs(filtersri);
b, a] = butter(4,20/2000, low');
filteryra = filt filt(b, a,recira);
T1 = abs(filtersra);
(b, a] = butter(4,20/2000, low');
v = filtfilt(b,a,v);
t = filtfilt(b,a,t);
p = filtfilt(b,a,p);
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.4 Cycles separation on

%cycle separation
m = 0;
k= 0;
l=1;
nl = size(N);
fori=1:nl;
if N (i) == 0;
m = 1;
k=k+1,;
Vm, k= NN(i);
m=m+1;
end
end

the
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.5 Time scale Normalization with interpolation

% Data points interpolation to percentage scale
k= 0;
zv = [;
fori=1:size(V,2);
k=Fk+1;
zv(:, k) = interpft(cell2mat(V (:,4)), 100); %Interpolation
end
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.6 Cycles separation on the basis of EMG activity

EMG cut point before acctivation starts
fori=1:(n—-2);
ifbl(i) == 0&b1(i + 1) == 0&b1(i + 2) > 0;
y(l) =4
l=1+1,
end
end

EMG cut point after activation ends
fori=1:(n-2);
ifb1(i) > 0&b1(i + 1) == 0&b1(i + 2) == 0;
u(l) =i+ 60;
l=1+1;
end
end
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.7 Experimentally Calculated Values of ', or MVC

Tcem Extension

S. No. || Subject 1 | Subject 2 | Subject 3 | Subject 4 | Subject 5 | Subject 6 | Subject 7 | Subject 8 | Subject 9 | Subject 10
1 44.092 60.098 46.488 67.199 64.815 69.890 54.954 78.526 47.286 71.142
2 39.109 50.585 40.677 40.826 52.055 52.780 48.422 73.414 40.754 62.622
3 35.636 53.454 37.399 30.992 48.865 50.315 48.848 55.806 36.210 59.072
4 34.126 51.038 36.952 33.823 45.095 46.110 49.274 52.114 44.162 62.054
5 37.448 51.944 36.505 21.9 40.455 46.255 50.694 69.012 30.672 —
6 37.146 49.830 31.290 18.178 42.920 36.975 50.694 48.706 38.908 —
7 37.599 48.924 33.227 — 42.485 38.715 50.978 42.032 33.796 —
8 32.767 47.565 37.120 40.745 52.398 43.594 22.436
9 37.448 48.018 — — 34.510 39.730 52.114 47.144 — —
10 36.995 48.018 — — — 39.150 54.670 — — —
11 36.995 46.659 38.715 54.386
12 35.183 43.639 — — — 42.485 53.108 — — —
13 35.636 — — — — 35.380 52.114 — — —
14 38.052 38.860 53.108
15 36.089 — — — — 36.975 52.824 — — —
16 32.163 — — — — 41.325 50.836 — — —
17 36.542 — — — — 35.090 52.966 — — —
18 31.106 — — — — 31.610 52.114 — — —
19 — — — — — 31.610 52.114 — — —
20 — — — — — 35.815 50.978 — — —
21 — — — — — 35.235 53.108 — — —
22 31.030 52.966
23 — — — — — — 52.540 — — —
24 — — — — — — 52.824 — — —
25 50.978
26 — — — — — — 51.120 — — —
27 — — — — — — 49.416 — — —
28 — — — — — — 53.392 — — —
29 — — — — — — 51.688 — — —
30 — — — — — — 53.108 — — —
31 — — — — — — 50.694 — — —
32 — — — — — — 53.250 — — —
33 53.108

Table 1: Experimentally measured values of I'ce,, Extension
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TeemFlexion

. No. || Subject 1 | Subject 2 | Subject 3 | Subject 4 | Subject 5 | Subject 6 | Subject 7 | Subject 8 | Subject 9 | Subject 10
1 44.020 58.890 47.560 59.015 51.185 60.320 51.830 66.740 47.996 76.822
2 43.878 47.112 36.830 42.485 39.440 52.2 49.416 52.256 34.080 66.314
3 42.742 48.471 34.220 21.750 38.425 50.460 47.996 60.492 31.666 65.746
4 43.594 48.169 32.480 24.940 35.380 48.285 47.286 59.924 28.542 63.616
5 47.570 46.055 25.665 17.110 30.015 43.935 47.286 54.812 32.234 —
6 47.854 44.092 26.535 17.110 38.280 44.805 47.286 57.510 36.068 —
7 41.464 43.337 28.710 35.525 42.485 47.854 45.440 24.850
8 40.044 37.297 — — 32.335 41.615 47.570 38.056 26.838 —
9 45.440 35.183 — — 29 49.010 48.848 41.606 — —
10 44.730 40.166 41.760 49.7
11 45.014 40.468 — — — 43.210 50.410 — — —
12 36.778 38.354 — — — 46.690 48.706 — — —
13 47.712 — — — — 45.675 48.138 — — —
14 39.618 — — — — 51.910 48.848 — — —
15 41.606 — — — — 43.645 48.706 — — —
16 44.446 — — — — 43.645 46.292 — — —
17 42.032 — — — — 41.470 43.736 — — —
18 38.198 42.920 43.310
19 — — — — — 34.365 43.452 — — —
20 — — — — — 40.6 43.594 — — —
21 37.410 42.174
22 — — — — — 38.280 43.452 — — —
23 — — — — — — 42.174 — — —
24 — — — — — — 42.742 — — —
25 — — — — — — 44.304 — — —
26 — — — — — — 43.310 — — —
27 — — — — — — 41.748 — — —
28 — — — — — — 41.038 — — —
29 44.162
30 — — — — — — 44.446 — — —
31 — — — — — — 45.724 — — —
32 43.026
33 — — — — — — 41.464 — — —

