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A bstract

The aim of this thesis was to examine the mechanical work performed by different 

joints in the human body and correlate it w ith the metabolic energy. The motivation 

behind this objective was to understand human performance at sea during long mar

itime activities. Long-duration ship activities aggravate the chances of various mo

tion disorders including motion-induced fatigue, motion sickness, sopite syndrome, 

and nausea. These disorders have been considered as major biodynamic barriers 

that reduce efficiency of crewmembers and ship operators during navigational tasks. 

Therefore the methodology of this research included implementing a m athematical 

model of the human body to calculate the mechanical work expended while m aintain

ing balance. This will aid in understanding the performance of humans during such 

tasks and also help in formulating strategies to improve the efficiency of human per

formance. Experimental data  from human subjects were collected on a ship motion 

simulator under twelve different deck motion conditions associated with four sea states 

and three ship headings relative to the principal wave direction for a typical frigate. 

D ata were collected using a motion capture system, foot pressure sensors, a load cell, 

and a metabolic analyzer. The mechanical work performed by the human body and 

different body joints were calculated through the developed ninety-six degree of free

dom mathematical model. The variation of metabolic levels with sea severity was 

investigated and a mechanical work metabolism correlation was performed. Direct 

comparison of mechanical work with metabolic energy was done. Also, the variation



of ground reaction axial force and other biological factors were calculated. The results 

signified th a t metabolic levels increase as the sea severity increases. Also, the work- 

energy variables were highly correlated which indicated that muscle contraction and 

ATP utilization increase for postural maintenance activities. In addition, distribution 

of mechanical work across 14 body joints showed different activation patterns are foll- 

wed by lower extremity joints (i.e., ankle, knee, and hip) with changing ship motion. 

The results of this research provide significant information towards understanding of 

the impact of ship motion on human performance which will lead to  improvements 

in operational planning and ultimately safety of shipboard personnel.
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Chapter 1

Introduction

1.1 Thesis Overview

Postural stability is considered to be a multidisciplinary field which incorporates 

science, environmental factors, and various other disciplines in order to reduce falling 

risks to the extent possible. Human postural stability remains a topic of concern for 

naval as well as commercial fleets where shipboard personnel are constantly exposed 

to the postural hazards associated with constant deck motion.

The long-time operational activities in maritime environments can increase the 

chances for motion induced fatigue (MIF) and motion sickness (MS) to a great ex

tent. Motion induced fatigue is considered as a major biodynamic obstacle, which 

is responsible for injury/accident occurrences by degrading human performance dur

ing maritime operations. Wertheim (1998) described th a t ship motions contribute to 

lack of motivation of crewmembers by increasing their metabolic energy requirements 

which can result in motion sickness and motion fatigue, thus being responsible for 

generating various balance related problems [1,79].

This research was focussed on determining a better correlation between mechanical 

work done by humans with the amount of metabolic energy expended by them, in 

order to predict the occurrence of motion induced fatigue (MIF) and motion disorders.

1
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The detection and possible minimization of motion induced fatigue (MIF) can provide 

valuable safety guidelines for planning of successful deck operations as well as insights 

for more suitable ship design.

In this investigation, basically three types of data were obtained: foot pressure 

data, body kinematics, and metabolic energy data. These da ta  were obtained for 

various levels of simulated deck motion th a t is representative of typical ship motion 

environments. These data were further analyzed to find a correlation between me

chanical work performed by humans and the metabolic energy expended by them 

while maintaining balance to avoid falling. By measuring joint motion and determin

ing the associated muscle forces, the mechanical work involved in postural control 

can be determined. This in turn  can be compared to the measured total metabolic 

energy to determine the extent to which postural control affects energy consumption. 

Correlating mechanical work to deck motion allows development of a simple model 

tha t is indicative of expected level of fatigue for pre\-ailing ship operating conditions.

1.2 M otivation

This research is expected to make an im portant contribution to understanding of 

postural stability problems experienced by the commercial as well as military mar

itime communities, resulting in overall improvement of crew performance by better 

operational planning. This is im portant because it allows warships to perform with 

minimum degradation of mission effectiveness even under adverse circumstances [4]. 

Moreover, recent literature (Riola J.M. et al) indicates tha t approximately 10 million 

people travel on more than 230 cruise lines each year throughout the world [2]. So, 

establishment of a better comfort level for passengers is considered as a prominent 

task of naval architecture for efficient ship design. Better ship design is expected 

to put more emphasis on ensuring safety of human participants during routine as
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well as emergency operations. Since orewmembers deal with numerous tasks for var

ious operations during routine missions, ship motions are considered to be primarily 

responsible for limiting performance abilities of crewmembers by increasing their dis

comfort level. As evidence, data  from Navy Medical Information Management Center 

(NMIMC) indicated that 4,89,266 navy recruits were diagnosed with motion sickness 

occurrences between 1982 to 1992 [3].

In the naval community, longer maritime operations decrease performance of 

crewmembers and ship operators, which ultim ately lead to impairment of their task 

ability in motion environments. The main reason behind this is increased occurrence 

of motion induced fatigue (MIF) and motion sickness (MS) which are associated with 

prolonged exposure to motion rich environments. The situation becomes even more 

critical in emergency circumstances when a  percentage of the crewmembers, who are 

normally ready to respond, effectively reduces. These effects collaboratively increase 

the vessel costs and reduce fighting ability during naval operations by decreasing 

overall ship efficiency [6,7]. Hence, there is a  requirement for effective human factors 

design for enhanced efficiency and safety of personnel as well as the vessel as whole [7].

The results of this study can be used for providing valuable information regard

ing proper shift work scheduling, maintaining adequate balance for work-rest ratio, 

health, and nutrition demands and enhanced vessel design for better efficiency during 

various ship tasks.

1.3 Problem  Statem ent

The research is based on the hypothesis th a t metabolic energy expenditure increases 

with ship motion severity. Elevated metabolic levels result in motion induced fatigue 

(MIF) and similar motion disorder occurrences. This research provides better under

standing of fatigue and other disorders in order to  increase the safety and efficiency
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of vessel’s crew.

1.4 Research O bjectives

The broad objective of this research is to gain a  thorough understanding of mainte

nance of postural stability of crewmembers and ship operators during elevated sea 

conditions.

Maintenance of postural stability becomes difficult when the human body is con

tinuously exposed to ship motion. This is because it takes time to adjust the body 

with continuous and prolonged motion variation. Increased motion variations are 

expected to increase levels of metabolic energy expenditure as compared to energy 

requirements of the human body while working in stable environments. Performing 

tasks within motion rich environments becomes more challenging as the body ex

periences increased musculoskeletal loads due to repetitive postural adjustm ents in 

order to retain its balance during ship deck motion. Every time there is a  postural 

adjustment to overcome ship motion, there is increased muscle tension/compression 

due to muscle fibre activation, resulting in increased metabolic energy expenditure. 

This energy expenditure goes on increasing with long time ship operations, which is 

cumulative with continuing exposure [1,5]. Therefore, there is need to investigate 

and understand the major factors contributing to motion disorder occurences during 

rough sea states.

1.5 Thesis Organization

The thesis is organized in the following sequence.

In Chapter 1, we shed light on research objectives, the problem statem ent, and
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the project motivation. This is preceded by a brief introduction to human postu

ral stability and its relationship with ship operability in the context of quantitative 

analysis of human performance in motion environments.

Chapter 2 presents neurological and physiological aspects of postural stability 

to correlate human factors with stability phenomena in maritime environments. A 

review of existing postural stability models and current approaches used for investi

gating shipboard postural stability criteria is presented. This is followed by a brief 

discussion of ongoing developments in the postural stability field aimed at accurate 

humanoid balance understanding.

Chapter 3 covers key elements about the experimental set-up used in this inves

tigation. Each of the five modules associated with the experiment, their calibration, 

and other associated aspects are discussed. This chapter includes detailed descrip

tion of the experimental set-up for skeletal motion data, deck interface forces, and 

respirometry data  collection with a brief discussion of motion profile generation for 

the ship motion simulator (SMS).

Chapter 4 provides information about data  collection and post processing of the 

recorded data. This chapter explains participant selection criteria, the d a ta  acquisi

tion procedure, data sampling, and data  smoothing prior to  actual data  reduction and 

analysis. In other words, this chapter covers preliminary steps required prior to actual 

da ta  analysis; including data  gap filling, da ta  sampling, and da ta  synchronization to 

ensure the highest data quality prior to preceding with data analysis.

Chapter 5 represents a  three-dimensional dynamic model of the human body devel

oped using rigid multibody dynamics. Using inverse dynamics, this model is applied 

to evaluate the mechanical work performed by the human body a t different joints while 

maintaining balance during severe ship motion conditions. This chapter basically out

lines 3 topics: three-dimensional kinematics of the human body, three-dimensional 

kinetics, and resultant joint forces and moments. This is followed by estim ating the
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total mechanical work performed by the body. Moreover, by considering different 

solution approaches, the most comprehensive approach for joint work calculation is 

presented. Finally, validation of the three-dimensional multibody dynamic model is 

presented.

Chapter 6 presents computational methodologies applied for different sets of col

lected data. Various data analysis techniques are applied and discussed for these 

different data  sets. Further, results of different data sets are presented together for 

detection of mechanical work done and metabolic energy expended. The results of 

mechanical work from the proposed multibody dynamic model are correlated with 

measured bio-mechanical energy expended by humans while performing various ac

tivities in motion-rich environments. Detailed analysis of outcomes is presented for 

detection of motion induced fatigue effects on humans as they are affected by ship 

motion severity.

Chapter 7 concludes with a brief summary of the research conducted. Major 

contributions of the research are highlighted and discussed. Further, future research 

possibilities, prospects, and the potential developments are outlined and suggested.

1.6 List o f B iological Terms

• Agonistic Muscles

Muscle groups that allow the body segments to undergo some movement 

through the contraction process (due to a sliding pattern generated by actin- 

myosin fibres). These muscles are regarded as 'prime movers7.

• Antagonistic Muscles

Muscles that work in the opposite direction to that, of the corresponding ago

nistic muscles.



Coronal Plane

The plane which divides the body into ventral and dorsal (front and back) 

sections. It is also sometimes called the frontal plane.

Sagittal Plane

A vertical plane th a t divides the body into right and left halves by passing from 

the front to the back of the body.

Transverse Plane

A horizontal plane that divides the body into superior and inferior sections and 

is perpendicular to both coronal and sagittal planes.

Adenosine Triphosphate (ATP)

A high-energy molecule, which is regarded as energy currency of the cell, and 

is responsible for transporting chemical energy within cells for metabolism.

Adenosine Diphosphate (ADP)

A nucleotide, composed of adenosine and two linked phosphate groups converted 

to ATP for energy storage.

Central Nervous System

Comprises both brain and spinal cord, responsible for sending, receiving, and 

interpreting information from all body parts. It coordinates body activities by 

responding to external stimuli.

Biosensor

A  device that detects, records, and transm its information regarding physiolog

ical or biological activity or process. An example is the blood glucose sensor.



8

• Motor Neuron

An efferent neuron in the nervous system responsible for controlling various 

muscle activities by facilitating muscle contraction and relaxation.

•  Tendon

Fibrous connective tissue that connects muscles to bone. These are made up of 

collagen and work together with muscles to allows contraction and relaxation 

processes to occur.

•  Mitochondria

Mitochondria are membrane bound organelles which are regarded as power cen

tres of cells and are responsible for providing energy to cells required for division, 

movement, and production of secretary products.

•  Sarcomere

The repeating subunits of myofibril which are delimited by the Z-bands along 

the myofibril length. The muscle fibrils within Z-bands consist of contractile 

properties.

•  Neuron

A specialized impulse-conducting cell of the nervous system which consists of 

the cell body and its processes (axon and dendrite) for sending and receiving 

impulses throughout the body.

•  Muscle Spindle

Muscle spindles are sensory receptors within the belly of the muscle, which 

detect change in the muscle length. This change in muscle length information 

is conveyed to the central nervous system (CNS) through neurons, which is 

required for the reflex mechanism th a t maintains body posture.
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• Muscle Fibres

Muscle fibres are defined as many long multi-nucleated muscle cells or myofibrils 

that are arranged in bundles called fascicles. Fascicles are further grouped 

together to make a muscle belly.

•  Lumbosacral (L5-S1) Joint

The human body joint between the terminating lumbar vertebrae (L5) and the 

first sacral (SI) segment of the spinal cord.

•  Pneumotachometer

A device th a t converts the flow of gases through it into proportional pressure 

difference signal between inhaled gas and the outside environment.

•  Centre o f Gravity (CoG)

The point through which the resultant of gravitational forces on a body acts.

•  Centre of Mass (CoM)

The weighted average of the location of all masses in the body or group of 

bodies.

• Centre of Pressure (CoP)

Point on a body where the total sum of a pressure field acts, which consists of 

forces and no moments about tha t point.

•  Anterior-posterior (A-P) Direction

The direction of the anatomical axes system, which is directed from front (an

terior) to back (posterior) of the body segment.
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• Media-lateral (M-L) Direction

The direction of anatomical axes, directed sideways through the body segment 

from the medial to lateral side of it.

•  Axial Direction

Direction of anatomical axes along the length of the segment, representing the 

vertical direction of the body segment.

•  Proximal

The proximal location is situated nearest the origin or point of attachm ent of 

the body segment or bone.

•  Distal

The distal location is situated farthest from the origin or point of attachm ent 

of the body segment or bone.

•  Floating Axis

A rotating axis in the joint, coordinate system (JCS) defined by the cross product 

of the distal segment longitudinal axis with the proximal segment medio-lateral 

axis. It is oriented in the direction perpendicular to  the plane formed by these 

directed axes.

•  Semicircular Canal

Any of three tubular and looped fluid-filled structures of the inner ear, which 

are functioning together in order to maintain a sense of balance in the human 

body.
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•  Otoliths

Any of the three small oval calcareous bodies which are located within the inner 

ear and concerned with sensing gravity and movement of the human body.

•  Flexion-Extension

Act of bending a joint (flexed position) and extending it.

• Adduction-Abduction

Movement of body segments towards and away from the central axis of the 

human body.

•  Axial Rotation

Rotation about the length of the axis.

•  Muscular Fatigue

Temporary reduction in the muscle strength (either power or endurance) is 

called muscle fatigue. In this condition, muscle loses its capacity to undergo 

maximum contraction for force generation.

• Motion Induced Fatigue

A motion disorder which is caused by increased muscular effort to m aintain a 

balanced state within a motion environment.

•  Motion Sickness

State of uncomfortable dizziness, nausea, and vomiting which is experienced 

by people when their sense of balance and equilibrium is disturbed by being in 

constant motion for prolonged periods of time.
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•  Sopite Syndrome

A motion induced neurological disorder, which can be related to  fatigue, drowsi

ness, and mood changes caused by prolonged exposure to a motion environment.

• Response Amplitude Operators (RAOs)

RAOs are effectively the transfer functions used for determining the effects of 

sea state 011 ship motion.

•  Sens els

Sensing elements present in the foot insoles used to  measure the foot pressure 

are called sensels. The resistance of sensels is inversely proportional to the load 

applied to it.



Chapter 2

Literature R eview

2.1 Introduction to  H um an Balance

The problem of human posture recognition concerns different research fields and has 

become of special interest in the last two decades. Human posture is defined as 

delicate interaction between multiple forces as well as torques, which vary according 

to body orientation, motion of different body segments, and environmental conditions 

[8 ], When the human body undergoes perturbations, various forces including gravity, 

muscle, and inertia forces; which appear due to angular velocity and acceleration of 

various body segments are developed. When non-muscular forces, which are generated 

due to disturbances to human posture, become compensated with muscular forces, 

there is restoration of human balance. Therefore, evaluation of the contribution of 

both muscular as well as non-muscular forces, which control the posture, is necessary 

in order to understand the posture recovery mechanism [8 ], Maintenance of human 

postural stability is accomplished by integrated control structures in the complex 

musculoskeletal system. The human body is comprised of approximately 750 muscles, 

which activate a  control system with 2 0 0  degrees of freedom, to m aintain human 

balance [9,11]. Different body joints undergo different degrees of freedom in order to 

orient the body in such a way that balance can be maintained.

13
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2.2.1 Physiological Features

Postural balance is defined as the m ajor integral component for all tasks th a t require 

the body to undergo a change in stability [41]. According to Shumway-Cook and 

Woollacott [80], balance control is defined as interaction between individual charac

teristics, task factors, and environmental conditions (Fig. 2.1).

E m iro o ft

Figure 2.1: Conceptual model of the balance control strategy [80].

Spatial orientation of the human body can be represented on the basis of the 

following three anatomical planes as shown in Fig. 2.2:

•  Transverse Plane: The plane which is parallel to the ground and bisects the 

human body into superior (head) and inferior (lower extremities) segments [45].

•  Coronal Plane: The plane which is perpendicular to the ground and divides the 

body into front (ventral) and back (dorsal) segments [45].
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•  Sagittal Plane: The plane which is also perpendicular to the ground and bisects 

the human body into left and right halves and also defines a plane of symmetry 

for a person [45].

S a g i t ta l  p la n e

Coronal plane

Transverse plane

Figure 2.2: Anatomical planes for the human body [45].

As discussed under Section 2.2.2, there are three primary sensory mechanisms, 

which work together to maintain postural stability: vestibular, proprioception, and 

vision. Each system contributes to provide unique information regarding the human 

motion as well as the surrounding environment. The information from all three 

systems is integrated together, which is further concatenated by the central nervous 

system (CNS) to evaluate overall postural state. This is required for determ ination of 

the mechanical response of the humans. Each system provides information regarding 

a different type of postural disturbance, to which it is most sensitive. This information 

from each system plays a very im portant role in maintaining overall postural stability, 

which vary in relation to various motion characteristics, i.e., amplitude, frequency, 

and environmental factors.

There are many factors that can affect the postural sway strategy:
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•  Type of motion as well as supporting surface.

•  Age (as elderly people are more prone to falling than younger people).

•  Type of task to be executed.

•  Obesity.

•  Deficits in the postural system (neuromuscular system disorders).

•  Stance width (wider stance facilitates postural stability maintenance).

•  Level of past experience with motion environments.

2.2.2 N eurological Features 

Sensory Input System s

The complex process of postural stability can be defined on the basis of interaction 

between three different sensory input systems of the CNS as outlined below:

1. Vestibular System :

The vestibular system is one set of sensory mechanisms that contributes to main

tenance of postural balance and movement in most mammals. The vestibular 

system possesses two basic components: semicircular canals and otoliths, which 

sense the rotational and translational movements, respectively. The vestibu

lar system transmits signals to neural structures (which control eye movement) 

and to muscles (which keep the upright posture maintenance). In this way, 

the vestibular system behaves as a “gyro” to sense linear as well as angular 

accelerations [41,46].
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2. Proprioception System-.

The proprioception system is another set of sensory mechanisms, which deals 

with muscle contraction variation in response to external forces by utilization of 

stretch receptors in muscles in order to keep all the joint positions as required. 

The proprioception system works along with the vestibular system to transm it 

the information regarding change in muscle length, tension, pressure and nox

ious stimuli via proprioceptors [41]. The muscle spindles which act as complex 

proprioceptors inform other neurons of muscle length and tension, and this in

put from spindles can be provided to  the brain in order to update changes in 

joint angle and position. In this way, the proprioception system contributes to 

maintenance of postural stability via muscle spindles. In all, the proprioception 

system behaves as a  “hub” of biosensors which are involved in sensing position 

and velocity of all body segments and their contact with external objects [41].

3. Visual System:

Another very im portant set of sensory mechanisms, which helps in maintaining 

balance, is the visual system. The visual system automatically enables humans 

to process visual information. W ith this mechanism, representation of the sur

rounding world takes place by interpreting the visual light information from the 

eyes as a sensory signal which can be further processed by the central nervous 

system and contributes to the humanoid stability maintenance process. There

fore, the visual system is involved with better planning of locomotion for bipeds 

stability [41].

M otor R eactions

Primary motor reactions for balance maintenance are activated through the muscles 

of the lower extremities: feet, legs, and trunk. Motor neurons are present in muscles
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of the feet, legs, and trunk which carry impulses from brain to the body and control 

movement of muscles as well as secretion of glands which are further required for 

maintenance of postural stability [46],

C entral N ervous System

The central nervous system (CNS) is required for integration of both sensory and m o  

tor process inputs for controlling human movements. Physiologically, the CNS system 

is the major processor unit which includes the brain and spinal cord. It integrates 

the information received from motor reactions and the three sensory input systems 

and maintains stability by coordinating activity of all body parts. Specifically, the 

CNS processes information from three sensory inputs and selects the most accurate 

information related to specific tasks as well as surrounding environments [46]. On the 

basis of input received, it generates a response and sends it back in order to maintain 

balance in motion environments by avoiding falls. In this way, the CNS is assigned to 

organise sensory input information from the three systems, select the motor responses 

in order to stabilize posture, and prevent falls depending upon motion severity and 

environmental factors.