Table 2: Experimentally measured values of I, F'lexion
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Résumé

L’automatisation a changé les conditions de travail dans les
industries en changeant les processus de fabrication.
Cependant, il existe encore beaucoup d'industries demandant
des opérations manuelles ou de manutention pour diverses
taches. Ces opérations manuelles conduisent a I'apparition de
troubles musculo-squelettiques (TMS) qui sont I'un des
problémes majeurs pour les travailleurs. La fatigue musculaire
est I'une des causes des troubles musculo-squelettiques. Les
entreprises doivent faire attention a ce probléme en raison des
nouvelles lois sur la pénibilité ou les taches repétitives. Dans
cette these, nous nous concentrons sur le développement d'un
modele dynamique de fatigue et de récupération musculaire
pour des postures de travail dynamique, ses applications et sa
validation par le biais d'expériences. Tout d'abord, nous avons
introduit un nouveau modele de fatigue musculaire dynamique
incluant un facteur de co-contraction pour prédire la variation
de la force physique dans des conditions dynamiques. Un
modeéle de récupération est utilisé pour prédire la récupération
aprés la fatigue. Les deux modéles sont d'abord validés
théoriquement et comparés avec les modeles précédents, puis
validés expérimentalement. En théorie, les modeles d'analyse
sont comparés en utilisant la méthode de régression.
Deuxiemement, des expériences ont été menées sur 10 sujets
pour le mouvement push-pull du bras pour étudier la force
musculaire et le taux de récupération. Des signaux
d’électromyographies  (EMG) sont utilisés pour analyser
l'activité musculaire et valider les modeles de fatigue
musculaire et de récupération. Il a été constaté que lorsque la
fatigue musculaire augmente, lindice de co-contraction
diminue. Aussi, la courbe de fatigue de la plupart des sujets a
suivi la fonction exponentielle décroissante prédite par le
modele de fatigue. Avec I'utilisation du facteur de co-
contraction, dynamique, le temps d'endurance maximale
(DMET) diminue de 25,9 % par rapport au modéle de R. Ma.
Enfin, les valeurs normalisées du taux de fatigue et le facteur
co-contraction sont utilisés pour prédire la DMET pour diverses
charges de travail. Le modéle de fatigue et de récupération
proposé dans cette thése peut étre utile dans I'analyse des
parameétres de fatigue musculaire et de récupération,
d'analyser la posture humaine et dans ['‘amélioration de
I'ergonomie des postes de travail.

Mots clés

Fatigue musculaire, troubles musculo-squelettiques (TMS),
contraction maximale spontanée, modele de la fatigue musculaire
dynamique, mode¢le de récupération, co-contraction,
¢électromyographie (EMG), temps d'endurance maximale dynamique

Abstract

Automation has changed the working conditions in industries
and manufacturing process, but still many industries needs
manual operations and handling for various tasks. These
manual operations lead to work-related Musculoskeletal
Disorders (MSD) which is one of the major problems for
industrial workers. Muscle fatigue is one of the reason leads to
Musculoskeletal Disorder. The companies have to pay
attention on this issue due to the new laws on penibility or
repetitive tasks. In this thesis, we are focusing on the
development of an adequate and realistic dynamic muscle
fatigue and recovery model for dynamic work posture, its
applications and validation through experiments. Firstly, we
have introduced a new dynamic muscle fatigue model with a
newly introduced co-contraction factor to predict the physical
strength in dynamic conditions. A recovery model is used to
predict the recovery after fatigue. Both the models are first
validated theoretically and compared with previous models and
then validated experimentally. In theoretical analysis models
are compared using regression methods. Secondly,
experiments were conducted on 10 subjects for push pull
motion of the arm to study the muscle strength and rate of
recovery. Electromyography (EMG) technique is used to
analyze the muscle activity. At last, the experimental data are
used to validate muscle fatigue and recovery model. It has
been found that with the increase in muscle fatigue co-
contraction index decreases and most of the subjects followed
the exponential function predicted by fatigue model. With the
use of co-contraction factor dynamic maximum endurance time
(DMET) decreases by 25.9 % as compared to R.Ma's Model.
At last, the normalized values of fatigue rate and co-
contraction factor are used to predict the DMET for various
work loads. The fatigue and recovery model proposed in this
thesis can be useful in analyzing the muscle fatigue and
recovery parameters, to analyze human posture and in
improving working ergonomics conditions.

Key Words

Muscle fatigue, musculoskeletal disorder (MSD), maximum
voluntary contraction (MVC), dynamic muscle fatigue model,
strength recovery, recovery model, co-contraction,
electromyography (EMG), dynamic maximum endurance time
(DMET)
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