2.3 M uscle M echanics for Locom otion and 

M etabolic Energy E xpenditure

2.3.1 M uscle C lassification

Muscles are regarded as the body tissues consisting of cells responsible for force as well 

e l s  moment generation. Muscle cells are generally cylindrical with a diam eter between 

1 0 - 1 0 0  gin and are a  few centimeters long. Characteristics of muscles axe dependent 

upon the organization of muscle fibres. These fibres run throughout the whole length
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of the muscle, tending to become oblique at the line of action of the muscle. Together 

muscles and bones maintain structure and movement of the body [39]. Muscles can 

be categorized into three categories depending upon their particular characteristics:

•  Skeletal Muscles:

Skeletal muscles are voluntary muscles, which comprise approximately 40%- 

45% of human body weight. These muscles are attached to bones via tendons 

and are major source of locomotion of human body [39].

•  Smooth Muscles:

Smooth muscles are involuntary in nature and are found in the lumen of blood 

vessels, urinary tract, as well as the gastrointestinal tract. These muscles per

form the function of controlling lumen of these tubes and generation of peri

staltic waves required for digestion of food. Unlike skeletal muscles, smooth 

muscle cells are less common [39].

•  Cardiac Muscles:

As the name suggests, cardiac muscles make up the bulk of the heart mass 

and are involuntary in nature. These muscles are responsible for heart beat 

generation by causing the heart mass to undergo contraction [39].

2.3.2 Skeletal M uscle Physiology

Skeletal muscles are long, thin, spindle-shaped adaptable tissue th a t are responsible 

for locomotion in the human body (Fig. 2.3). Skeletal muscles also possess blood 

vessels and muscle cells called muscle fibres, which are 30 cm long with a diameter be

tween 10-100 pm. Muscle cells are multinucleated in nature with many mitochondria 

at each cell. The most prominent building block of skeletal muscle is myofibril which 

is a long rod shaped element responsible for the muscle contraction phenomenon.
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Myofibrils possess a regular banded structure with a repeated pattern  which is called 

the sarcomere. The sarcomere is composed of a definite arrangement of even smaller 

subunits:

i. Thick filaments known as myosin myofilaments.

ii. Thin filaments called actin myofilaments.

As shown in Fig. 2.3, both actin and myosin filaments are arranged in a cross

bridge layout due to interpenetration of the actin-myosin complex within the sarcom

ere. Formation of the actin-myosin complex is an energy utilizing process, which can 

be provided by the breakdown of the adenosine triphosphate (ATP) molecule. Break

down of ATP into adenosine diphosphate (ADP) and phosphate ions releases very high 

energy which causes the myosin head to attach to actin, maintaining a sliding motion 

pattern, in which both myofilaments (actin and myosin) slide over each other and 

allow muscles to undergo contraction. This muscle contraction phenomenon is due 

to direct conversion of chemical energy (ATP molecule) into motion [39]. In other 

words, this phenomenon is the basic physiological process through which metabolic 

energy is expended by different muscles within the human body while performing any 

mechanical task. Thus, while maintaining a balanced state during different tasks, 

the greater the generated muscle tension, the greater will be activation of muscle 

fibres. This will lead to higher consumption of ATP in order to produce sliding move

ment between actin and myosin myofilaments, resulting in greater metabolic energy 

expenditure levels.
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2.4 Hum an Postural Stability  M odel D evelopm ent

2.4.1 Background

A number of researchers began working on modelling the movement of human pos

ture during standing conditions as early as 1959. The result was to develop different 

techniques to measure these movements in the following years [16]. Many models 

have been developed so far to describe human postural stability, which vary from a 

single segmented inverted pendulum to full-articulated multi-link models [17]. The 

initial objective of development of these human postural stability models was to  un

derstand loss of balance. More recent developments have extended this research to 

quantify the effect of ship motion environments on human postural stability in order 

to understand human performance onboard ships. For example; during navigational 

tasks, crew members are supposed to perform various physical as well as mental tasks. 

If due to external perturbations crew members are not able to perform their respec

tive tasks properly, it will affect the overall efficiency of the ship both economically 

as well as performance wise. Crew postural instability affects both types of vessels: 

commercial and military. This results in increased cost of operation for commercial 

vessels while it decreases the fighting ability of naval vessels [18]. All of this has 

motivated the development of a number of postural stability models in recent years. 

Development of a simple inverted pendulum was a result of these efforts. In 1970, 

McGhee and Kuhner [16] developed one of the earliest single link inverted biomechan

ical models. The objective of this work was the development of legged vehicles as well 

as controlled prosthetics for the medical field. Development of several other inverted 

pendulums came into existence during th a t period of time. For example, a model was 

developed by Naslmer which considered feedback control strategies in order to  model 

human postural stability [17]. In 1970, Hemaini introduced his own inverted pendu

lum approach, which was based on development of a theoretical control scheme for
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maintaining postural stability in biped gait [18]. The complexity of human postural 

stability models increased with the progress of time, technology, and knowledge as 

well as exposure in the area. In 1976, there was one m ajor development in this field, 

when Geurssen represented a two-link inverted pendulum as a model to study human 

postural stability [19]. This model presented the human body as two links. The 

lower link modelled the legs while the upper segment represented the head, arms, and 

trunk (HAT). Each segment was characterised by its centre of mass (CoM) as well as 

its length [19]. This model was able to distinguish the difference between the centre 

of mass (CoM) of the body and the centre of pressure (CoP) in postural stability 

analysis. Later on, Hemami extended his work by developing a  three-link humanoid, 

which comprised three segments: shanks, thighs, and upper body (HAT) with con

trol actuators to control position and velocity a t each joint [19]. Since this model was 

comprised of three linked segments it was suitable for investigating various postural 

stability tasks at different body postures; particularly sitting, standing, bending, and 

squatting [20]. In 1980, Heinami’s approach was extended by Koozekanani by adding 

a triangular foot as a support base for better stability analysis. Free body analysis 

techniques coupled with kinematic constraints were used by Koozekanani to estimate 

the CoM and CoP variation associated with a kinematic data set. The model was 

validated successfully by using human subjects with a televised body tracking system 

as well as force plates for determining pressure distribution. It was suggested that 

postural stability of the human body can be better represented by modelling it with 

a three-dimensional approach. In 1981, Koozekanani and Stockwell further extended 

their model to a five-link model [14,21]. Later on, in 1982, Kodde developed such a 

model based on a three-dimensional approach, which comprised two separate planar 

models for both the frontal and sagittal planes [23]. This model was used in suc

cessful quantification of CoM based on collected CoP d a ta  from force plates. During 

the 1980s and 1990s, models became more and more complex with advancement of
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computational research techniques. In 1991, Riley developed a 11-link segmented

F ig u re  2.4: Riley’s 11 segment postural model [24].

model with six degrees of freedom at each joint (Fig. 2.4). Experimental studies 

were equipped with a visual tracking system as well as a  force plate for calculation 

of centre of gravity displacements using the proposed model [24], In 1998, W inter 

developed one of the most complete models to date, which comprised 14 segments. 

Unlike Riley’s human body representation as a  single link, it represented trunk as four 

segments. This model was helpful in obtaining better correlation of muscle stiffness 

with postural stability control of humanoids during standing posture. In modern pos

tural stability models complexity has been increased further by incorporating control 

systems, which are implemented by the central nervous system during different tasks 

such as standing, walking, etc. In this regard, Patton, Humphrey, and Tian have used 

two, three, and four-link models respectively to implement different control strategies 

which increase complexity [25—27].
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2.4.2 Laboratory E xperim ents and Control Strategies

Experimental investigation is a major requirement in validating any postural stability 

model that is developed. Intricacies of human postural stability control can be better 

understood by studying it for a wide range of frequencies, amplitudes, and waveforms. 

Motion platforms are used in experimental work to simulate various motions under 

which postural stability is investigated. Human responses to perturbing accelerations 

are measured as ground reaction force (GRF) as well as kinematic data. Since there 

is variation in motion characteristics, selection of ideal motion waveforms for better 

postural control was a bit debatable. For this, in 1980 Ishida represented the con

cept of using pseudo-random acceleration disturbances for postural studies [30]. A 

television measurement system and force platform were incorporated in this exper

iment for recording ankle and hip angles as well as centre of pressure, respectively, 

when subjects were subjected to a  series of random motions (above 0.5 Hz). The 

objective was to develop frequency response functions for torque as well as segment 

angles generated due to perturbing accelerations. In this way, a  transfer function for 

ankle angle to ankle torque was fitted into collected d a ta  and postural controller for 

a single link inverted pendulum was proposed [30].

During recent years, the field of postural stability modelling has advanced consid

erably due to implementation of new techniques involving both internal and external 

effects. For example, Humphrey and Hemami [26] represented a  3-link model with 

attachment of massless feet that incorporated a large muscle actuator system having 

nine different muscle groups. Moreover, in this study a vestibular system model was 

also incorporated in order to relate postural response to actual sensed accelerations 

rather than externally applied motion inputs [26].
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2.4.3 Postural Control Strategies A ssociated  w ith  Stepping  

R esponse

In 1985, the single link inverted pendulum model proposed by Ishida was revised by 

Peeters, who revised it using a double input controller for a  double inverted pendulum 

with links representing trunk and legs individually. Although the model was not suc

cessful in accurate reproduction of experimental results when used for high frequency 

motion, it clearly demonstrated non-linearities for high frequency motion preturba- 

tions. Peeters developed an improved postural stability quantification method based 

on these nonlinear postural control effects. Basically, evaluation of postural stability 

from mean postural sway during quiet standing position was investigated. Peeters 

further proposed that falls in the elderly can occur due to unexpected postural distur

bances and therefore more accurate postural stability quantification methods can be 

provided by measurement of postural sway during support surface disturbances [8 ]. 

His model possesed a linear parametric control system coupled with a saturation 

function. Every time the perturbation magnitude causes a subject to take a further 

step in order to maintain balance, there is coincidence between the saturation point 

and an abrupt change in balancing strategy. Kinetically, this saturation point can be 

comparable to CoP, which further exceeds the limits of the anterior-posterior support 

base (which span between the front of the toes and the back of the heels). In the 

late 1990s, Maki, Patton, and Pai [25,31,32] conducted studies for development of 

a better characterization of step response threshold. Their modelling approach was 

more oriented towards development of a dynamic model of CoM displacements for 

evaluation of step inducing conditions in motion environments compared to a static 

modelling approach. This approach was proposed by taking into consideration the 

velocity of the CoM along with its position. The basis of this approach was its hypoth

esis that the body will act to maintain balance when its CoM reaches the dynamic
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stage where the ankle joint torque will be unable to prevent it from exceeding the 

base of support limits. This approach was verified by experimental investigations, 

which demonstrated that a  dynamic threshold is a better predictor of stepping re

sponse compared to a static threshold. In 2003, experiments were also performed 

by Millie in order to reinforce the concepts of dynamic threshold put forth by Maki, 

Patton, and Pai [25,31,32]. According to them, most experimental studies were lim

ited to only the sagittal plane; however some work was done toward understanding 

the difference between the coronal plane and the sagittal plane. In this regard, Maki 

and Mcllroy [32, 34] found th a t the coronal plane segment configuration geometry 

results in more complex stepping responses compared to  the sagittal plane config

uration [32]. This is because the coronal (or frontal) plane possesses a  unique set 

of dynamic constraints, which need to be quantified in order to develop an accurate 

three-dimensional postural stability description.

2.4.4 Im pact of M otion  W aveform s during D ynam ic Postural 

Stability Studies

In 1994, Maki and Mcllroy [32, 34] proposed th a t postural stability response is not 

easy to understand even by fully defining perturbation motion waveforms. Up to 

that point, only ramp type motions were used to provide perturbing accelerations 

for platform disturbance studies. Maki and Mcllroy [32, 34] further proposed that 

destabilizing forces that can be developed due to perturbing accelerations and ramp 

type motions (which provide perturbing accelerations) basically are comprised of two 

separate destabilizing incidents. The first incident corresponds to acceleration of 

the experimetal motion platform while the other can be provided by the deceleration 

stage. Experimental studies have further verified that the deceleration stage has great 

impact on postural response. In case of a predictable motion, the postural stability
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strategy can be altered by considering the fact that inertial effects during decelerations 

counteract the destabilizing forces, which can be imposed by onset accelerations. In 

2001, Maki and Mcllroy’s approach [32,34] was further extended by Brown in order 

to evaluate the impacts of wave form shape [35]. Although Brown also proposed that 

ramp type displacements were comprised of two separate destabilizing incidents, he 

also suggested that it is very im portant to fully define characteristics of accelerations 

occurring during these phases. Thus, for his experiments, he used three types of 

waveforms: ramp, ramp-parabolic, and sinusoidal (Fig. 2.5). Each type of waveform 

reproduced a unique neuro-muscular response which reinforced the concepts of Maki 

and Mcllroy that it is necessary to  fully define the characteristics of the perturbing 

accelerations in order to understand the consequent postural stability reactions [35].

15 20
RAMP R-P SINE

-15 0
o  lu a e o m ) 500 o TME(im) BOO 0  TM Epm ) 500 

— acceleration  displacement waveform

Figure 2.5: Three types of motion waveform proposed by Brown [35
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2.4.5 M aintaining Postural S tab ility  in  M otion  Environ

m ents

An average person is subjected to a  great variety of postural stability challenges 

throughout his/her life during daily activities. Walking, standing on buses, and stand

ing on ships are common examples th a t can be studied in detail in order to understand 

postural stability phenomena. Considering such perturbations in postural stability 

experimental studies can provide greater opportunity to  correlate experimental re

sults with theoretical knowledge th a t is developed through postural stability model 

development. However, to the best knowledge of this investigation, so far no postu

ral stability study has been conducted related to trains and buses, whereas postural 

stability during various shipboard tasks is a  main concern of the research community. 

So far, investigators have considered applications of postural stability models in ship 

tasks as well as in naval operational industries in order to  better understand postural 

stability and its impact on human performance at sea. Besides this, there are also 

numerous studies of postural stability in non-moving environments. Chiou presented 

a detailed study of postural stability risks during various working environments in 

1998 [1,79]. In this study, tasks such as walking, standing, and bending were inves

tigated with respect to various environmental factors such as surface contamination, 

firmness, and workload.

2.5 M otion Induced Interruption

Motion induced interruptions (Mils) are defined as instances when personnel tem

porarily abandon their allotted tasks to try to maintain their upright posture as the 

result of losing their footing due to severe ship motion [11]. M il rate is an impor

tan t measure of performance degradation quantification during various ship as well
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as other operational tasks. This is because severe ship motions force a crew member 

to initiate a variety of actions such as grabbing a  support, taking a step, or stopping 

their task in order to maintain balance.

This concept was first introduced in 1984 by Baitis and Applebee which referred to 

this phenomenon as Motion Induced Interruptions [36]. Today, M il rate is considered 

as an im portant measuring scale of ship motion severity. North Atlantic Treaty 

Organization (NATO) defines one M il per minute as a reasonable risk level for most 

of shipboard tasks.

A variety of postural stability models have been used to investigate MIL These 

models are very im portant for both naval as well as commercial ship operations, as 

they basically predict the incidence of loss of stable posture by humans when they 

experience an acceleration exceeding a  threshold.

2.5.1 D evelopm ent o f D ifferent M odels for Postural S tability

This section presents a review of postural stability models available in the literature:

i. Graham Model

A very simple mathematical model for postural stability was developed by Gra

ham [12]. It estimates the number of M ils per minute in a  motion environment 

during standing state [13]. In addition, Baitis and Applebee [36] extended M il 

prediction as a function of lateral accelerations in the plane of the deck, which 

seems to be a suitable measure for quantification of ship motion effects on indi

viduals [13]. Graham et, al [15] provide equations to predict the occurrence of 

tipping for human standing posture such th a t tipping is expected, when:

{ \h fjA -  D2 -  grit) -  > l- g ( 1)
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or

(~/w 74 +  A> +  gr}4) -  I d 3 > l- g  (2)

where Dz is vertical acceleration, D 2 is lateral acceleration, g is acceleration 

due to gravity, rj4 is instantaneous ship roll angle, rj4 is instantaneous ship roll 

acceleration, h is the height of the centre of gravity of the subject from the 

deck, I is half of the base of support length, and £ is the theoretical tipping 

coefficient. Since in this model the human body is modelled as a  single rigid 

body, it cannot quantify the full human postural response, therefore it requires 

empirical tuning to work properly. In this approach, G raham  developed the 

first formulation of a simple rigid body model for biomechanical quantification 

of motion severity in human balance. This model was a very simple approach 

based on considering the human body as a rigid block with mass, mass moment 

of inertia and simple geometrical characteristics [6,36].

ii. Development o f Simple Inverted Pendulum Model

Laboratory postural studies suggest th a t dynamic postural stability models offer 

potential for more accurate description of the postural response in ship environ

ments. In 2003, Wedge and Langlois [37] proposed a three-dimensional inverted 

pendulum model. Control strategies were employed by this model both in the 

sagittal and coronal planes based on joint angular position as well as velocity. 

A simple inverted pendulum model is a very simplistic approach to represent 

human postural stability during standing. The inter-relation between centre 

of pressure (CoP) and centre of mass (CoM) provides the basis for postural 

control for this model [37]. CoP is defined as point of application of ground 

reaction forces (GRF) under the feet and CoM is defined as an imaginary point
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in the body or system of bodies at which whole body mass is assumed to be 

concentrated [44]. Projection of the CoM in the vertical direction (i.e., towards 

the ground) is called the CoG. Variable CoP-CoM (difference in centre of pres

sure and centre of mass) is defined as the “error” signal for the postural control 

mechanism of the model.

2.6 Three-dim ensional (3-D) M odels for Pos

tural Stability A nalysis

Most, postural stability models developed so far apply either in the sagittal 

plane or the coronal plane. However two-dimensional models are not the best 

option to describe the complex nature of human postural stability and to simu

late different balancing strategies. Levin and Mizrahi (1995) proposed a three- 

dimensional, five-joint, five-segment, humanoid model in order to quantify CoM 

strategy and to describe postural sway dynamics. Later, in 2008, a two-link 

three-dimensional inverted pendulum was developed in order to describe hu

man body dynamics [38]. In this model, a two-rigid-link strategy was used 

which bisected the human body into two parts: upper body and lower extrem

ity. Both ankle and hip strategies were outlined in this modelling. Also, lower 

extremities (legs) were allowed to move only in the sagittal plane while upper 

extremities were also allowed to undergo rotation in the coronal plane, which 

was activated by hip torque. Transversal rotation between the two links was not 

allowed. Spatial inverted pendulum model is regarded as one of the prominent 

three-dimensional models in postural stability studies.

i. Spatial Inverted Pendulum, Model

Research to date, has concluded that simple inverted pendulum models play
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Figure 2.6: (a) Single and double inverted pendulum for dem onstration of ankle 
and hip postural control strategies [47] (b) Four-segment inverted pendulum 
model [14].

an im portant role in investigating maintenance of postural stability in various 

circumstances including ship motion conditions. Referring to Fig. 2.6, it is clear 

that the number of articulated joints which are required for particular inverted 

pendulum models are dependent on the range of joint motion for each particular 

joint, environmental conditions, and postural stability task [38]. In this way, 

it can be demonstrated from Fig. 2.6 (a), that ankle and hip strategies are 

represented by a single segment and tw o  segment representations, respectively 

138).

A spatial inverted pendulum approach can be used to represent shipboard tasks 

in a simple proper manner. In Fig. 2.7, point A represents the location of the 

interface between the ship and the inverted pendulum while point B refers to 

CoM of the articulated segment. Two generalized co-ordinates and Oj track
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Figure 2.7: Schematic diagram of a  single link spatial inverted pendulum [38].

the rigid body segment articulation (which correspond to sequential roll and 

pitch motion of an articulated rigid body segment relative to the ship deck). 

Four different coordinate systems are defined for this model. IN represents 

the inertial coordinate system, SH represents the ship coordinate system, MO 

is model coordinate system, and LO represents the local coordinate system 

attached to the body segment. Interface forces and moments can be tracked 

by Fx, Fy, Fz and M x. M y. M z respectively [38]. The implemented model was 

verified for a single articulated segment and two degrees of freedom for postural 

stability analysis. A framework has been designed to extend this model to 

multiple articulated segments with a multi-degree of freedom postural stability 

modelling approach [38].

2.7 State of the Art

This section outlines the most recent developments in technology th a t is used in the 

field of postural stability investigation to capture motion data:
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2.7.1 A  Six-degree o f Freedom  (6-D O F) H um an M otion  

Tracking System  using M iniaturized Inertial Sensors

Figure 2.8: Xsens MVN with 17 sensor modules [43].

This is an advanced method of optical data  collection technology using an Xsens 

MVN motion capture suit, which does not need external cameras, emitters, or any 

kind of markers (Fig. 2.8). The MVN sensor-suit is completely am bulatory comprising 

of 17 MTx body-worn sensors with two Xbus Masters. Xbus Masters observe as well 

as synchronize all sensor sampling, provide power to sensors, and handle wireless 

communication to transmit data  to a laptop or PC, where data processing takes place. 

Moreover, the MVN studio can be used as a graphical user interface (GUI) for analysis 

of motion data from a real time window as well as from previous recordings [43]. Also, 

the MVN studio SDK is capable of processing real-time 3D position aiding inputs, 

allowing real-time character animation. Thus, the system can be used for both indoor
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and outdoor measurements, since' there is 110 restriction 011 data  collection due to 

missing markers or lighting. This sensor suit is capable of capturing motion data while 

performing any activity: running, jumping, crawling, or walking [43]. However over 

time, inertial sensor data integration leads to drift errors occurence due to presence 

of sensor noise, sensor signal offset or orientation problem.

2.7.2 Low-cost M otion C apture System  for B etter  Postural 

Stability  A nalysis during Onboard Ship Tasks

Figure 2.9: (a) Videogrammetric plate of MTx sensors embedded with four coloured 
high power LEDs for onboard ship tasks; (b) Attachment of videogrammetric 
plate unit at centre of mass height and MTi-G sensors for measurement of ship 
motion [40],

A wide range of experimental techniques are available for postural stability anal

ysis of onboard ship tasks. Recently, a new methodology has been proposed for 

motion data acquisition of such tasks, which comprises two main equipment modules 

(a) videogrammetry; and (b) an inertial measurement unit (IMU) for motion mea

surement (Fig. 2.9). The videogrammetry system corresponds to a video camera 

arrangement which operates autonomously and stores the data collected in motion
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environments on internal memory. These camcorders have 1920 x 1080 pixel reso

lution with complementary metal oxide semiconductor (CMOS) embedded with an 

interlaced mode in order to get better effectiveness of the video output signal [40]. For 

experimental data  collection during onboard typically, three video cameras are used, 

where two cameras are mounted to view simultaneously an individual facing forward. 

The position of third camera is secured so th a t it could observe and record the subject 

in the lateral direction. Using inertial measurement unit methodology, test subjects 

are equipped with MTx sensors positioned at their CoM (on the front side). The 

M Tx sensors are secured with a photogrammetric plate which makes tracking of data  

possible via a  built-in algorithm. Four high-powered coloured LEDs are arranged 

a t the corners of the force plate and identified as ‘colour-coded’ three-dimensional 

markers. An MTi-G sensor is projected vertically onto the participant’s CoM height 

on the cabin deck [40]. There is also a GPS antenna th a t must be mounted on top 

of the Pilots Bridge (platform from where ship is commanded). A common PC is 

used to collect data obtained from both sensors with an acquisition rate of 120 Hz. 

This arrangement reduces hardware complexity onboard during experimentation, and 

therefore is expected to simplify data  collection in the field of shipboard postural sta

bility research [40].

2.7.3 Sim M echanics Technology in Sim ulation o f H um an  

Posture (A dvancem ent in M ultibody D ynam ic M odel 

D evelopm ent)

SimMechanics provides the possibility of modelling three-dimensional mechanical sys

tems within the Siinulink environment. Rather than deriving and programming 

lengthy equations and codes, the multibody simulation tool can be used for multi

body dynamic model development which is composed of bodies, joints, constraints,
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and force elements [42]. The associated three-dimensional animation allows visual

ization of system dynamics. SimMechanics is suitable for studying loads imposed 

on joints, which is a major factor of postural stability analysis. Moreover, SimMe

chanics with other MATLAB toolboxes provides a wide variety of applications in 

medical research, development of rehabilitation equipment, and control systems for 

identification of physiological disorders. Therefore, a human body model animated 

via SimMechanics is a modifiable approach where the weight and moment of inertia 

of the whole human body or segments of it can be changed, allowing calculation of 

the resulting forces and moments in joints in very comprehensive way [42].

2.8 Summ ary

Research into postural stability in motion environments is of ongoing interest. Single 

link biomechanical models have been developed into multi-link bioinechanical models 

of humanoids with implementation of simulated sensory organs and muscle actua

tion systems as the experimental techniques and computational technologies have 

advanced. Initially, these models were developed with the objective of basic un

derstanding of human physiology and postural stability strategies, while they were 

also used to study the effects of as well as the risks associated with motion environ

ments during various operational activities. Laboratory experiments have also been 

conducted in order to understand the effects of severe deck motion on naval crew 

members performance at ship tasks. Despite progress to date, there are still many 

issues related to postural stability maintenance during shipboard activities th a t need 

to be resolved. On the other hand there exists substantial literature on postural sta

bility research that is ready to be applied to quantify effects of motion environments 

beyond ship deck tasks.



Chapter 3

E xperim ental Set-U p

3.1 Introduction

The basic objective of the experimental investigation was to determine human postu

ral stability characteristics for different levels of motion severity. This was achieved 

by measuring joint motions of individual subjects while they were subjected to simu

lated ship motion. This provides basic information about each jo in t’s contribution to 

maintaining a stable postural state during changing motion environments. Moreover, 

the mechanical work performed by each joint can be determined to provide a  measure 

of the total mechanical work performed by the human body in order to m aintain its 

balanced state. This is considered im portant information for characterizing human 

postural strategies in a quantitative manner. In addition, the mechanical work per

formed by different joints is correlated to metabolic energy expenditure d a ta  th a t was 

collected to provide a  measure of motion induced fatigue (MIF) and similar disorders 

th a t are responsible for gradual degradation of crewinember’s and ship operator’s 

abilities during maritime operational activities.

39
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3.2 M odules for E xperim ental Set-U p

The experimental set-up basically comprised five basic modules. These modules were:

•  MOOG-6DOF stewart platform motion simulator;

•  Opti-track motion capture system;

•  Tek-scan insole sensor system for transient foot pressure data;

•  BB1LP respirometry system; and

•  Load cell with force plate.

3.2.1 M O O G -6DO F Stew art P latform  M otion  Sim ulator

F ig u re  3.1: Experimental set-up with MOOG Stewart platform, railings, and
padding.
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This motion simulator or motion platform was used to simulate ship motion typical 

of various sea states (refer to Fig. 3.1). A stewart platform is a parallel robot which 

is supported by six actuators mounted in pairs at its base. This platform can provide 

six-degrees of freedom: three translational motions (lateral, longitudinal, and vertical) 

as well as three rotational motions (roll, pitch, and yaw) [49], Fig. 3.2 demonstrates 

the hardware set-up required for running motion profiles for da ta  collection. The 

MOOG-6DOF platform movements are controlled by inter-communication of two 

computer set-ups: motion platform computer and applied dynamics computer. Once 

the motion platform computer is turned on by switching on the power switch and 

providing the required information, it needs host communication in order to provide 

commands to the motion platform. Host communication is provided through the 

applied dynamics computer, where the ethernet host software is running. Provided 

communication is maintained between the motion platform and the applied dynamics 

computer. Motion profiles can be selected and various control commands such as base 

parking, engaging, and returning to the home position can be given to the motion 

simulator through the ethernet host software.

G eneration  o f M otion  P rofiles f o r  the M otion  S im u la tor

Power spectral density (PSD) representations can be used to quantify the characteris

tics of any random variable in the frequency domain. From the PSDs, pseudo-random 

time series of any random vibration can be generated. Based on this theory, repre

sentative ship motion time histories for each of the six ship degrees of freedom can 

be obtained from ship's response amplitude operators (RAOs) [50], The RAOs were 

calculated by a standardized computer programme and are directly related to trans

fer functions of ship motions to wave inputs. The continuous frequency spectra of 

the ship’s motions were converted into a finite number of discrete components for 

approximation of the RAOs. Moreover, RAOs are combined with a selected seaway
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Figure 3.2: Hardware set-up of MOOG-6DOF motion platform prior to running
motion profiles.

spectrum in order to generate the discrete PSD of each degree of freedom of the ship 

motion in that particular seaway [50]. Consequently, a time series as given by Eqn. 

(3) was generated by considering discrete components and summing them to represent 

a continuous ship motion as follows.
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M

Qi(t) = 53 ̂ lJ S ^n ( U/U^: +  %  +  & R N D j )  (3)
j - l

here qi{t) represents a specific motion (e.g., roll, pitch, etc.), t is time, M  is the 

number of components used for approximation of the continuous spectrum, A tj  and 

9ij are corresponding amplitude and phase responses of the PSD, and $RNDj is a 

random phase angle which represents randomness of the sea surface.

In our experiment, Eqn. (3) was used to generate various motion profiles each rep

resenting a different motion a t various sea states. Twelve such motion profiles were 

generated for the MOOG-6DOF simulator. Using North Atlantic Treaty Organiza

tion (NATO) sea state scale standards, motion profiles were generated in increasing 

severity from low wave height, i.e., 1 meter waves to medium waves (with 2 meter 

height) and 5 meter and then to severe state with 7 meter wave height. Three types 

of motions (i.e., roll (R), pitch (P), and general/combined ship motion with pitch- 

roll-yaw (PRY) factor) were considered. Each of the three motion types possesed 4 

motion profiles categorized on the basis of wave height, which represented 4 different 

sea states. It should be noted th a t in this thesis sea states 1 through 4 refer merely 

to four different levels (as shown in the Table 3.1) and must not be confused with 

the NATO scale of standard sea conditions that uses the term “sea sta te” to refer to 

specific ranges of wave elevation. The motion profiles are allowed to run in a ran

dom order for a specified time period of 360 seconds while human test subjects are 

requested to maintain balance during the motion. Table 3.1 depicts the 12 motion 

profiles used to run the experiment.

Table 3.2 shows the minimum, maximum and RMS values for all twelve motion 

cases in x, y, and z directions. It shows the severity order for pitch, roll and combined 

motion in different motion states.
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Table 3.1: Motion profiles

Motion Profile Sea State Wave Height(m) Ship Heading(deg) Pitch Roll Yaw

1000 1 1 000 yes no no

2000 2 2 000 yes no no

5000 3 5 000 yes no no

7000 4 7 000 yes no no

1045 1 1 045 yes yes yes

2045 2 2 045 yes yes yes

5045 3 5 045 yes yes yes

7045 4 7 045 yes yes yes

1090 1 1 090 no yes no

2090 2 2 090 no yes no

5090 3 5 090 no yes no

7090 4 7 090 no yes no

The motion platform was equipped with a 2 x 2 meter wooden base to accom

modate a force plate that is discussed later. An upper frame with railings was used 

in order to provide safety to human test subjects in the case of loss of balance. The 

wooden base of the platform was also covered with high friction tiles in order to 

minimize slipping possibilities and enhancing safety during experimentation.



Table 3.2: Minimum, maximum and root mean square values for twelve motion profiles

Motion Profile M inx

radians

Miriy

radians

M inz

radians

M  axx 

radians

Maxy

radians

M axz

radians

R M S X

radians

R MS y

radians

R M S Z

radians

1000 0.000 -0.017 0.000 0.000 0.010 0.000 0.000 0.003 0.000

2000 0.000 -0.030 0.000 0.000 0.029 0.000 0.000 0.008 0.000

5000 0.000 -0.096 0.000 0.000 0.105 0.000 0.000 0.026 0.000

7000 -0.273 -0.004 -0.006 0.274 0.003 0.006 0.094 0.001 0.002

1045 -0.023 -0.012 -0.003 0.024 0.012 0.003 0.009 0.004 0.001

2045 -0.064 -0.025 -0.007 0.067 0.027 0.007 0.062 0.010 0.003

5045 -0.211 -0.069 -0.027 0.262 0.063 0.028 0.081 0.025 0.009

7045 -0.273 -0.004 -0.006 0.274 0.003 0.006 0.094 0.001 0.002

1090 -0.054 -0.001 -0.001 0.059 0.001 0.002 0.019 0.0005 0.0006

2090 -0.121 -0.002 -0.003 0.109 0.002 0.003 0.414 0.0008 0.001

5090 -0.273 -0.004 -0.006 0.275 0.003 0.006 0.094 0.001 0.002

7090 -0.273 -0.004 -0.006 0.275 0.003 0.006 0.094 0.001 0.002
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3.2.2 O pti-track M otion C apture System

Figure 3.3: (a) Opti-track IR camera [51]; (b) Retro-reflective markers [51].

An Opti-track system is used to collect motion d a ta  on human subjects while 

maintaining stability during ship motion. This set up is comprised of 8 infra-red 

LED cameras which were arranged so th a t they could capture the body posture of 

the human subjects in their efforts to maintain their balance (Fig. 3.3a). This was 

accomplished by a motion capture suit with 34 retro-reflective markers (Fig. 3.3b) 

that was worn by the human participants prior to data collection. The locations of 

markers on the motion capture suit were defined in an appropriate manner so th a t all 

body segments could be detected by the cameras properly [51]. Markers were placed 

at locations on the body where the skin is close to the skeleton in order to reduce 

skin sliding as much as possible. The collective set up of LED arrays of cameras 

and markers on body segments determined the anatomical reference points of the 

body. For effective operation of the Opti-track setup, all reflective objects within 

view of capture area were removed and lights were dimmed. The Opti-track system 

is capable of capturing motion data  at 100 Hz frequency, and provides sub-millimeter
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(mm) accuracy when set-up is effectively done by selecting capturing frequency of 

100 frames per seconds.

C alibration o f the O pti-track System,

Figure 3.4: Wand capture using 8 infra-red camera system.

For calibration of the Opti-track motion capture system, the motion platform 

was raised to its neutral position by engaging it from its parked state. Calibration 

included two basic steps: (i) a wanding procedure was used to calibrate the cameras 

for better capturing accuracy and an origin point on the ground plane was defined 

which behaves as the reference point; and (ii) a virtual skeleton was fit to the human 

subject.

Wanding was required to calibrate and assess the quality rating of each of the 

eight infra-red cameras. A maximum of one or two cameras may be considered below 

the highest level (i.e., excellent quality) to ensure high-qualtiy da ta  collection. The 

wanding procedure was carried out. throughout the platform capture area by swaying 

a wand while making sure that, each camera was able to capture the wand motion 

(Fig. 3.4) [51], After the wanding procedure, ground plane was set using calibration
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square for determination of origin as well as direction of x, y, and z-axes. The second 

step of the calibration involved assigning a virtual skeleton to the human subject 

according to the outlines described by the Arena software. In this step, the human 

subjects wore a black form fitting Velcro suit with 34 retro-reflective markers attached 

to it, which fully represent 15 segments of the human body in 3-D space (Fig. 3.5a 

and b).

Figure 3.5: (a) Human subject in motion capture suit; and (b) Opti-track 15 seg
ment skeleton [51].

The T-Pose data of the human subjects prior to actual data collection was cap

tured. T-pose is the standing position taken by the subjects with arms elevated to 

shoulder height and legs seperated equal to shoulder width. This was necessary to en

sure that all 34 markers were properly reconstructed in the 3-D image of the cameras 

as well as to ensure effectiveness of camera capturing. The first 15 seconds of a  total 

30 second data collection was utilized for setting the T-pose of the human subject. 

This was followed by a second period of 15 seconds of data  collection while the subject 

was in motion. The collected data  was trajectorized after recording in order to save
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the captured session in .pt3 file format by providing binding of the skeleton and rigid 

body 3-D motion to a point cloud. This trajeetorised data was finally available in 

any of .C3D, .BVH or .FBX format for further analysis [51].

3.2.3 Tek Scan Insole Foot P ressure Sensor System

Foot pressure sensors of the Tek Scan system were used to collect time-varying foot 

pressure data. This information was collected as numerical values of the pressure 

applied at sensors showing pressure intensity as well as coloured graphical images of 

time-varying pressure contours.

D escrip tio n  o f  Foot P ressu re S ensors f o r  D a ta  M easurem ent

Figure 3.6: Insole with 960 sensels for foot pressure data measurement.

The foot pressure sensor system comprises ultra-thin, double-layered sheets of

0.18 mm thickness which are further thickened with a protective backing. The com

position of foot pressure insoles includes pressure sensitive, conductive, and resistive
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silver-based links, arranged in 60 columns and 21 rows and embedded in Mylar coat

ing (Fig. 3.6). These were fit into subject’s shoes by cutting them  according to 

the subject’s foot size [52]. The intersection of rows and columns lead to  a pressure 

sensing “cell” construction, each called a sensal with 960 in each insole [52]. The 

resistance of each cell is inversely proportional to the pressure applied at the surface 

of cell. When load is applied to the sheet, there is change in resistance of the pressure 

sensitive resistive link, and electrical output from system is generated accordingly. In 

this way, with movement, as pressure on surface changes, the resistance also changes 

proportionally. This information can be collected from the cells and relayed through 

the embedded wiring to a  pre-amplifier, where analog to digital d a ta  conversion takes 

place. Further, finally this d a ta  is transm itted to the central processing unit (CPU) 

of a da ta  collection computer resulting in recording and storing of cell pressures in 

computer memory [52]. Tek scan software provides the capability to visualize both 

two-dimensional and three-dimensional data  in the form of 2-D or 3-D contours. It 

is also possible to convert foot pressure data  into American Standard Code for Infor

mation and Interchange (ASCII), which can be further available for other statistical 

analysis using other software such as MATLAB.

Equilibration and C alibration o f  Tek Scan P ressure S en so r S ystem

i. Equilibration

There are 960 sensels located at each intersection of rows and columns in each 

insole. Each sensor is unique from every other sensor in its response to applied 

pressure [53]. Hence, it is necessary to equilibrate all sensors, to compensate 

for slight variations among them [53]. To this end, a special piece of equipment 

is used for equilibration/calibration of Tek Scan system. This is a  thin flexible 

membrane pressurized against sensors. Participants are instructed to apply 

uniform pressure for all the foot pressure sensors. Once the equilibration is
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done and the "equilibration" procedure is complete, a graphical representation 

of the real time pressure distribution appears [53]. Therefore, the equilibration 

procedure ensures the consistency between all the sensors.

ii. Calibration

Calibration is required to convert the digital outputs into actual pressure units 

(mmHg/PSI). Calibration was achieved by asking subjects to stand on one 

foot at a time such that the integrated pressure can be calibrated against the 

subject weight as measured using a  spring scale [53]. Subjects were directed to 

keep shifting the weight on the foot to be calibrated for at least 5-10 seconds, 

repeating the procedure for both feet. Calibration results for both  feet was 

saved properly once it was complete.

D ata  analysis using Tek Scan Foot P ressu re S ensor S ystem

Due to the thin semiconductor coating which is applied between the conductive rows 

and columns, electrical resistance is inversly proportional to the applied pressure. 

The m atrix of sensels results in an output in the form of a  matrix of voltage changes, 

which can be displayed on the computer with different colors to distinguish different 

pressure levels. The colour range varies between blue and red (1-125 psi) through 

green, yellow, and orange. Therefore, high and low pressure areas are evident as 

the variation in pressure takes place from heel to  toe over the stance period during 

movement on the motion platform [52].

3.2.4 B B 1LP R espirom etry System

A metabolic analyzer is specially designed to measure the amount of metabolic energy 

expended by an individual in terms of calories burnt by the subject’s body [55]. The
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Figure 3.7: BB1LP respirometry system [55],

BB1LP respirometry system is specially designed for this objective. Fig. 3.7 demon

strates the basic set-up of the BB1LP respirometry system for energy expenditure 

measurement.

C om ponents o f  the B B 1L P  M etabolic A n a lyzer

The BB1LP Analyzer basically comprised of 5 main components.

i. S I47 O2 /C O 2 Analyzer

As indicated in Fig. 3.7, the analyzer combines both a laser diode sensor for 

oxygen (O2 ) detection and an infrared (IR) sensor for carbon dioxide (CO 2 )
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detection [55

Figure 3.8: Front panel of S147 0 2/ C 0 2 analyzer [55].

Figure 3.9: Back panel of S147 O2 /C O 2 analyzer [55].

The IR CO 2 sensor works 011 the principle of absorption of C O 2 by infrared light. 

An IR. source is directed through the tube which contains the gas for analysis. 

The amount of IR light absorbed by the gas at a particular wavelength in the 

flow tube is detected by the sensor. The output of the detector is proportional 

to the amount of IR light absorbed by the sensor, which gives a direct measure 

of the amount of C 0 2 present in the tube [55],

The laser 0 2 diode sensor works on the principle of radiation absorbed by oxy

gen. The wavelength of the laser diode is very close to the absorption line for

0 2. On the basis of this, the amount of absorbed 0 2 can be detected efficiently. 

Together, the S147 assembly possesses the subsampling pump unit, differential 

sensor, as well as oxygen and carbon dioxide sensors [55].
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ii. F500 Gas Flow Meter

The F500 flow meter has a range of 40-500 rnl/min. The flow meter is located 

at the back panel of the S147 0 2/ C 0 2 sensor for measurement of gas flow rate, 

which should be approximately 300 m l/m in. Flow rate adjustm ents can be 

made with the help of a pump speed control available on the front panel of the 

SI47 O2 /C O 2 analyzer [55].

iii. Face Mask, Head Strap, and Pneumotachometer (Pneumotach)

Face masks are air-cushioned units, which collect breath for analysis. They are 

placed in position over the m outh and nose and secured by head straps, which 

connect to four points on the mask. Moreover, a pneumotachometer (which 

detects gas flow) is attached to the mask using a Teflon adaptor. Precaution 

must be taken in mounting the adaptor, so th a t the Nation tube (braided tube 

which connects to adapter between mask and pneumotachometer) attaches to 

either the top or the centre of the mask to prevent accumulation of saliva as 

well as condensation due to breathing [55].

iv. Tubing and Connectors

The SI47 O2 /C O 2 analyzer is connected to the rest of the BB1LP system using 

assorted tubing and connectors. Basically, two joined tubes of length 1.5 meter 

each are used to connect the pneumotachometer to  the front panel of the S147 

analyzer unit [55]. Sample gas is carried to the “Gas in” port on the front of 

S147 analyzer via 1/16 inch tube with an air-filter and braided Nation tube. 

In addition, the flow signal is carried by an 1/8 inch tube from the end of the 

pneumotachometer to the “Ptach” which is 011 the front of S147 analyzer unit. 

Also, at the back of S147, the F500 flow meter is attached to a “sample vent” , 

in order to measure sample gas flow [55].
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v. Heart Rate Monitor

Detection of electrical signals generated by the heartbeat at the skin surface 

is carried out by heart rate sensor. These signals are measured by electrodes 

which are embedded in a chest belt. Transmission of the electrical signals takes 

place wirelessly from the chest belt to receiver, which should be placed within 

1 meter of the chest belt for accurate signal detection [55]. Signal quality can 

be improved by providing better skin contact by applying saline solution to the 

two electrodes [55].

C alibration o f  0 2/ C 0 2 A n a lyzer  S ensors

This calibration is required to ensure th a t both sensors are effectively measuring the 

0 2 absorption and C 0 2 exhalation values. Calibration of the BB1LP respirometry 

system involvs two main adjustments: zero and span adjustment. For zero adjust

ments, the ambiant room air is needed with “zero” C 0 2 and water vapour removed. 

It can be checked by observing the Logger Pro meters, where C 0 2 is adjusted to 0% 

and 02 is adjusted to 20.95% by adjusting the “zero control” with a screwdriver on 

the front panel of the analyzer [55]. For span adjustment, a calibration gas mixture 

of 16% 02, 5% 0 0 2  and 79% N 2 is used, regulated to outlet pressures of 2 psi to 5 

psi and a t a flow rate of 400 m l/m inute in order to maintain continuously equal flow 

of gas during the calibration process. Adjustment of 0 2 to 16% and C 0 2 to 5% can 

be made by adjusting the 0 2/ C 0 2 “span control” of these sensors with a  screwdriver 

from the S147 analyzer and checking it on the Logger Pro screen [55].

O peration o f  B B 1L P  R esp ira to ry  S ystem

Breath analysis takes place when a subject breathes through the face mask. An 

adaptor connects face mask to  pneumotach (ptach) flow meter. Breath flow can be 

measured on the basis of differential pressure between the inside and the outside of the
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pneumotach. Two pressures arc* conveyed to the S147 analyzer for differential pressure 

analysis. The pressure inside the pneumotach can be conveyed to  the '‘ptach’' input 

on the front side of the analyzer via a 1.5 meter long tube; while atmospheric pressure 

can be conveyed through the “ptach” vent on the back side of the S147 [55]. The 

flow rate of gas samples was maintained at approximately 300 m l/m inute. A tubing 

between the mask or ptach adaptor and “Gas in” on the front of S147 was used to 

sub-sample the inhaled and exhaled air at the known flow rate of 300 m l/ minute. 

Moreover, a 25 micron filter was also attached to “Gas in” tubing in order to prevent 

contamination of the optical gas sensors by filtering air particulate. In order to check 

the subsample flow, the rotameter is attached to the sample vent on the back side 

of the S147 analyzer. Analog outputs, i.e., flow (ptach), C 0 2, and 0 2 from the back 

side of the S147 are further conveyed to channels 1, 2, and 3 respectively, which are 

delivered to the LabPro da ta  Logger [55].

The wireless heart rate monitor worn as a  chest band had its receiver attached to 

channel 4 of the Labpro. Logger Pro is the software th a t was installed in the host 

computer to control collection of data  in LabPro. Logger Pro was also programmed to 

plot air flow, C 0 2 production, and 0 2 consumption as a  function of time. Metabolic 

energy used by the subject was calculated using Weir’s Metabolic Energy equation 

(in kcal/day):

M etabolicEnergy = (3.9 x (V 0 2) +  1.1 x (V C 0 2) x 1440) (4)

where V 0 2 represents the volume of oxygen consumed, V C 0 2 represents the volume 

of C 0 2 exhaled at standardized tem perature and pressure conditions.

Logger Pro automatically evaluates the amount of metabolic energy expended 

(in kcal/day) by the subject while he/she is maintaining his/her stability during 

simulated ship motion. Further, this software was able to detect individual breathes
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as well and display various breath parameters. There is also in-built capability to save 

data for further analysis or import it to worksheets once data collection is complete

[55].

3.2.5 Load cell w ith  Force P la te

The load cell arrangement along with the force plate collectively was used to measure 

components of force and moment applied by the subject under one foot. This force is 

balanced by the ground reaction force (GRF) which is synchronized with kinematic 

data  both temporally and spatially [56]. The main concern during external force 

da ta  collection is spatial synchronization of kinematic d a ta  with GRF data. This was 

resolved by establishing the origin of the global coordinate system (GCS) of the Opti- 

track module relative to the origin of the force platform. Participants pu t their right 

foot on the load cell located on the platform to generate 6 signals each denoting one 

of the three forces: Fgrfx, Fgrfy, Fgrfz and three moments: Mgrfx, M grfy, M grfz [56]. 

These forces and moments were subsequently used in the equations describing the 

multi-body dynamics model to evaluate kinematic parameters. In addition to this, 

GRF components were used to validate the equations of the developed multi-body 

dynamic model (Chapter 5).



Chapter 4

D ata  C ollection and P ost-P rocessin g

4.1 Introduction

This chapter covers the procedures used for selection of subjects and da ta  acquisition. 

In addition, data  sampling and post-processing techniques are briefly discussed.

4.2 Test Subject Selection

Approval for this experiment was provided by the Carleton University Research Ethics 

Board (REB). All subjects were selected on the basis of their eligibility to meet the 

range of standards approved by the REB. Table 4.1 outlines the key physiological 

characteristics of all human subjects who volunteered for this study. Ten volunteers (6 

male and 4 female) of varying physiological characteristics were selected as subjects for 

experimental investigation. All subjects had either no or very minimal experience on 

seagoing vessels. None of them suffered from any musculoskeletal disease, breathing 

problems, or balance disorders. All subjects were non-smokers.
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Table 4.1: Test subjects key characteristics

Sub. No. Sex Age (yrs.) Body Height (meter) Body Mass (kg)

1. Male 23 1.70 56.69

2. Male 25 1.67 72.57

3. Male 26 1.72 58.05

4. Male 27 1.67 65.05

5. Male 22 1.61 68.03

6. Male 27 1.80 83.33

7. Female 20 1.60 50.69

8. Female 25 1.65 72.20

9. Female 25 1.65 68.33

10. Female 24 1.60 58.05

4.3 D ata A cquisition

Since all subjects were volunteers, da ta  capture session scheduling was based on the 

subject’s availability. Participants were asked to complete an inclusion-exclusion crite

ria form and sign the informed consent form after reading the experimental procedure 

and safety as well as security measures documentation.

Prior to starting the data  collection process, the Opti-track cameras were cali

brated to ensure that no errors would occur due to camera positioning during motion 

capture sessions. The subject was fitted with the appropriately-sized motion data 

capture suit, and 34 retro-reflective markers were placed at pre-determined locations 

on the body to represent the 15 segments of the body in 3-D space. Next, the sub

jects were fitted with foot, pressure sensing insoles in their shoes. Insoles were trimmed 

according to subject’s foot size for better data acquisition. The calibrated BB1LP 

respirometry system was connected to the subject by attaching the mask onto the 

participant and tightening the head straps. Fig. 4.1 represents the da ta  collection
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Figure 4.1: D ata Acquisition Procedure.

procedure for all the volunteers who participated for research project. Prior to s tart

ing the data collection process, subjects were asked to step with their right foot on 

the load plate mounted at platform base. Coordination of kinematic da ta  with load 

cell data  was achieved by setting the origin of the GCS of Opti-track at the corner 

of the force plate. Once the subject was ready on the platform, the platform was 

raised to the neutral position by engaging it and the virtual skeleton of the subject 

was determined using the ARENA software. Then, the Tek Scan insoles were con

nected to the network hub and were calibrated using the Tek Scan step calibration 

procedure. Calibration of each foot required 10 seconds. In addition, insoles cali

bration was synchronized with the load cell calibration by asking subjects to stand 

on each foot at the centre of the force plate for 10 seconds. The BB1LP system 

settings were verified for respirometry da ta  as well as metabolic energy expenditure 

data collection through the Logger Pro meter. Before collecting data, subjects were
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instructed to maintain upright stance with arms hanging at the sides and feet in line 

with the frontal plane. To begin the process, subjects were allowed to maintain a 

T-pose facing along the positive z-axis of the calibrated Opti-track GCS, which rep

resented the anterior-posterior (A-P) axis of the body. The T-pose made actual data 

collection much easier for ARENA by enabling it to snap a pre-generated skeleton 

to the subject marker positions. After the T-pose, platform motion was started for 

actual data  collection using the corresponding procedure. While the platform was 

in motion, participants were instructed to take first three deep breathes while in the 

T-pose position and tap their right foot on load plate with exhalation of third deep 

breath in order to start synchronized da ta  collection using all equipment. 12 Motion 

profiles were run in random order for experimental trials. Each motion profile lasted 

for 360 seconds and there was a  rest period of 60 seconds between successive runs 

of two motion profiles while data  files were saved and processed. The subjects were 

instructed to maintain their balance at all times as they experienced each motion 

profile. D ata was saved using the corresponding software for later analysis. The data 

collection procedure took 120 to 150 minutes per subject for all 12 motion profiles if 

all initial set-up and calibration was performed efficiently. In this way, experimental 

da ta  of 14 participants was collected during laboratory experimentation.

4.4 D ata Sampling

The data sampled by various modules of the system were synchronized. Since, the 

Opti-track system captures motion data a t 100 Hz, the BB1LP and foot pressure 

sensors also sampled at the same frequency. This resulted in a total of 36,000 frames 

of data  for 6 minutes of motion for each motion profile.
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4.5 D ata Post-processing

This section outlines the necessary post-processing steps that were used to obtain 

accurate data for reliable analysis.

4.5.1 O pti-track D ata  Sm oothing

Marker occlusion during motion capture is a potential major source of data  error. 

This was caused mainly by safety railings and their protective padding th a t were 

located around the platform for subject safety. These railings could block some of the 

markers on the subject’s body, impairing the camera’s ability to collect the motion 

capture da ta  for a  segment of the body a t few frames at a  time. In addition to this, 

the markers could be swapped with each other due to contortion of the skeletal model 

during da ta  playback. The Opti-track is equipped with built-in software for removal 

of such da ta  gaps. The removal of marker swapping was performed manually using 

the ARENA data  editing package through a relatively simple process. The main 

challenge was with filling of the da ta  gaps. This was a very time-consuming process. 

The ARENA is equipped with 3-types of interpolations for gap filling: linear, cubic 

spline, and rigid body angle interpolation. For gaps less than 5 frames, i.e., 0.05 

seconds, Opti-track recommends cubic spline interpolation. For longer gaps, i.e.,

5 frames or greater, the rigid body angle interpolation is recommended. Although 

angle interpolation is considered to be less accurate than the cubic spline. Once 

gaps were filled, Opti-track data  was smoothed using a data smoothing tool which is 

also available in the ARENA data  editing package. This tool allows application of

6 Hz low pass filtering for smoothing of each body segment data  by removing high 

frequency noise components.
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4.5.2 Load Cell D ata  F iltering

Load cell data  have a noise factor, impairing the data quality for further processing. 

This noise component needed to be removed using filtering techniques. For this, we 

used two post-processing steps: 10 point down-sampling and Butterw orth filtering. 

The load cell data was collected a t 1000 Hz, which was down-sampled on a 10 point 

scale so as to provide less noisy da ta  at 100 Hz. Further, this ground reaction force 

and moment data was smoothed using two-pass, fourth-order Butterw orth filter (if 

necessary) by removing noise components to render the data to be used for further 

analysis.



Chapter 5

M ultibody D ynam ic M odel D evelopm ent

5.1 Introduction

This chapter describes dynamic modelling of the human body incorporating three- 

dimensional geometry by discretizing the body into multiple rigid body segments. 

To this end, body segment param eters are first estimated using the Dempster et 

al (courtesy of Miller and Nelson) anthropometric da ta  [29]. Second, the Newton- 

Euler dynamics formulation is used to write equations of motion to evaluate applied 

forces and moments for each successive rigid body segment of the human model. 

Further, this approach is extended to calculate mechanical work performed by each 

joint in maintaining postural stability. The model can be used to calculate the total 

mechanical work done by the whole human body by summing work performed by 

individual joints in the body. In general, the multibody dynamic model development 

follows an inverse-dynamics approach where forces and moments are determined for 

the kinematics of the system.

5.2 M ultibody D ynam ic M odel

For multibody dynamic model development, the following steps are performed:

64
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1. Three-dimensional kinematic analysis;

2. Three-dimensional kinetic analysis; and

3. Calculation of mechanical work performed by all body joints.

5.2.1 T hree-dim ensional K inem atic A nalysis

Basically, human motion capture is defined as capturing or recording of real-life move

ments of a human in three dimensions. Many laboratories, which conduct analysis 

of human movements, utilize multiple cameras, load cells, and force plates. A multi

camera system is important for accurate reconstruction of marker data. In addition 

to this, a load cell and associated force plate provides a  means of measuring external 

forces and moments acting on the human body. These are input into a multibody 

dynamic model as known values. The flowchart in Fig. 5.1 outlines how a multi

body dynamic model is used to analyse the acquired kinematic data. Firstly, three- 

dimensional marker position da ta  is streamed from the ARENA software, which is 

smoothed to eliminate noise and other effects before further processing. Next, an

thropometric data  that defines joint centres; centre of mass (CoM); length and mass, 

and density of various segments is read from an anthropometric da ta  table. Since 

there are two frames of reference for motion data  (described subsequently), a rota

tional transformation is applied to transform data  from the global frame of reference 

into the local reference frame. Using the position data, linear velocities and accel

erations are obtained by differentiation. Angular kinematic techniques are applied 

to determine Euler angles (which define segment orientation between two reference 

frames) and joint angles (which define joint relative orientation). Euler angles can be 

differentiated to obtain angular velocities and angular accelerations. Segment orien

tation data (i.e., Euler angles) are smoothed to improve accuracy in the estimation 

of angular velocities and accelerations that are used to calculate moments using the
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Figure 5.1: Flow chart for 3-D kinematic data analysis.
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equations of motion.

M arker D a ta

Marker d a ta  refers to observational data  in the form of marker position as a  function 

of time in three respective axes (i.e., x, y, and z axes). Since the three-dimensional 

marker d a ta  define the position of different segments in three-dimensional space as 

a  function of time, this as well as orientation da ta  are used to evaluate the three- 

dimensional kinematic parameters as outlined in the flowchart.

C oordinate S ystem s

Basically, two coordinate system are required for three-dimensional analysis of motion 

data. These are defined as the global (inertial) coordinate system (GCS) and the local 

(non-inertial) coordinate system (LCS).

y

Y A

Z

Figure 5.2: Global (XYZ) and Local (xyz) Coordinate Systems.

i. Global Coordinate System

The global coordinate system (GCS) or inertial reference system (IRS), which 

was identified as the laboratory coordinate system, is used to position an object
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in three dimensions as a function of time. In the context of the Opti-track 

system, this is regarded as orthogonal reference system which represents fixed 

axes for the laboratory. Generally, the global coordinate system (GCS) or the 

inertial frame axes are denoted in upper-case letters having an arbitrary origin 

defined at the centre of the motion platform, with the X-axis representing the 

medio-lateral (M-L), the Y-axis the axial (longitudinal), and Z-axis the anterior- 

posterior (A-P) directions of the human body [56].

ii. Local Coordinate System

The local coordinate system (LCS) was defined as the reference frame th a t is 

fixed to each body segment. The origin of the local coordinate system is located 

at the centre of mass (CoM) of the rigid body segment. The local coordinate 

systems are denoted by lower-case letters with the x-axis representing the medio- 

lateral (M-L), the y-axis the vertical (longitudinal), and z-axis representing the 

anterio-posterior (A-P) directions of the body segment. By defining the position 

of the LCS with respect to the GCS, the positions of different body segments 

are established in three-dimensional space a t any instant of time. It is noted 

that the definition of the LCS for each body segment is defined by the position 

of markers located on that segment [56].

T ransform ation  M atrix

Transformation between reference systems is carried out to transform the position 

and orientation of the rigid body in one coordinate system to another coordinate 

system. Three markers were used on each body segment to completely define a 

non-coplanar rigid body in its local coordinate system in three-dimensional space. 

Therefore, the position and orientation of that segment with respect to the global 

frame can be completely determined by applying a transformation between the local
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and the global system [56]. In general, a rigid body is capable of undergoing both 

translation and rotation, where translation is defined as the change in position of its 

centre of mass (CoM), while rotation is defined as re-orientation of the body about 

its centre of mass (CoM).

i. Translation or Linear Transformation

z.

F ig u re  5.3: Linear transformation of local coordinate system xiyizi to global coor
dinate system X qYqZ g [61]

For linear transformation between two coordinate systems, a  vector R  can be 

used. Let us consider X q Y g Z q  as the global and XiyiZi as the local coordinate 

systems. In Fig. 5.3, R  is a position vector that defines the relative position 

between the local and the global coordinate systems in XYZ with three compo

nents R x c  RyCi an(l R za respectively. If there is no rotation in the LCS with 

respect to the GCS, the coordinates of a point P identified as P' in the LCS 

can be transformed to its coordinates Pxc ■ P y c :■ Pza *n the GCS as follows:

P =  R + P 1 (5)
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or " ~

Pxa R X G P'xi

Pro
= R yg + p'Vl

PZa_ Rza P'Zl

Conversely, conversion of the coordinates of point P  from the GCS to the LCS 

is given as:

P' = P - R  (7)

or
“ •

p'XI Pxa R x a

p'
Vl Pro — Rya

1--
---

--
---

-
*0

1

PzG R zg

In this way, the linear translation between two relative coordinate systems can 

be represented [61].

ii. Euler Angles (Orientation Transformation)

Orientation of a body segment with respect to a reference frame is commonly 

defined using Euler angles <j>, 9, and W- A common order of rotations is the Car

dan rotation sequence (xyz rotation sequence), which is applied for performing 

rotation about three axes. It is im portant to take the rotation sequence into 

consideration as Euler angle rotation is not commutative in nature. So, fol

lowing the xyz rotation sequence from the GCS to the LCS, the first rotation 

takes place about the z-axis which changes the orientation of both the x and 

y axes. Second, rotation about the y-axis changes the orientation of both the 

x and z-axes. The final rotation is about the x-axis, which results in the final
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orientation of the coordinate system, which re-orients a segment with respect 

to the inertial frame of reference [56], In Fig. 5.4. the first rotation takes place 

by angle Q about the X-axis. This leads to a new orientation of both the Y and 

Z axes. The second rotation through angle 6  is about the current Y-axis. The 

final rotation occurs through angle ij) about the current Z-axis resulting in the 

final orientation of the coordinate system.

Let X4Y4Z4 represent the global coordinate system and X IY IZ I represent the 

local coordinate system. Then, the orientation of the global coordinate system 

relative to the local coordinate system, designated by the m atrix R q  is the result 

of three successive rotations z R q ' , yR ^„ . and x R LA, where A" and A' represent 

intermediate coordinate systems th a t were obtained due to Euler angle rotations 

■0 and 9 respectively; i.e.,

Z2 Z2

Z3

Y4

X4 X 3 X2 X3 X l ,X 2

Y2, Y3

F ig u re  5.4: Euler angle rotation sequences, where X4Y4Z4 identifies the global
coordinate system (GCS) and X IY IZ I the local coordinate system (LCS).
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R Lg x  R la, vR f» zR {f

1 0

0  cos 0  — sin 0

0  sin <fi cos 0

cos 6  0  sin 6

0  1 0

sin 0  0  cos 6

cos ip — sin -0 0

sin 0  cos 0  0

0  0  1 

(9)

Conversely, the transformation from the GCS to the LCS can be represented by 

identifying this transformation m atrix as:

R Gl = R<3 (10)

it can be shown that:

so that:

R°l ZR^, yR A‘ x R f ( 11)

X 4

Y  4

Z  4

zR G„
A x R f

X I

Y 1

Z 1

( 12)

with,
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R Gl

cos 9 cos ip sin (p sin 9 cos ip T  cos <p sin ip — cos ip sin 9 cos 4> +  sin 0  sin ip 

— sin ip cos 9 — sin <p sin 9 sin ip +  cos cp cos ip cos <p sin 9 sin ip + sin <p cos ip

sin ̂ cos 9 sin (p cos <p cos 9

(13)

The combined matrix in Eq.(13) is known as decomposition m atrix whose elements 

represent the orientation of the local coordinate system with respect to the global 

coordinate system. Cardan angles can be derived directly from the decomposition 

m atrix [56]. The angle of the second rotation (axial rotation) can be evaluated from 

element R 3 1 of the decomposition matrix; using the following relationships.

Rotation about the y-axis, (axial rotation):

9 — arcsin(/?£31) (14)

Rotation about the x-axis, (flexion-extension):

<p = arcsin( ) (15)
cos#

Rotation about the z-axis (abduction-adduction):

ip — arcsin( ^ 21) (16)
cos 9

Therefore, the Cardan angle sequence, i.e., (p, 9, and ip, represents the relative 

orientation between the laboratory axis system and the anatomical axis system. These 

are im portant parameters for calculation of angular velocity and angular acceleration 

of different body segments.
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J o in t Coordinate S ystem

Joint coordinate systems are required for tracking joint angles. The selected method is 

the one which is recommended by the Standardization and Terminology Committee 

(STC) of the International Society of Biomechanics (ISB) which is based on the 

joint coordinate system proposed by Chao (1980) and Grood and Suntay (1983) 

for different body joints. This method was developed in order to clearly identify 

the anatomical meaning of three rotations that can occur between any two body 

segments [58]. A total of 14 body joints are considered for specifying joint angles 

in the human body. The joint coordinate system (JCS) approach considers the two 

local coordinate systems assigned to each of the two body segments constituting a 

joint. For example, to evaluate the joint angles through the right hip joint, coordinate 

systems of the pelvis segment and the right thigh segment are considered [58].

F ig u re  5.5: (a) Right hip joint angle calculations between pelvis and right thigh 
segments [59]; and (b) Floating axis [56].

>PeMs

Floating axis ( / ,#fat)

In the right, hip joint example (Fig. 5.5 (a)), the longitudinal axis idistai =  *i of 

the LCS of the distal segment (i.e., right thigh) and the medio-lateral axis fcproximai =  

kpeivis of the proximal segment (i.e., the pelvis) are considered [59]. The cross product
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of the distal longitudinal axis with the proximal medio-lateral axis defines the floating 

axis (Fig. 5.5(b)), which is perpendicular to the plane formed by the directed axes 

as:

Floating Axis (IjoirU) =
I ̂ p ro x im a l ''distal]

The angles of the joint are then denoted as: 

a  = flexion/extension angle;

,3 — abduction/adduction angle; and

7  =  axial rotation angle where the flexion/extension angle identifies the rota

tion about the medio-lateral axis of the proximal segment, kpr0ximai; the abduc

tion/adduction is rotation about the floating axis, I j0int-, and the axial rotation is 

the rotation about the longitudinal axis of the distal segment i d i s t a i  [59]. These three 

joint angles (measured in degrees) a t the right hip joint are calculated as: 

flexion/extension angle:

O — 90 arCCOS ( i p r o x i m a l  ' I  j o i n t )

abduction/adduction angle:

[3 90 H!C( ()s(k'jfl-Q j-im al * i d i s t a i )

axial rotation angle:

7 =  90 arCCOS {kdistal ' I  joint)

This technique is applied to represent the JCSs throughout the human body and 

to determine joint angles for all three axes. Each JCS is a non-orthogonal system 

because the vertical and lateral axes of two successive segments defining the floating 

axis are not necessarily perpendicular [59].

5.2.2 T hree-dim ensional K inetic A nalysis

Fig. 5.6 demonstrates the three-dimensional kinetic analysis approach which deals 

with evaluation of forces and moments that cause motion of the human body. Forces 

and moment calculations are further extended for estimation of mechanical work
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Figure 5.6: Inverse dynamics approach flow-chart for 3-D kinetic analysis [56].

performed by different body joints. Kinetic analysis is im portant because it allows 

researchers to investigate the basic mechanisms of movement. In biomechanics, two 

approaches are available for three-dimensional kinetic analysis. In the first approach, 

called forward dynamics, both forces and torques produced at different joints are used 

as input in order to predict human movement. In the second approach, called inverse 

dynamics, the joint forces and moments are determined using measured externally- 

applied forces, segment kinematics, and segment inertial parameters as inputs. These 

two approaches are the reverse of one-another. In the present study, the inverse 

dynamics approach was used. The Newton-Euler method was used to derive the re

quired equations of motion for all the body segments. The inverse dynamics technique 

shown in Fig. 5.6 was followed step by step for investigation of forces and moments.

A n th ropom etry  fo r  Segm ent C h aracteristics

Anthropometry is defined as a system to approximate the following characteristic 

data for various segments of the human body: mass, centre of mass, segment lengths, 

and principle moments of inertia. Anthropometric da ta  are collected either from
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Figure 5.7: Body segment lengths approximated as a fraction of total body height 
(H) [29],

cadaver studies (provided by Chadler, et al 1975; Dempster 1955, Clauser, et al 

1969) or from direct measurements (provided by Brooks and Jacobs 1975) [29,56]. 

Clearly, no approach can be considered as perfectly accurate because anthropometric 

data characteristics vary from person to person. In this study, the data  reported 

by Dempster 1955, was used for centres of mass, density, and mass of the segments 

[29,82]; whereas segment lengths were determined from the data  reported by Drillis 

and Contini (1966) [29,56], where each length is reported as a function of the total 

body height of the subject (Fig. 5.7). The mass moment of inertia of each segment 

was determined by idealizing the shape of the segment. The principle mass moments
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of inertia of a segment are represented as a diagonal matrix:

[ / ]  =

4 0 0

0 Iy 0

o o / 2

(17)

where diagonal elements Ix, Iy, and Iz represent the mass moments of inertia of each 

segment with respect to its principal axes x, y, and z.

H anavan’s G eom etrical M odel fo r  M ultibody D yn am ic  M odel D eve lop 

m en t

!■) <b)

7

9

Figure 5.8: (a) Hanavan’s 15 segmented geometrical human model; (b) Lateral and 
frontal view of Hatze’s 17 segment humanoid [60].

Mathematical modelling of the human body is based on idealizing body segments 

as geometrical solid shapes, which may vary from simple shapes to more complex 

ones. A number of such models are available in the literature [60], such as Hana

van’s 15 segment Model and Hatze’s 17 segment humanoid model for mathematical



modelling [56.60]. In this study, Hanavan’s 15 body segment geometric model was 

adopted for human body modelling, because it represents the 15 segment rigid bodies 

with standard geometric shapes. In this model, the hands and head are idealized 

as ellipsoids (Fig. 5.9.(a)) and all other body segments: upper arms, lower arms, 

trunk, pelvis, thighs, shank, and feet are idealized as circular prisms (Fig. 5.9.(b)). 

The principal mass moments of inertia equations for these assumed solid geometric 

shapes are as follows:

where m  = mass, x  =  depth, y = height, and 2  =  width, 

b  For a circular prism (Fig. 5.9(b)) ( i.e., for arms, legs, feet, trunk, and pelvis):

y

F ig u re  5.9: (a) Ellipsoid; and (b) Circular prism [56]

a  For an ellipsoid (Fig. 5.9(a)), (i.e., for the head and hands):

(18)

I y =  ^ m (x 2 +  z2) 
o

Iz =  \ m ( x 2 +  y2) 
5

(19)

(20)
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I ,  =  - ^ " O r 2 +  I2 

h  =  + I2

(22)

(23)

where m =  mass of the prism, I =  length of the prism, and r =  radius.

Using the moment Equations (Eqns. 18 through 23) for representation of the 

principal mass moments of inertia, values for the 15 body segments were generated 

using segment lengths and mass anthropometric da ta  [29,56].

Segm ent C entre o f M ass (C oM )

Segment centre of mass is defined as the point in the segment where the entire mass 

of the segment can be assumed to be concentrated for the purpose of determining 

translational dynamics. The longitudinal axis (y-axis) of a  segment is defined as the 

connecting line between the proximal and distal virtual joint centres constituting a 

segment. It is assumed that the centre of mass lies between the proximal and distal 

joint centres along the longitudinal axis. For instance, if C\ and C2 locate the virtual 

joint centres of a segment and d\ is the distance from the proximal virtual joint centre 

to the centre of mass, which is assumed to be in the middle of the segment [56]; then, 

the centre of mass (CoM) can be located as [56]:

where distance di can be obtained from the anthropometric da ta  (Dempster, 1955) 

[56]. The centre of mass is evaluated in the local frame of reference (or anatomical 

frame of reference).

OcoM — Ci +  di(C2 — Ci) (24)
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T hree-dim ensional K in em a tic  D a ta

The three-dimensional kinematic data  determines the linear and angular positions, 

velocities, and accelerations, which are used with inverse dynamics to estim ate forces 

and moments of different body segments. The marker data  provide the position and 

orientation of each body segment in the LCS with respect to the GCS. Specifically, 

Euler angles, i.e., 0, 9, and ip, define the orientation between the two reference frames, 

which depict the angular orientation of the body segment in three-dimensional space. 

As the segment moves, the angular orientation is differentiated as an intermediate 

step toward obtaining the angular velocity components of the segment,

(pi

Qi

d(p
dt

dB_
dt

(p i+ l  (p\

2A t

di+i — di~i

i— 1 i /— rad/sec

2A t
rad/sec

(25)

(26)

d<l> _  t i - n  - i —1 rad/sec (27)dt 2At

where 2 A t  is the time interval between the (i — l) th and the (i + l ) s< angle.

Using these components, angular velocities u>x, u>y, and u z of each segment are 

determined as:

Uxi cos 9 cos ip s in -0 0 (pi

UJi = yi = — cos 9 sin ip cos ip 0 Bi

u zi sin 9 0 1 i>i

Next, angular accelerations can be evaluated by differentiation of the angular 

velocities:
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dux
(28)

dt

(29)

W zi+1  — W z i - 1 (30)

Finally, the translational acceleration of the CoM of each segment is determined

as:

where d is the displacement of the CoM for translational acceleration calculations [29]. 

E xternal Forces

The third type of data  that was acquired during the experimental work was the 

external forces and moments exerted on the subject by the outside environment. The 

most significant external force is the ground reaction force (GRF) and moment. In 

general, the ground force has a  dominating vertical force component (Fy), acting along 

the weight of the body with two shear force components Fx and Fz, acting along 

the medio-lateral and anterio-posterior directions, respectively. In addition, three 

moment components (Mx, M y. and M z) in the respective medio-lateral, vertical, and 

anterio-posterior directions can also exist. The load cell with the force plate along 

with the foot pressure sensor system were used to acquire these six force and moment 

components, i.e., Fx, Fy, Fz . Mx, My. and M z applied to the right foot of the subject. 

These values are incorporated into the equations of motions of the right foot segment 

in the multibody dynamic model. It was necessary to synchronize ground reaction 

force data with the kinematic data. This was achieved by establishing the origin of

(31)
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the GCS at the force platform origin. Moreover, using the inverse dynamic approach, 

ground reaction force and moment components acting on the left foot were calculated 

and validated against the recordings of the Tek Scan pressure sensor system for the 

left foot.

Three-dim ensional In verse  D yn am ics A pproach

tz

F ig u re  5.10: 3-D inverse dynamics approach for foot segment [56].

A foot segment is presented below as an example to develop the corresponding 

force and moment equations for three-dimensional kinetic analysis (Fig. 5.10). The 

translational dynamic equation for the ankle joint reaction force in vector form can 

be represented as:

F a n k le  —  j f  S A n k le  “  ~  r n 9  ~ ~  J g R F (32)
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where, j r f Ankie is the ankle joint reaction force and aCoM is the translational acceler

ation of the centre of mass of the segment, mg  is the segment weight vector, and Jgrf 

is the ground reaction force. This translational dynamic equation of FAnkie can be ex

pressed in terms of components (Fx, Fy, and Fz) in x, y, and z directions representing 

the medio-lateral, longitudinal, and anterior-posterior directions respectively:

Fx JV jAnklex m&CoMr WIQX f GRFx (43)

Fy =  j r f Ankiey = macoMy ~  mgv -  f GRFy (34)

Fz = j r f AnkU. = macoM, -  mgz -  f GRFz (35)

where, j r f Ankiex, j r f AnkUy, and j r f Ankiez are force components in the medio-lateral, 

longitudinal, and anterior-posterior directions respectively; aGoMx , 0-CoMy , and aCoMz 

are translational acceleration components in the three respective directions; and 

f GRFx, f GRFy, and Jcrfz are the three ground reaction force components; and mgx, 

rngy, and mgz define the weight vector in three dimensional space [56],

The rotational dynamic equation about the CoM is:

MAnkle jMankle T UJ X [I]u> (c?i X  j f f Ankle) (^2 X f GRF ) t (36)

where, jMAnkle is the ankle moment vector; I is the mass moment of inertia m atrix for
—# —*

the foot segment ; a  is the angular acceleration; d x x j r f Ankie is the moment of j r  f  Ankle 

about the CoM, which is the cross-product of the proximal vector from the centre of 

mass (CoM) of the foot segment to the proximal end of the foot segment with the 

joint reaction force. Further, d2 x f GRF is another moment vector component, which 

is the cross-product of the distal vector of the foot segment from the centre of mass
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(CoM) to the distal end of the foot segment with the ground reaction force (GRF) 

vector, and t is the ground reaction moment vector [56]. In terms of components, Eq. 

(36) can be expressed as:

hlx ~  anklej: 1 xx^ x T {Jzz lyy )!j-!z^y h ljrfx M qrfx tx (37)

h'fy h lankley IyyOCy -f- (Ixx 1 zz]^x^ z hl j r M qRFy ty (38)

h lz — M anklez 722Q2 T  (lyy 7xx)Wy£Jx hljr ft hJGFF2 t z (39)

where, Mjrf = {dx x j r f ankie) and MGrf  =  (d2 x / c r f )

In Eqns. 37, 38, and 39, /xx, I yy, and Izz represent components of the moment of 

inertia vectors and a x, a y, and a z are components of segment angular accelerations. 

l a  should be expressed relative to the inertial frame of reference. Because angular 

velocities are expressed in the principal axis coordinate system of the rigid body 

segment, which is rotating with respect to the GCS (i.e., inertial frame of reference), 

the moment of inertia in the GCS can be represented as:

( ^ ) g c s  =  i - ^ h c s  +  (w X L) (40)

So, u  x L is considered to be included in the rotational dynamic equations during 

three-dimensional kinetic analysis.

In this way, for the three-dimensional inverse dynamic modelling approach, cal

culations proceed from the distal to the proximal joint of each segment. Proximal 

calculations of one segment are used for distal evaluations of the adjacent segment. 

This approach generates the six equations of motion for all 15 body segments.

However, all force and moment calculations which are supposed to be calculated
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in the local coordinate system (LCS) of each body segment, can be transformed into 

the GCS by applying the necessary transformation matrices, i.e.,

[jRFanklel =  [TAT2c][j  ̂  fAnkle] (41)

\j Mankle\ — [7/1X2g] [j^ankle] (42)

where, [ j r f  Ankle] and [jmankie\ are the force and moment vectors in the LCS; [jRFankie] 

and [jMankle] are the force and moment vectors in the GCS; and [TAT2g] is the trans

formation matrix from the anatomical frame to the global reference frame [56].

N ew ton-E u ler E quations o f  M otion  E stim a tion

To develop the multibody dynamic model, Newton-Euler equations of motion were 

derived in a  general way for all 15 body segments to determine the forces and moments 

exerted at the joints. Three different approaches were implemented for determining 

the results from the multibody dynamics model.

i. Linked Chain Model

The Linked Chain-Segmental Model has been regarded as the fundamental ap

proach for human gait analysis and whole body force and torque estimation 

while walking or performing various other activities. In this approach, the hu

man body is modelled as an open chain system of individual rigid body links 

interconnected at the joints. Newtonian mechanics was applied at each individ

ual rigid body segment for calculation of inter-segmental joint reaction forces 

and moments, while starting at one end of the chain and proceeding to the 

other [8 6 ]. In this way, six equations of motion were derived for mathematical
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mrn9
segm ent H-1

F ig u re  5.11: Linked chain model of body segments [8 6 ].

modelling of each body segment, which were based on the following assump

tions:

•  All joints are frictionless;

•  Segments are considered as rigid bodies having distributed mass; and

•  No agonistic-antagonistic muscle contraction is assumed (i.e., net muscle 

action is considered).

On the basis of this, joint reaction force and moment equations are arranged

such as:

p ro x im a li D is ta h (43)

M p r o x im a l i  [ 7 ] c k  T  iO X  [I]iO  M D i s t a l i (44)

The arrangement of force and moment equations between two adjacent segments 

is based on the fact th a t force exerted by the distal segment on the proximal 

segment is equal and opposite to the force exerted by the proximal on the distal
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segment [8 6 ]. For instance, as shown in Fig. 5.11:

F p ro x im a li ^ d i s t u l , , j (45)

where FproximaU is the force exerted by the proximal segment on the distal 

segment and —Fdistaii+1 is force exerted by the distal segment on the proximal 

segment [8 6 ].

Basically, two linked chains were formulated to derive equations of motion for 

the whole body . Top-down and bottom-up strategies were applied for upper 

and lower extremities separately. In the top-down approach for the upper body, 

analysis started from the hand extremities and ended at the trunk segment 

through the lower arms, upper arms, and including head segments simultane

ously with the upper arms; and 6  equations of motion for each consecutive 

segment were solved. Similarly for the lower body, a  similar chain started from 

the right foot following the bottom-up strategy with the GRF components as 

known external loading (obtained from the load cell and force plate data). The 

system is solved for forces and moments at each joint term inating at the left 

foot through the shanks and thighs. After solving both chains separately, all 

90 unknowns required for mathematical modelling of the human body were 

evaluated.

ii. Half Segmented Half Matrix Approach

In this approach, a combination of the chain-link solution and m atrix formula

tion was carried out. The upper extremities were solved as individual links of 

a chain until the trunk was reached (in similar manner as in the linked chain 

model). Upon reaching the L5-S1 joint (trunk-pelvis) the number of unknowns
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become problematic due to the right thigh and left thigh forces acting simul

taneously on the pelvis. Therefore, at th a t point a 42 x 42 m atrix approach 

is applied for derivation of the equations of motions for the 7 lower extremity 

segments. So, for the lower extremities, all force and moment equations are 

arranged in a m atrix as follows:

[^]42x42p^]42xl =  \B\ 42x1 (46)

and it can be solved for unknown forces as:

P^42xl =  P4]42x42[^]42xl (47)

where [A ^ x i  contains all the unknowns required for the equations of motion. 

Further, an inverse-inatrix solution is applied to  calculate all the forces and 

moments for the lower segments in the [X]42xi column vector.

Applying this approach, i t ’s possible to solve all the 90 unknowns for the 15 

body segments by introducing measured GRF component d a ta  for the right foot 

from the load cell and solving for the left foot GRF components through the 

lower 42 x 42 matrix.

iii. Full Body Matrix Approach

In this approach, the 15 segments of the human body are taken into consider

ation where each segment introduces 6  unknowns. Application of the Newton- 

Euler equations of motion is used to populate a  90 x 90 m atrix starting with 

the upper segments and proceeding all the way to the lower foot segments, so 

that 3 ground reaction force components; Fgrfx, Fgrf y, and Fgrf z and 3 moment 

components; M grfx , M grfy, and M grfz of the right foot (obtained from load cell 

data) are inserted into the right foot equations; and the left foot ground reaction
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force and moment components are estim ated through the m atrix solution. In 

this way. a total of 90 equations of motion were arranged in the 90 x 90 m atrix 

and associated vectors.

The LU decomposition method was applied for estimation of the 90 force and

moment unknowns. It provided the inverse m atrix solution by factorization of

the matrix as a product of lower and upper triangular matrices.

W ith the 90 x 90 full body matrix approach the resulting set of equations is 

arranged as:

[̂ 4] 90x 90 [A] 90x1 =  [-B]90xl (48)

correspondingly, it can be solved as:

[A]90xl =  W  90 x 90 [^90x1 (49)

where [A]90X90 is the 90 x 90 matrix, [X]9oxi is the column vector where all 90 

unknown force and moment components for the 15 segments are located, and 

[5]90xi is again a column vector representing mass, velocities, and accelerations 

of the force and moment components which are already evaluated.

Assembly o f Force and Moment Equations for the Full Matrix Approach

According to the Newton-Euler equations of motion, for any body segment:

Y  Forces =  0 and Y  Moments =  0 or

FProximal T Fuisiai Ala  (50)

AIProximal T Alpfisfa[ [/]g T W X [I]uJ (51)
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Therefore, the general force and moment equations for any segment are defined 

as:

Pproximal TYIQ fdistal (52)

This can be defined using the three respective axes, such that:

Fx TtXClc oMjr fTl'Qx fdistah (53)

Fy = maCoMy -  rngy -  f distaly (54)

Fz TIlClCoM , rngz fdistalz (55)

where Fx, Fyi and Fz are the proximal force components in the medio-lateral, 

longitudinal, and anterior-posterior directions respectively; ac 0Mx, aCoMu, and 

aCoMz are the translational acceleration components in three respective direc

tions; fdistalx• fdistaly, and fdistal, are the three distal force components and mgx, 

mgy, and m gz are the gravity force components in three axes. Similarly, rota

tional equations of motion can be arranged for torque calculations. The general 

equation of rotation for any segment:

A1 proximal [-fjck T  U) X  [ / ] w  ((/i X  Fproximai) (d2 X F[)tsta[) tDistal (56)

where MprOXimai is the proximal moment vector, I  is the moment of inertia 

matrix for the particular segment, a  is the angular acceleration of the seg- 

merit, {d\ x FProxiTnai) is the moment vector component resulting from the cross- 

product of the proximal distance from the centre of mass (CoM) of the body 

segment to reaction force vector on the proximal side with the joint reaction 

force acting at the proximal joint, (d2 x FDista{) is the moment vector resulting
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from the cross product of the distal distance of the next joining segment from

the centre of mass (CoM) to the distal end of that segment with the distal force
—+ ^

vector FDistal of the next segment, and finally tDistal is the distal torque vector.

Further, these equations can also be arranged in three respective axes, such

that:

A l x  =  F x & x  d~  ( I z z  I y y ) ' ^ z ijJy M P r o x i m a l  M p i s t a l x  t D i s t a l T ( h 7 )

M y  —  T y y G y  +  ( F x  I z z ) ^ x ^ z  ~  A l p r o x tm a ly M Q i s t a l y  t D i s t a l y  ( 5 8 )

M z  —  I z z & z  d "  ( 7 y y  / x x ) a )y C J x  A 1 P r o x i m a l z M D i s t a l z ^ D is ta l z ( o 9 )

Arrangement of the equations results in all Ala  and la  components being de

fined in the [S]90xi right hand side vector, and all unknown forces being lo

cated in the [X}g0xi column vector, so th a t the first three rows of the m atrix 

represent forces, (i.e., Fx, Fy, and Fz) and the successive three rows represent 

moments/torques tx , t y, and t z respectively. In this way, there are 4 arrange

ments of 3 x 3  matrices for each segment in the [A]9oX9o matrix, in which each 

segment possesses 6  rows and 6  columns (Eq. 60).

For any segment, arrangement of the six equations of motion takes place as
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follows:

“ “ " “ -

1 0 0 0 0 0 F x AI  a x

0 l 0 0 0 0 Fy M a y

0 0 1 0 0 0 Fz M a z

0 —dz d 2 1 0 0 M x dxx^x “1“ (-Tjz Iyy)UJzUJy

dz 0 - d r 0 1 0 M y dyy&y (-̂ xx dzz )^x!ĵ z

1
i

d \ 0 0 0 1
6 x6 r i 6 x1

dzz&z (dyy dxx)d)yCOx

(60)

where all the known components of forces and moments, (i.e., M a  and la )  are 

defined on the right hand side of the matrix. On applying the inverse m atrix 

solution, Eq. (60) can be re-arranged as:

- - - - 1 - -

Fx 1 0 0 0 0 0 M ax

Fy 0 1 0 0 0 0 M a y

Fz 0 0 1 0 0 0 M a z

M x 0 —dz 0 2 1 0 0 dxxa x -t- (Izz dyy)UJzUJy

My dz 0 -d r 0 1 0 lyyOty +  (Ixx — dzz )^x^z

1

<
1 6 x1

- d 2 d\ 0 0 0 1
6 x6

dzz&z + (Iyy — dXX)d3yUlx

(61)

On the basis of the above arrangement for all 15 segments, a 90 x 90 m atrix
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can be arranged as follows:

- - - - 1 -

Fx 1 0 0 0 0 0  ............ Bx

Fy 0 1 0 4> 0 0  ............ b 2

Fz 0 0 1 <t> 0 0  ............ Bz

Mx 0 - d 3 d2 l 0 0  ............ b 4

My dz 0 -d x 0 1 0  ............ b 5

Mz - d 2 dx 0 0 0 1 .............

. . .  1 . . .

B6

1

£ i 90x1
............. 1

90x90
B n

where;

M ( X x , B 2 A l d y , A l & z i  B 4  I x x ^ x  ~~b ( - ^ 2 2  I y y ) ^ z ^ y i

B §  =  l y y O t y  ~f~ ( f j x  ■/z Z ) w x LOz , B §  F z ^ z  T  ( f y y  f r x V j ; W x ,

B n Izz^z ~b (-̂ yy ^ n )^ y ^ n

After constituting this 90 x 90 matrix, a solution for all the unknown forces and 

moments required for the multibody dynamic model can be obtained.

5.2.3 M ultibody D ynam ic M odel Com parative A nalysis

Three different approaches have been outlined in the above section for the m athe

matical modelling of the human body to evaluate the mechanical work performed by 

different joints. Our first approach was the Linked Chain Segmental Model (LSM), 

which followed the two consecutive chains, i.e., top-down and bottom-up for the upper
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and lower extremities respectively to calculate intersegmental forces and moments. 

The upper chain term inated at the lumbo-sacral (L5-S1) joint, while the lower chain 

started from the right foot by considering the GRF components as known forces and 

moments (from the load plate) and terminated at the left foot, where the GRF com

ponents of this foot were calculated through the link strategy. The second approach 

was a  combination of the Linked Chain-Segmental (LSM) and the 42 x 42 Half-Matrix 

approaches, through which all 90 inter-segmental forces and moments were estimated 

for modelling the human. For this, the upper chain was formulated in the same way 

as the Linked Approach so th a t it terminated at the L5-S1 joint, while for the lower 

body, a half-matrix was generated for the lower extremity chain and an inverse m atrix 

solution was applied for force and moment calculation.

In the last approach, termed as the 90 x 90 Full Body Matrix approach, Newtonian 

mechanics was applied to  all 15 rigid bodies and equations of motion were arranged 

in a 90 x 90 matrix such tha t inter-segmental joint reaction forces and moments were 

calculated simultaneously using an inverse m atrix solution.

During comparative analysis of these three implemented approaches, the 90 x 90 

m atrix solution was determined to be the most comprehensive approach for dynamic 

modelling of the human body. It was more accurate and less time consuming as 

compared to the first two approaches, (i.e., the Linked Chain Segmental and Half 

Linked Segmented-Half Matrix approaches). This was largely due to the fact that 

with the Full Body 90 x 90 Matrix approach, experimental and numerical error gets 

equally distributed between all rigid body links rather than getting clustered at the 

terminating joint of the chain (i.e., the L5-S1 joint in the Linked Chain Segmental 

approach) during force and moment calculations. In addition, simultaneous calcula

tion of all forces and moments is fast using the LU Decomposition in the Full Body 

90 x 90 Matrix approach as compared to the Linked Chain Segmental and Half Linked 

Segmented-Half Matrix calculations.
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5.2.4 Validation o f th e M ultibody D ynam ic M odel

Validation of the multibody dynamic model is necessary in order to check whether all 

translational and rotational dynamic equations are generated properly for accurate 

estimation of forces and moments of the 15 body segments. In other words, it assures 

the accuracy of the humanoid mathematical modelling strategy for three-dimensional 

kinematic analysis. Generally, T-pose data  validation is carried-out, by applying the 

following two steps.

Static  C ase

Excluding Gravity Forces

This validation step was based on the premise th a t if the gravity component of 

force for all the segments of the human body are excluded, the ground reaction forces 

at both feet should be exactly equal and opposite to each other. In other words, this 

validation step ascertains that when there is no force acting downwards due to the 

weight of the body, the forces exerted by the ground on the right foot should be equal 

and opposite to the forces exerted by the left foot on the ground in order to satisfy 

the equilibrium of the system.

To this end, the GRF components on the right foot, Fgrfx, Fgrj y, and Fgrfz were 

chosen to be 70.4 N, 370.0 N, and 100.2 N respectively. The results for the ground 

reaction forces on the left foot were calculated to be -70.3 N, -370.5 N, and -100.2 N for 

Fgrfx, Fgrfy, and Fgrf 2 in the medio-lateral, vertical, and anterio-posterior directions 

respectively. Table 5.1 demonstrates the outcomes of validation step I, excluding 

gravity components of the forces. The results are as expected.

Including Gravity Forces

This is second standardized validation step which demonstrates that when there 

are just two forces acting on the multibody dynamic model (i.e., forces due to gravity
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Table 5.1: Validation I results

Forces Right Foot GR Forces (N) Left Foot GR Forces (N)

Fx +70.4 -70 .3

Fy +370.0 -370.5

Fz + 1 0 0 .2 - 1 0 0 .2

(Mbodyg) acting downwards and ground reaction forces (Fg rf) acting upwards) these 

two force contributions should be equally balanced with each other when all the inertia 

forces are absent. In this validation test, the gravity forces should be balanced by 

the ground reaction forces acting on both feet. In this case, when only the Mbodygbody 

component is considered (i.e., body weight) for all equations of motion of the whole 

body, the following requirement was supposed to be fulfilled:

Mbodygbody (acting downwards) =  G RFrightfoot +  G RFleftfoot (acting upwards)

In our validation test, when the vertical component of the ground reaction force 

(GRF) at the right foot was 370.0 N in the vertical direction (+ve in the upwards 

direction), +341.9 N was obtained for the left foot (acting upwards). Combined these 

sum to 711.9 N acting upwards. On the other hand, the gravity force component was: 

Total mass of body (Mbody) — 72.57 kg and g =  [0; —9.81; 0]. So, Mbodyg =  —711.9 

N, which was acting downwards, equally balanced the force exerted by the ground on 

both the feet. Table 5.2 depicts the outcomes for validation step II.

Table 5.2: Validation II results

Forces Ground Reaction Force(N) Gravity Force (N)

Fx 0 0

Fy +711.9 -711.9

Fz 0 0
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Based on these numerical validation experiments, it was determined th a t the gov

erning equations were correctly assembled. Validation in the dynamic sense could be 

best, assessed experimentally using the redundant foot pressure measurements as will 

be discussed subsequently.

D ynam ic Case
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Figure 5.12: Vertical GRF force component from Insoles data and calculated from 
multibody dynamic model for dynamic validation

For dynamic validation, the vertical component of ground reaction force was con

sidered. During experimental trials, the vertical GR force obtained from insoles was 

compared and plotted with the GR force calculated through the multibody dynamic 

model computations. The main objective was to validate the dynamic characteristics 

of the developed model by comparing the experimental data values with the calcu

lated outputs. Fig. 5.12 shows the vertical force component of insole d a ta  (for the 

left foot) and calculated left foot GR force component for 60 seconds time period.
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Both data  outputs seem to be in pretty reasonable agreement during experimentation 

trials, which provides favourable dynamic validation results.

5.2.5 Joint W ork C alculations

The final step of the multibody dynamic model development was to determine the 

mechanical work done by individual joints while maintaining postural stability during 

ship motion. For the 15 segment human model, there are a total of 14 linking points 

(i.e., joints) which must be considered for mechanical work measurements. Work done 

at each joint can be expressed as:

rO-i ^  ^
W), ->e2 =  /  M j o in t  •  dO (63)

Jo i

or
j '0 ‘2 ^

1Ta6» =  /  M j o in t  •  d9 (64)
Je i

Here W g 1^ 2 is the amount of work performed by the joint in changing orientation 

from 0 i  to 02; M jo in t  is the moment vector acting at th a t particular joint; and dO is 

incremental change of joint angle while maintaining stability of the segment. More

over, since work is a scalar quantity, the mechanical work of the whole human body

can be obtained by summation of the mechanical work performed by all 14 individual

joints during a particular period of time such that:

^Vbody ^  ^ wrist, T V̂elbow-j 4" V̂.shoulder:i 4* IFhead—neckt 4  — 4  ankle 14) (65)

Therefore, in the above equation (Eq. 65), W b o dy  is mechanical work performed 

by the whole human body while undergoing postural change with respect to changing 

ship motion.



Chapter 6

R esu lts and D iscussion

6.1 Introduction

This chapter details various da ta  processing and statistical analysis techniques that 

are used to analyze the experimental data that were collected as described in Chapter 

4. The results obtained on the effect of ship motion on the energy consumption and 

mechanical work-metabolic energy correlation as well as other outcomes are discussed 

in this chapter.

6.2 M ethods

In order to ascertain a statistically adequate number of subjects for significant val

idation of the outcomes, the average of metabolic energy data at one particular sea 

state were determined for increasing number of participants. Fig. 6.1 represents a 

typical result of the convergence of metabolic energy variations with the number of 

subjects. In this figure, bar 1 represents the metabolic energy da ta  of one subject, 

while bar represents the average metabolic energy data  of 2 subjects. It can be seen 

in Fig. 6.1, that metabolism levels are randomly varying upto 8  subjects, while the 

variation in the average of the metabolic; energy consumption converges for 9 and 10

100
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Figure 6.1: Convergence of metabolic levels on basis of no. of averaged subjects

subjects repectively. This indicated that results based on the da ta  obtained from 10 

subjects should be statistically reliable.

Different techniques were applied for analysis of this data. The metabolic energy 

data  collected from ten subjects were interpolated using MATLAB and then averaged 

for the time period of 10 seconds to get the distributed energy expenditure. Fig. 6.2 

shows the raw energy data  (in watts) and interpolated and averaged data  over 1 0  

seconds obtained from the BB1LP respirometry system. This was necessary because 

the breath by breath system exports the energy data on a per breath basis which 

is nonuniformly distributed in time. The interpolated and averaged 120 da ta  sets 

for 3 motion types were further averaged on sea state basis for metabolism variation 

with sea roughness outcomes. Moreover, metabolic energy results were categorized 

by male or female subject to compare the metabolic levels between the two genders. 

Metabolic data  of 6  males and 4 females was considered for gender basis metabolism 

evaluation. The vertical ground reaction force (GRF) component was exported from
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F ig u re  6.2: (a) Raw metabolic energy data; (b) Interpolated and averaged data

the load cell da ta  directly by considering the axial forces. This was plotted with 

respect to simulated sea severity for 3 motion types in order to observe the effect of 

increasing motion perturbations on the force exerted by the ground on the feet for 

postural stabilization. The mechanical work done by the human body as well as 14 

different body joints were calculated using the multibody dynamic model developed 

in Chapter 5. Since the mechanical work consists of both positive and negative values, 

the absolute mechanical work was considered and averaged on 15 second intervals. 

The metabolic energy values were also interpolated using MATLAB and averaged 

over 15 seconds (it should be noted that mechanical work and metabolic energy data
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was averaged over 15 seconds scale for Pearson correlation). An outlier removal 

treatment was applied to the data prior to correlation testing, where 2-4 outliers were 

ignored for data  accuracy. The mechanical work of the body was correlated with 

the corresponding metabolic energy expenditures by using the Pearson correlation 

technique. The mechanical work contributed by each of the 14 joints calculated from 

the multibody dynamic model was plotted with respect to each of the twelve motion 

states. This was done to identify the joints that performed the maximum mechanical 

work in response to perturbations. Appendix A shows the results of one particular 

subject’s d a ta  sets, which are similar for all other subjects, who participated in data  

collection.

6.3 Variation of M etabolic Energy Levels w ith  Dif

ferent Ship M otions

6.3.1 M etabolic Energy Variation w ith  Com bined (PR Y ) 

Ship M otion

As shown in Fig. 6.3, metabolic energy levels increase as the sea motion severity 

increases. The least severe and most severe energy levels can be clearly distinguished 

as metabolic levels are 1 1 % greater in the most severe sea state when compared to 

the least severe sea state. Energy levels in sea sta te  2 are only 1 % higher than in sea 

state 1 , while for the next successive states, energy levels elevate by approximately 

5% for severe (state 3) and very severe states (i.e., sea state 4), respectively.
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F ig u re  6.3: Energy variation with combined (PRY) motion

6.3.2 M etabolic Energy Variation w ith  Roll M otion

In the case of roll motion (Fig. 6.4), the energy levels also increase with increasing 

sea state. Sea state 4 has energy levels less than 1 % higher than sea state 3. So, these 

two sea states cause similar energy expenditure levels. Metabolic levels in sea state 

2 are 2% higher as compared to sea state 1. Further, metabolic energy increases by 

approximately 3% from the medium sea state (sea state 2) to severe and very severe 

states (sea states 3 and 4). The energy levels for the most severe state (i.e., sea state 

4) are 5% greater than the least severe sea state  (sea state 1).

6.3.3 M etabolic Energy Variation w ith  P itch  M otion

As shown in Fig. 6.5, in the case of pure pitch motion, the most severe energy level 

(sea state 4) results in approximately 5% greater energy expenditure than the least
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severe sea state (sea state 1). Metabolic: energy consumption follows the upward 

trend as the severity increases; however the metabolic energy for sea states 2  and 3  

are similar with a metabolic difference of less than  1 % between the two states. As 

the sea state becomes very severe (sea state 4), the metabolism is increased by 3% 

from the previous state (sea state 3).

6.3.4 Com parative A nalysis for M etabolic Energy Levels
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F ig u re  6 .6 : Metabolic Energy (Std.) with motion severity for combined (PRY),
roll, and pitch motion

The mean metabolic energy levels with corresponding standard deviations for all 

subjects during the three types of ship motion (combined, roll, and pitch) for all 

twelve motion states are plotted in Fig. 6 .6 . For sea state 1, the energy levels of 

combined, roll, and pitch cases are 160.9, 199.6 and 246.5 W  respectively, where 

energy for general/combined ship motion is least which is comparable to resting state
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metabolic levels. Fig. 6 . 6  indicates that, for example, a t sea sta te  1, the metabolic 

energy consumption for pitch motion is approximately 23% higher than th a t for roll 

motion, which in turn requires an energy level 24% higher than general or combined 

motion. As already shown in Figures 6.3, 6.4, and 6.5, metabolic levels for the most 

severe sea state for all motion types are comparable. The pitch motion has the highest 

levels of metabolic energy consumption (259.8 W ) in the most severe sea state (sea 

state 4), which is greater than roll energy severity levels (210.1 W ). Both roll and 

pitch metabolic energy levels are significantly higher than the combined (PRY) motion 

levels (179.6 W ) for sea state 4. The metabolic consumption rate during sea state 

4 was 23% greater in pitch motion as compared to roll motion. Further, the roll 

motion consumes 16% more energy than the combined case (PRY) in this sea state. 

Therefore, Figure 6 .6  indicates th a t pitch motion has a  greater amount of energy 

expenditure as compared to the other two types of motion (roll and combined) and 

combined motion requires the least energy consumption in all sea states. Standard 

deviation values vary between 100.3-125.2 W  for sea state 1 and state 4 for roll motion 

respectively. The standard deviation values for roll motion are higher as compared to 

pitch motion, which lie in the range of 72.2-111.2 W. It shows th a t metabolic energy 

levels in roll motion are dispersed more from the average as compared to pitch motion. 

While the standard deviation for the combined ship motion is least (i.e., 61.2-70.8 

W ) of all three motion types.

6.3.5 M ale—Female M etabolic Energy Variation w ith  M otion

As shown in Fig. 6.7, females undergo lesser values of maximal 0 2  consumption than 

males. This shows that the mechanical work performed by a female to stabilize herself 

is less than the work performed by a male. The male energy levels are 30% and 51% 

greater than females in pitch and combined motions, respectively. While in the case 

of roll motion, energy levels between sexes differ more significantly, as males used
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approximately 59% greater energy than females.

The standard deviation for males is higher for pitch and roll motions (i.e., 113.6 

and 112.8 W  respectively) as compared to combined ship motion (i.e., 64.3 W). 

Females also have standard deviation values higher in pitch motion than roll and 

combined motion. Further, for roll motion, female metabolic levels are dispersed 

with the least variation from the mean values as the standard deviation is lowest 

(i.e., 23.4 W).
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6.4 Different B ody Joint C ontributions to  M ain

tain Postural Stability o f th e Hum an B ody

6.4.1 M echanical W ork Perform ed by Individual Jo in ts in 

Com bined Ship M otion
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F ig u re  6 .8 : Joint mechanical work contribution for all sea states in combined
motion: (a) 1 meter waves (least severe); (b) 2 meter waves (medium); (c) 5 
meter waves (severe); (d) 7 meter waves (most severe)

Experimental data of 1 0  subjects was considered for analysis of joint workload 

for combined motion during different sea states. Fig. 6 . 8  shows the mechanical work
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performed by various joints in four sea states of combined motion to maintain postu

ral stability. It can be seen that the mean joint work done by the lower extremities 

is consistently higher with more severe ship motion. For the least severe combined 

motion (Fig. 6 .8 a) (i.e., 1 meter waves), the work done by all joints is randomly 

distributed and focussed mainly in the liead-neek joint (i.e., 57%). Ankle, knee, hip, 

and L5-S1 joints also contribute 17%, 9%, 12%, and 4% respectively. This is because 

the corresponding ship motion is very similar to  a rest standing position. As the 

severity of ship motion increases, the lower extremity joints follow predominantly the 

ankle strategy phenomenon. The ankle strategy states th a t when the human body is 

subjected to motion perturbations (usually less severe), the ankle joints play a  pre

dominant role to maintain the mass centre of the body within the base of support 

(BoS). In addition to ankle joints, other lower extrem ity joints such as the knee, hip, 

and L5-S1 joints also play an im portant role in postural stability. However during 

less severe motions, the L5-S1 joint contributes less to  stability maintenance. The 

head-neck joint is another predominant joint which plays an equally im portant role to 

the ankle joint. This is due to the visual feedback of the central nervous system that 

is provided in response to perturbations. Every time the human body is subjected to 

a motion perturbation, the head accelerations increase as the person tries harder to 

maintain postural stability by changing his/her stance width according to their vi

sual acuity (alertness). Moreover, as the motion becomes more and more severe, the 

involvement of other body joints in maintaining the postural stability increases. For 

instance, by comparing Figures 6 .8 6  with 6 .8 d, the mechanical work contribution by 

joints of the upper extremity (i.e., shoulder, elbow, and wrist joints) become signifi

cant as the ship motion becomes more severe. In Fig. 6 .8 6 , the wrist and elbow joints 

contribute 1 % and the shoulder joint has no contribution, while in the most severe 

state (Fig. 6 .8 d), the shoulder becomes a significant joint, producing 2% and the wrist 

joint is showing 7% mechanical work contribution. The head-neck joint always shows
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significant mechanical work for all motion states. In the least severe state, head accel

erations are very high showing 57% mechanical work while for higher sea states, these 

are almost constant by varying their contribution between approximately 15%-23%. 

Further, the joint mechanical work distribution has been more oriented towards the 

mixed strategy (i.e., hip and ankle strategy) with the severe perturbations. Fig. 6 .8 c 

shows that the hip joint is more active in sea state  3 and contributes 24% as compared 

to sea state 2 (where it contributes 9%). These outcomes for the body joint mechan

ical energy distribution for postural stability are in accordance with the ankle and 

hip strategy patterns defined by Nashner [74]. Moreover, the results from Fig. 6 .8 d 

show that the ankle joint is still actively involved along with other lower extremity 

joints by contributing 33% in order to maintain stability during rapid perturbations. 

These results are consistent with the joint torque findings which show th a t the pure 

hip strategy (by eliminating ankle joint mechanical work) is not sufficient for postural 

stability maintenance during rapid ship motions [74]. This is because during fast and 

rapid perturbations, torque produced by hip flexion is additive to ankle plantar flexor 

torque, which together maintain the stabilized position of the human body with rapid 

perturbations. In addition, the knee joint performs almost the same mechanical work 

in Figures 6 .8 6 , e, and d motion states by contributing approximately 23%. While 

work done by the L5-S1 joint increases from 2% to 4% as sea severity increases (Fig. 

6 .8 6  and d).

6.4.2 M echanical Work Perform ed by Individual Joints in 

Roll M otion

Similarily, the experimental data of 1 0  subjects were considered for joint workload 

analysis for roll motion. As in the case of combined motion, the least severe roll 

motion state (Fig. 6.9a) resembles a stand still position where the mechanical work
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F ig u re  6.9: Joint mechanical work contributions for all sea states in roll motion:
(a) 1 meter waves (least severe); (b) 2 meter waves (medium); (c) 5 meter waves 
(severe); (d) 7 meter waves (most severe)

is equally distributed throughout all the joints. In sea state 2, the postural sway is 

more significant for ankle joints by activating ankle plantar flexor translations and 

rotations as stability efforts begin. Fig. 6.96 shows the major activation of ankle joints 

which contribute approximately 39% for stability maintenance. Moreover, in all the 

sea states (i.e., Fig. 6.96, c, and d), the knee joints become significantly more involved 

in order to produce torque by contributing 22%: 24% to the total mechanical work. 

The hip joint contribution increases in sta te  4 by generating 11% work as compared to 

the previous state (Fig. 6.9c) where the contribution is just 6 %. In addition to this,
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torque production in the lumbar-sacral region (i.e., L5-S1 joint) increases slightly as 

the sea state becomes more severe. For instance, the L5-S1 contribution is 2% in 

states 2 and 3, but reaches 3% in sea state 4. The head-neck joint mechanical work is 

always significant in every sea state, although it appears to decrease in more severe 

sea states. In Fig. 6.9b, head accelerations contribute to 23% which decrease to 18% 

and 20% respectively as the perturbations become more rapid (i.e., Figures 6.9c and 

6.9d). Thus in response to roll motion, the overall joint mechanical work follows 

the phenomenon of including more body joints for mechanical work generation by 

activating a greater number of muscles within the body during an increase in the 

motion amplitude and frequency.

6.4.3 M echanical W ork Perform ed by Individual Joints in 

P itch  M otion

In the pitch motion as well, the da ta  was plotted for 14 joints considering four different 

sea states. For the least severe case (Fig. 6.10a), the mechanical work is equally 

distributed throughout the joints in order to maintain stability. This is due to the fact 

that the body is more likely to be in stand still posture rather than actually generating 

any muscle tension at the particular joint for stability (i.e., head-neck, ankle, hip, 

knee, and L5-S1 joints contribute 24%, 30%, 18%, 14%, and 12% respectively). As 

the severity increases, more mechanical work is carried out by the lower extremity 

joints, while the work done by the upper extremity joints, (i.e., shoulder, elbow, and 

wrist joints) is almost insignificant as in combined motion. For example in Fig. 6.106 

(i.e., 2  meter waves), the ankle, knee, and head-neck joints are predominant ones by 

contributing approximately 39%, 24%, and 27%, respectively, whereas the L5-S1 and 

hip joints are minority contributors with 4% and 5% respectively. As the motion 

severity increases, the contributions from the upper joints become more significant.
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In fact, the upper extremity mechanical work is very significant in the sea state  3 

while in the sea state 4, joint torque is more focussed in the ankles, knees, and hips 

for implementation of the mixed strategy to maintain stability. For example, in Fig. 

6 .1 0 d, the ankle, knee, and hip joints are the most active joints by contributing total 

mechanical work of 77% where the hip joint mechanical work contribution increases 

from 5% to 15% as the motion state changes from 2 to 4 (Fig. 6.106 to d ). Head-neck 

torque with approximately 17% is also significant for maintaining a stabilized position 

by making recurrent head movements due to instability alertness. The lumbar-sacral
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F ig u re  6.10: Joint mechanical work contributions for all sea states in pitch motion: 
(a) 1 meter waves (least severe); (b) 2 meter waves (medium); (c) 5 meter waves 
(severe); (d) 7 meter waves (most severe)
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joint work contribution also increases as severity increases. For example, the L5-S1 

joint is contributing 3% in sea state 3 (Fig. 6.10c), but increases its contribution to 

4% in sea state 4 (Fig. 6.10d).

6.5 Effect o f Ship M otion Severity on Vertical 

Ground R eaction Force
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F ig u re  6.11: Vertical ground reaction force component variation with ship motion

The results in Fig. 6.11 indicate th a t the vertical component of ground reaction 

force (GRF) for all types of motions increases with the sea severity. For combined 

motion, the GRF component in sea state 1 is 337.9 N which increases to 354.5 N in sea 

state 4. For the pitch motion, the increase in G RF appears to be significantly higher 

as compared to the other two motion types. However, the pitch GRF component 

decreases (i.e., 323.4 N) in sea state 2 as compared to sea state 1 (i.e., 326.2 N). For
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higher sea states, the pitch GRF components increase as severity increases (i.e., 349.2 

N for sea state 4). In the case of roll motion, the GRF component reaches 326.7 

N from 321.7 N with sea state 4 from state 1. The G R F component of roll motion 

increases least significantly as compared to pitch and combined motions. The overall 

vertical GRF component difference between the least severe motion sta te  (sea sta te  1) 

and most severe ship motion state (sea state 4) for combined, pitch, and roll motions 

can be easily distinguished with levels of 4%, 7%, and 1% respectively.

6.6 Work—Energy Correlation R esults

Using Pearson correlation, the calculated total mechanical work of the body corre

lated quite significantly with the corresponding measured expended metabolic energy. 

Table 6 .1 shows the Pearson correlation coefficient values for each of the 10 sub jects 

during all sea states. Significant correlation p-values vary from 0.420 to 0.988 for all 

120 data sets. However, there exist a few data  sets which show little or no correlation 

at all between the two variables. These were not considered for average and standard 

deviation calculations. Some of the p-values are missing in Table 6.1, as there were a 

few data-sets, which could not be analysed properly due to missing d a ta  points even 

after data editing. Overall, the average p-values lie in the range 0.6740-0.7835 with 

standard deviations in the range 0.0809 0.1831 for the work energy d a ta  sets. These 

are highly significant indicating that both variables are strongly correlated.



Table 6.1: Pearson correlation coefficients between mechanical work and metabolic energy consumption for subject data

Sub. No. Pi P2 P3 P4 Ri R 2 Rs / ? 4 P R Yr p r y 2 PRY, PRY4

1 0.6338 0.6204 0.7480 0.6956 0.988 0.7650 0.7485 0.8356 - 0.5922 0.4786 0.5854

2 0.8311 0.9300 0.9171 0.8119 0.8763 0.7974 0.9190 0.9361 0.9805 0.6207 0.8158 0.7082

3 0.7019 0.5683 0.7195 0.8554 0.6737 0.5463 0.7129 0.7179 0.5828 0.7355 0.1867* 0.8202

4 0.6879 0.6185 0.6922 0.9041 0.9013 0.6689 0.8630 0.7616 0.8342 - 0.5859 0.7843

5 0.7880 0.7901 0.6088 0.7526 0.8181 0.8200 0.7855 0.6543 0.7026 0.7618 0.8994 0.6794

6 0.6489 0.7592 0.5497 0.7071 0.6156 0.8512 0.8503 0.7950 0.7070 0.6815 0.6572 0.9786

7 0.8224 0.7557 0.5124 0.6617 - 0.7047 0.6408 0.3266 0.8176 0.7126 0.8642 0.7089

8 0.7925 0.7662 0.8483 0.8094 0.5205 0.7436 - 0.6530 0.5433 0.8263 0.7896 0.8041

9 0.5400 0.5013 0.7691 0.7316 - - 0.7210 0.6174 0.0351* - - 0.6397

1 0 0.6165 0.4312 0.5267 0.2427* 0.7398 0.4201 0.8112 - 0.7322 0.045* 0.1886* 0.5074

Avg. 0.7063 0.6740 0.6891 0.7172 0.7666 0.7020 0.7835 0.7463 0.7375 0.7043 0.7272 0.7216

Std. 0.09876 0.1517 0.1380 0.1831 0.1579 0.1396 0.08688 0.1077 0.1407 0.0809 0.1564 0.1332

Pi - Pitch Motion at ith sea state ; Ri - Roll Motion at ith sea state ; PRYi - Pitch/Roll/Yaw Motion at ith sea state ;
* - Data sets ignored during averaging;
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6.7 D irect Com parison of M echanical Work w ith  

M etabolic Energy

Mechanical Work / Metabolic Energy (%)

F ig u re  6.12: Mechanical work/Metabolic energy (%age) with no. of data sets

The data sets for all participants and motion conditions were taken into con

sideration and ratio of the rate of mechanical work to the to tal metabolic energy 

expenditure was computed and presented as a percentage. There were total of 120 

data sets, out of which 105 data  sets were considered for this analysis. Fig. 6.12 

shows the variation of the number of da ta  sets with work/energy ratio for the 105 

data sets. The figure shows the peak of the hump between 15% and 25% on the 

horizontal scale and showing th a t 20 data  sets lie in this range. The ratio remains in 

the range 15%-50% for most of the da ta  sets. There is only one da ta  set for which 

the work/energy ratio is below 5% (in other words, where only 5% of the metabolic 

energy expended is attributable to mechanical work). There are also 17 da ta  sets
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where mechanical work accounts for 75% 95% of the metabolic energy expended.
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F ig u re  6.13: Mechanical work/Metabolic energy (%age) with total data  sets (%age)

Fig. 6.13 shows the data  presented in Fig. 6.12 but as a percentage of the total 

number of data  sets. Again it is apparent th a t 15%-25% range of the work/energy 

ratio is the most frequent.

6.8 D iscussion

The outcomes that have been observed through data  analysis are discussed in the 

sections below.

6.8.1 M etabolic Energy w ith Ship M otion

A main objective of this research was to examine the effect of ship motion perturbation 

on the metabolism of humans. Three types of ship motion at four different sea
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states were considered. Metabolic: energy data  of ten subjects were measured (which 

included 6  male and 4 female).

The results from Figures 6.3, 6.4, and 6.5 dem onstrate that the metabolic energy 

levels during pitch motions are significantly higher as compared to roll and combined 

motions. While roll motion demanded higher metabolic energy than the combined 

motion. The outcomes obtained from our experimental da ta  are similar to the results 

shown by W ertheim’s studies [1,79].

These results lead to the conclusion th a t during both roll and pitch, greater 

amounts of muscular efforts are involved for maintaining stabilised posture as com

pared to combined (or general) ship motion. Muscles are considered as the primary 

means of stabilizing the body posture by getting feedback from the somatosensory 

systems of the human body and undergoing contraction or relaxation accordingly. 

The tension produced in muscles as well as in tendons must be high enough to  over

come the gravity effects to maintain the vertical axis of the body aligned with the 

subjective vertical [81]. In postural stability, the subjective vertical is defined as the 

position of being in a direction perpendicular to the floor, while the true vertical 

axis of a subject is defined by the direction of gravity. However, the subjective axis 

is dependent on various other inputs such as sensory inputs, therefore it may not 

necessarily be in the exact identical direction as the true vertical axis. In pitch and 

roll, there are greater opportunities for the body vertical axis to drift from the true 

subjective axis. This increases the muscle tone (muscular effort) in order to maintain 

postural stability. This observation holds true physiologically as well, where utiliza

tion of more ATP for the increasing muscular tension due to the actin-myosin bond 

formation translates into more metabolic energy expenditure.

In addition, there is one other im portant factor th a t contributes to the need for 

high energy levels in pitch and roll as compared to combined motion. During roll and 

pitch motions the visual image of the surroundings perceived by the human visual
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system does not vary as much as the perturbations to  which the human body is 

exposed. This results in a neural mismatch between perceived visual information by 

the central nervous system and the applied perturbation effects. This neural mismatch 

is responsible for higher likelihood of body sway which again is characterized by 

deviation of the true vertical axis away from the subjective axis, recognizing that 

these two axes need to be aligned for stability maintenance. Hence, extra mechanical 

work needs to be performed by muscles to align the two axes, and therefore greater 

metabolic energy levels. During data  collection in this work, 110 canopy or visual movie 

was provided for the subjects in order to  make them feel they are actually exposed 

to sea perturbations. This limited their visual perception and could be responsible 

for high neural-mismatch occurences.

Another interesting result is tha t pitch motion energy levels are higher than roll 

motion. This result favours the generalized observation about the  energy variation 

with motion type that energy expenditure is more dependent on the pitch motion 

component in the ship motions [1]. As the pitch factor perturbations lead to more 

and more postural adjustments as compared to pure roll motion which is predomi

nantly responsible for more Mils. This could be due to  the fact th a t during a pure 

pitch motion, the personnel are most likely to step forward or backward in order to 

maintain balance. Subjects were instructed to be in a standing position rather than 

walking or doing any activity during d a ta  collection which reduces the chances of 

Mils in the standing position. Therefore, this state requires less metabolic energy 

compared to pure pitch motion, where the subject is exerting continuous effort dur

ing musculoskeletal adjustments, as this resembles walking up and down a hill which 

requires continuous involvement of muscles for perturbation adjustment.

The second reason for higher pitch metabolic energy in pitch motion compared 

to roll motion could be that during our experimental data collection, the subjects 

were instructed to keep their right foot fixed on the load cell plate. This could be
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responsible for limiting their stance width and hence increasing the musculoskeletal 

loading to a greater extent due to excursions of the centre of gravity (CoG). Compared 

to roll motion, with pitch motion there are higher chances for drifting of the centre 

of gravity (CoG) forward or backward in the pitch motion direction. However, in the 

roll motion case it is easier to adjust the stance width with the movable left foot.

Another reason for high pitch motion metabolic energy levels is th a t in pitch mo

tion, the amplitude of the simulated ship deck motion is small but the frequency is very 

high compared with roll motion which causes subjects to  undergo recurrent muscu

loskeletal adjustments with high frequency, and therefore more and more metabolism 

is required as muscles are being continuously involved in generating sufficient joint 

torque by undergoing translations and rotations. While in the case of roll motion, 

the amplitude of deck motion is higher whereas the frequency is lower. Therefore, 

muscles are less frequently involved in muscular loading and therefore metabolic levels 

are expected to be less than with pitch motion effects. These factors are collectively 

responsible for greater metabolic energy levels associated with pitch motion than roll 

motion.

The metabolic energy for combined motion increases more linearly between all the 

motion profiles (i.e., with changing wave height) as compared to roll and pitch motion. 

For example, by comparing Figure 6.3 with Figures 6.4 and 6.5, it can be determined 

that energy levels for the combined/general ship motion follow an increasing pattern 

where energy consumption increases with each successive motion level (from sea state 

1 to sea state 4). For pitch and roll motion, the energy states for sea states 2, 3 

and 3, 4 are similar. This could be because the least severe combined motion state 

(sea state 1 ) is comparable to the resting state where the person’s metabolic levels 

are almost equal to resting metabolic levels. As the motion increases in sea sta te  2, 

the body starts coming under exposure of increasing motion perturbation effects and 

therefore energy levels follow a stair pattern  by linear increments in metabolism with
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increasing severity until the most severe energy state occurs. Therefore, combined 

or general ship motion is more linearized in increasing metabolism with each suc

cessive sea state as compared to roll and pitch, where the body comes under actual 

perturbation effects in the least severe sea state  therefore increasing the metabolic 

levels from the resting state. As sea severity increases, the roll motion amplitudes 

for sea states 3 and 4 become similar, so energy levels are less distinguishable. Pitch 

motion metabolism findings remain beyond significant explaination for sea states 2  

and 3. The major reason for higher metabolic levels in the least severe states could 

be th a t sea state 1 has a pitch motion factor of significant amplitude and frequency, 

which actually raises the metabolism level to the extent that the body comes under 

the actual effect of perturbation by consuming more and more oxygen for postural 

maintenance. However, the least severe as well as the most severe energy levels can be 

easily distinguished for all (pitch, roll, and general) motions by comparing sea state 

1 with sea state 4 which shows that metabolism actually increases as the severity in

creases. In summary, both pure pitch and roll motions demonstrate highly significant 

metabolic levels compared with the combined motion.

6.8.2 Gender Factor

Energy expenditure was also analyzed based on the male-female factor which resulted 

in interesting results about gender metabolism differences. Males tend to expend 

higher metabolic energy as compared to females (shown in Fig. 6.7). These energy 

results for the male-female factor are in agreement with present literature, previously 

reproduced by Wertheim (1998) [1]. These results also confirm the work of Ferraro et 

al, who observed that 24h-energy expenditure outcomes were lower in females than 

males when body composition, type of activity, and age were adjusted for [76].

The predominant reason for this could be the difference in body mass index (BMI)
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between the two genders. Moreover, another reason could be the fact that the rest

ing metabolic rate (RMR), which is considered as the largest component of metabolic 

energy expenditure [75], is 23% greater in males than females. As such, males demon

strate greater RMR and greater metabolic energy expenditure due to the presence of a 

large quantity of fat free mass. The difference in body composition, which represents 

the amount of muscle, bone, and fat that make up the human body are considered to 

be an im portant factor contributing to differences in metabolic energy expenditure 

between the genders. Males have more muscle and bone mass and less body fat than 

females. The muscle mass is considered to be a significant factor for higher ATP 

consumption. The higher the muscle mass, the higher will be the ATP consumption 

which could be the reason for higher metabolic rates for men [75,76].

The male-female energy expenditure differences were observed to be similar for 

pitch and combined motion, while there was a large difference between the two in 

the case of roll motion. The overall gender difference results are consistent with 

the metabolism-ship motion variation results as shown in Figure 6.6 which shows 

th a t both genders expend the largest amount of metabolic energy in pitch motion as 

compared to roll and combined motions.

To summarize, lower metabolic energy levels in females as compared to  males 

can be described on the basis of gende-specific differences always present even after 

making body composition and fat free mass adjustments as suggested by Ferraro et 

al [76].

6.8.3 Joint M echanical W ork w ith  Ship M otion

Human balance is based on the requirement of maintaining the centre of mass (CoM) 

within the base of support (BoS). Different joints contribute in order to maintain the 

stabilised human posture during perturbations.

Posture maintenance is based on the muscle contraction phenomenon which takes
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place and is associated with different joints in the body. Among the various joints, 

the ankle, knee, hip, and head-neck joints are considered the predominant joints 

for postural stability. Generally, calf muscles (lower leg muscles) are the initially- 

activated muscles whenever the human body is subjected to  motion perturbation. Calf 

musculature activation is followed by soleus, hamstring, and neck muscles including 

supraspinalis muscles. However, upper extremity joints (i.e., shoulder, elbow, and 

wrist) contribute to a much lesser extent to maintain postural stability. The plots 

of Section 6.4 confirm these observations, where ankle joints play a  dominant role 

in maintaining postural stability. This is followed by the contribution of the head- 

neck joint as well as hip and knee joint activation while other upper extremities play 

insignificant roles in maintaining postural stability [74].

In general, three im portant factors contribute to stability maintenance:

•  Stabilizing the human body and head against gravity;

• Maintaining the centre of mass (CoM) within the base of support (BoS) by 

adjusting stance width; and

•  Voluntary body movement involved with anticipation of goal-oriented responses.

Balanced position is achieved through the integrated movement of all body seg

ments in a coordinated pattern so th a t the body is subjected to minimal sway. Phys

iologically, the tibialis anterior muscles (in front of the leg near the lower shin in calf 

musculature) are predominant muscles for stability maintenance as they control the 

foot stability which in a way adjusts the stance width and therefore controls over

all body posture [81]. These muscles are mainly responsible for involving all lower 

extremity joints (i.e.. ankle, knee, and hip) to perform mechanical work. Calf mus

culature activation is accompanied by co-activation of the head-neck joint as well as 

hamstring muscles for keeping the human body movement within limits. This se

quence is accompanied by feedback obtained from the neuromuscular structure of the
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human body which mainly focusses on the head and lower extremities (i.e., lower leg 

involving ankle and knee joints) for stable posture. Three sensory mechanisms (i.e., 

vestibular, visual, and somatosensory systems) are integrated together in order to 

provide feedback regarding changing position and maintaining it to be stabilized as 

much as possible. The vestibular system controls the head orientation deviation from 

the gravitational axis, while the visual system detects head movements due to visual 

feedback obtained through eye reflex actions. In other words, this control action can 

be performed through two different functions: static and dynamic. The dynamic 

function controls the reflex action of the eye by tracking head movements in space 

through a  vestibulo-ocular reflex action while the static function allows head position 

monitoring through the vestibulo-spinal reflex action. The existing literature indi

cates th a t head-neck muscle fatigue (which limits possibilities for head translation 

and rotation) results in greater postural sway due to cervical dizziness [78]. More

over, vertigo arising from vestibular dysfunction also indicates th a t head-neck muscles 

play an im portant role in controlling postural sway with head movements [78]. This 

increased postural sway during head-neck muscle fatigue could be due to erroneous 

sensory input provided to the central nervous system about the postural state. It 

results in greater risk of falling. Furthermore, visual information is considered as an

other im portant factor for postural stability mechanisms. Recent studies show that 

body sway risks increased from 22% to 56% for an eyes-closed case as compared to 

an eyes-open case [78]. Head stabilization during stability maintenance is considered 

as significant motor control which provides an orientation-stabilized platform to the 

human body for smooth progression of body movements [78]. This is done to resist 

any sway and it is heavily based on the input provided by different sensory systems 

(i.e., vestibular and visual systems for this task). The third im portant sensory sys

tem, (i.e., proprioception system) observes leg orientation with respect to the support 

surface. The lower extremity joints are also considered to be dominantly involved in
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postural stability by implementing ankle and hip strategies which are discussed next. 

Ankle and hip strategy for joint mechanical work

The ankle strategy is characterized by modelling body sway as a single inverted 

pendulum which allows the body to keep feet attached to the floor of the platform. 

The hip strategy is characterized by modelling body sway as a double inverted pen

dulum where segments are articulated at the hip and are most likely active during 

fast translation on the motion platform.

Ankle joints are considered as dominant joints, which are responsible for main

tenance of stabilized posture, compared with all other joints. Ankle motion is more 

likely to limit CoM position within the base of support. Thus, they are considered a 

dominant factor for balance control. This could be because the ankle joint is located 

at the position farthest from the centre of mass of the human body when compared 

to other lower extremity joints. This location facilitates activation of dorsal ankle 

muscles followed by activation of dorsal thigh and trunk muscles.

As motion disturbance becomes more rapid, the hip joint becomes equally involved 

in maintaining stability, until both dominant joints contribute mutually to bring the 

human body back to the recovery phase. In using a mixed strategy, both flexion 

at the hip and extension at the ankle joint are activated for balance maintenance. 

The mixed strategy works on the basis of activation of ventral thigh, hip, and knee 

muscles which are followed by activation of dorsal muscles. Therefore, the hip strategy 

is based on defining body sway as a double segmented inverted pendulum which 

is partitioned at the hip. In other words, this strategy represents body sway as 

a double inverted pendulum by generating counter-phase torque at both hip and 

ankle joints [74]. These strategies are based on a muscle activation phenomenon 

which identifies the predominant muscles that activate first in order to respond to 

the changing body sway. Kuo’s model [73] shed light on both these strategies by 

explaining that humans are more likely to drift to the hip strategy from the ankle
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strategy as the platform motion becomes faster as well as more severe (i.e., larger 

amplitude and frequency). This strategy also involves ankle and knee joints equally. 

By continuously touching the ground while keeping the knees straight, the knee is 

considered to be performing mechanical work by producing muscle tension for this 

position. Keeping the knee in a straight position also requires muscles to be active in 

order to provide some constraint for this strategy. These observations indicate that 

during less severe motion, the ankle muscles are predominantly involved in performing 

mechanical work to maintain postural stability. As the severity of motion increases, 

hip muscles s ta rt contributing significantly while still keeping ankle and knee muscles 

active for generation of muscular tension. That is why the latter strategy is known 

as a  mixed strategy rather than a  pure hip strategy. This conclusion confirms the 

Nashner and McCollum (1985) results th a t rotation takes place primarily through 

the ankle joint rather than  being exclusively through the ankle joint [74].

Joint mechanical work is the result of muscle activation at a particular joint that 

is involved in maintaining a stable position. In terms of physiological phenomena, it 

can be observed that the greater the number of muscle fibres involved, the greater 

the muscle force production due to fibre contraction and also the greater is the me

chanical work done by the muscles for a particular change in joint angle. Therefore, 

calculation of joint torque and the associated mechanical work provides a measure 

and understanding of muscle activation patterns related to different body segments 

as well as control strategies (ankle, hip, or mixed) for various deck motion severities.

The results of this investigation confirm the ankle and hip strategy, such th a t for 

less severe motion states, the ankle joints are activated first. These are supported 

by increasing knee and hip joint activation as the motion severity increases. At the 

same time, the data indicates th a t the head-neck joint always produces significant 

mechanical work during ship motion, but its relative contribution decreases as the 

severity increases. This could be explained by the fact that during less severe ship
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motion, the CoG is maintained mainly by the ankle and head-neck joints, which are 

located at the extreme distal and proximal ends of the subjective vertical axis and are 

most likely to undergo translation and rotation. As the motion severity increases, this 

task is distributed amongst other body joints. As described for joint mechanical work 

results (Figures 6 .8 , 6.9, and 6.10), the hip and knee mechanical work contributions 

remain present in low ship motion states indicating tha t knee and hip muscles are still 

active in less severe sea states but contributing minimally to stability. In conclusion, 

the existence of the mixed strategy for less severe ship motion cannot be completely 

ignored although the ankles are the major contributor to  stability and balance.

Moreover, during less severe sea states (Figures 6 .8 , 6.9, and 6.10a and b), upper 

extremity joints (i.e., shoulder, elbow, and wrist joints) contribute insignificantly to 

postural stability. It should be pointed out tha t the subjects were instructed to try  to 

remain in a standing still position focussing mainly on lower extremity joints (mainly 

ankle, knee, hip, and L5-S1) and head movements which eo-activate head-neck muscles 

simultaneously. Similarly, L5-S1 joint (lumbar-sacral joint) mechanical work increases 

progressively as the motion severity increases. Furthermore, during pitch motion for 

sea state 3 (Fig. 6.10c), the wrist joint is very active as during this motion state, 

participants were more likely to grab the railings of the motion platform in order to 

avoid falling which contributed to wrist joint involvement. Finally, the mechanical 

work contribution by the wrist and L5-S1 muscles point to  the fact that some muscle 

patterns that do not undergo co-contraction in less severe motions, eventually become 

active as the motion amplitude and frequency increase. This explains the reason for 

distributing the mechanical work from ankle joints to all other body joints as the 

motion becomes more severe.

Joint Work Contribution Comparative Analysis for Different Sea Motions

The total mechanical work contributed by different body joints varies with the 

specific ship motion. For instance, during pitch motion, a person exerts more effort



130

to maintain his stability as compared to roll and combined motions. Therefore, the 

mechanical work done by all joints during pitch motion is more significant as compared 

to roll motion where the lower extremities (i.e., ankle, knee, and hip) and head joint 

are primarily involved in stability maintenance during all sea states. For combined 

motion, when the sea state becomes severe up to the maximum level (i.e., 7 meter 

waves), the mechanical work gets equally distributed amongst all the joints. This 

suggests that the involvement of upper extrem ity joints becomes more prominent 

with the increase in the severity of the sea states during combined motion.

Through analysis of the metabolic levels for these three motions, it is observed that 

more involvement of joints results in higher metabolism. Since the work done during 

pitch motion is a contribution from all the body joints, higher metabolic outcome 

is observed for this type of motion. Likewise, the stability is maintained in the roll 

motion mainly through lower extremities which results in lower metabolism for roll 

as compared to pitch motion. The metabolic outcome for combined motion is the 

least; however, the results show an increase in metabolism when the severity of the 

sea state increases as the upper body joints come into play to perform the required 

work.

6.8.4 Vertical Ground R eaction  Force C om ponent Variation  

w ith  Ship M otion

As pointed out previously in Section 6.8.3, the subjects were prone to make recurring 

adjustments to their posture. This ultimately increases the muscular work and is 

responsible for increased metabolic energy expenditure with the ship motion severity. 

These results agree with the existing literature [71]. Hoang et al reported tha t mildly 

and severely crouched posture (which is supposed to be obtained during severe ship 

states in the present study) is associated with high joint muscular tension which in
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turn  increases the force which is equally and oppositely applied by the floor to the foot 

in order to maintain stability [71]. This was associated with high metabolic energy 

levels. Moreover, these observations are similar to the results presented by Robert
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Figure 6.14: Vertical component of GRF characterized by double-hump curve
during walking [70].

et al [70], which concluded that during walking, stress applied to the feet is much 

greater as compared to standing still conditions. This reflects th a t a larger force is 

required to maintain a stabilised posture when humans try to m aintain posture by 

recurringly changing their stance width by taking steps forward or backward. As 

shown in the results presented by Robertson et al, the vertical peak component of the 

ground force during walking is 1 .2  times the body weight as compared to standing 

still where the vertical peak component is equally distributed between two feet to 

balance the body weight [70]. This could be because every time a person takes a 

step or makes adjustments with body segments in order to maintain stability, the 

gait stance pattern is being followed where different parts of the feet touch the floor
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during different stance phases.

Therefore, the vertical component of the GRF for gait patterns can be demon

strated by the double hump curve, which characterizes the heel strike and toe push-off 

steps in this pattern (refer to Fig. 6.14) [70]. The vertical GRF component is expected 

to increase with muscle tension produced during severe ship motion conditions. This 

is because the surface area of plantar support varies with deck motion severity which 

most likely causes stepping and changing stance width to stabilise posture [70]. These 

factors are collectively responsible for the increased vertical GRF components during 

rapid motion states.

6.8.5 M echanical W ork-M etabolic Energy C orrelation

The correlation results shown in Table 6.1 indicate th a t there is significant correla

tion between the metabolic energy expenditure and mechanical work of the subjects. 

These results agree with Hill’s results in muscle model studies (i.e., Hill 1938, Woledge 

1985) [64,66]. In these studies, they used a muscle model to show that for isolated 

muscles, there exists a direct relationship between mechanical work done by muscle 

and the metabolic energy expended by it due to utilization of ATP while undergoing 

contraction due to actin-myosin bonding. In other words, the increase of the mechan

ical work done by the body correlates to an increase of 0 2 consumption which raises 

the energy' levels due to more and more ATP utilization.

Hill’s muscle model conclusion has been a main consideration in the investigation 

of postural stability. To date, a few studies (Burdett et al, 1983; Cavagna and Kaneko, 

1977; and Willems et al, 1995) suggest numerous methods to calculate mechanical 

work performed by the body and limbs [83,84], However these studies have not been 

able to provide the reason behind why and where the metabolic energy is compensated 

for while walking or performing normal gait activities. Moreover, recent inverted 

pendulum model experiments conducted by McGeer, Kuo, and Garcia et al, during
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walking trials (McGeer, 1990; Alexander, 1995; Garcia et al, 1998; and Kuo, 2002) 

concluded tha t mechanical work is not necessarily performed between each and every 

successive step, but between the steps [85]. For example, mechanical work is an 

im portant factor of metabolic cost while walking if a biped model is used. In this 

case, an inverted pendulum is used to model a single support base; and a stance 

limb defines the centre of mass moving along an arc. The inverted pendulum model 

requires no mechanical work to be performed in order to move along the arc, but 

there is some mechanical work done when there is a change from one stance limb to 

the other stance limb. Moreover, the mechanical work done while changing stance 

limb can be categorized as either positive work or negative work. Positive work 

occurs whenever restoration of energy loss takes place, while negative work occurs for 

redirecting the centre of mass velocity from one arc length to the other. These studies 

further explained that there will be exactly the same metabolic energy expended for 

mechanical work done if muscle efficiency is considered as constant for each successive 

step transition [85].

However, in the present study, there is the requirement of maintaining postural 

stability during severe ship motion. Hence the mechanical work performed by differ

ent body joints could not necessarily follow the exact linear expenditure of metabolic 

energy for that stability task. Muscle efficiency is no longer constant in nature. This 

is because with motion severity there will be greater repetitive postural adjustments 

made for ensuring stability. This results in more frequent musculoskeletal loading and 

lesser linearity in muscle efficiency (amount of metabolic energy absorbed per unit 

number of muscle fibres activated) due to haphazard muscle contraction. Therefore, 

some randomness in the mechanical work-metabolic energy correlation curve is pos

sible which is responsible for deviation of p-values from exactly 1 , which represents 

100% efficiency in muscle fibre contraction to metabolic energy expended. Another 

im portant reason behind this observation could be that mechanical work performed by
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joints is being calculated through mathematical modelling of the human body (i.e., 

inverse dynamics) rather than implementing any invasive technique to detect how 

many and which particular muscle fibres are contracting by ATP utilization. Also, 

motion capture data  were edited manually due to  a  number of da ta  gaps caused by 

railings across the platform. It. could be considered as a reason for lower motion data 

accuracy. Another observation th a t can be made from these results is th a t due to a 

lack of efficiency in the conversion of biochemical energy into mechanical energy dur

ing actin-myosin cross bridge formation, there are possibilities of utilizing metabolic 

energy in other physiological processes such as sarcoplasmic reticulum Ca2+ pumping 

(which is a prerequisite for cross bridge formation) [6 6 ]. Also, it is not necessary 

th a t all biochemical energy (i.e., ATP) be used up for mechanical work performed by 

muscles, as there is energy used up in other activities as well, such as thinking and 

other mental processes which are not necessarily categorized under mechanical work 

performed by the muscles.

6.8.6 D irect Com parison o f M echanical W ork w ith  

M etabolic Energy

Another significant outcome which was expected from this research was a quantitative 

estimate of the extent to which mechanical work done by the human body accounts 

for the metabolism levels of the human. In total 105 data sets were analyzed cor

responding to the 1 0  research subjects subjected to each of the four levels of deck 

motion severity. The distribution of the ratio of mechanical work performed to total 

metabolic energy was plotted (Figures 6.12 and 6.13) both in terms of raw numbers 

of instances and as a  percentage of the total number of cases. The results show that 

while the ratio is quite variable, there is a distinctly noticeable elevation in the rate 

of instances where the ratio falls in the 15%-25% range. This indicates th a t for the
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motion cases considered, the subjects most often expended approximately 2 0 % of 

their total metabolic energy actuating muscles associated with maintaining postural 

stability. Further, in 67% of the cases studied the ratio of mechanical work to total 

metabolic energy is below 50%. In addition, another im portant and expected obser

vation is that the ratio can never reach 1 0 0 % because some of the subjects metabolic 

energy must be associated with processes within the human body other than physio

logical effort. While evident, consistency between this expected result and the result 

of the fairly complex sequence of computations involved in this research is considered 

to be a favourable outcome.

6.9 Lim itations

It, should be noted that the results obtained in this investigation are subject to the 

following limitations:

1. The age of the 10 selected subjects was in the range of 20-28 years during 

experimental trials for this research. In a future work, a widening of the age 

range of the subjects should be considered.

2. The experimental trials were performed within the labratory, which limited the 

sea roughness exposure to the human subjects. This might have an impact on 

the postural outcomes compared to experimental trials performed at sea.

3. For ship motion simulation, the motion platform simulated rotations in 3 degrees 

for different sea states. Translations were not considered for the motion profiles 

due to motion limits of the ship motion simulator.



Chapter 7

C ontributions, C onclusion, and Future  

Work

7.1 List o f C ontributions

There are 6  major contributions which have been discussed for the thesis (Chapter 

6 ):

1. 3-Dimensional multibody dynamic model development;

2. Metabolic energy variations with different sea states for pitch, roll, and com

bined motion;

3. Evaluation of metabolic energy variations on a gender basis;

4. Calculation of joint mechanical work distribution for 3 motion types;

5. Mechanical work metabolic energy relationships with sea roughness;

6 . Impact of ship motion on vertical ground reaction force.

136
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7.2 Conclusion

The maintenance of postural stability of shipboard personnel while at sea is a major 

concern in the maritime sector. Comprehensive knowledge of motion-induced fatigue 

as well as disorders, and work and energy expenditure by humans in different mo

tion environments is required to maximize the crew performance and motivation, and 

to devise safety standards to provide a better and safer workplace for all shipboard 

personnel. This was the main motivation behind the current research where mechan

ical work performed by the body, the work distribution between different joints, and 

the rate of metabolism required to  maintain postural stability for different sea states 

were investigated. To this end, a  three-dimensional multibody dynamic model of 

the human body was developed and validated in MATLAB. The model was used to 

calculate the work done by different joints and the body to maintain postural stabil

ity. Experimental data were collected from 10 participants for 12 different simulated 

ship deck motion profiles (i.e., roll, pitch, and combined motion for four different sea 

conditions). The data  were obtained using a load cell, a  motion capture system, and 

a metabolic analyzer. Simultaneously, metabolic energy of the subjects for all sea 

states was determined to examine the metabolic activity of the subject with varying 

sea states.

The results show that an increase in sea motion results in more energy expen

diture to maintain stable posture. A high correlation between mechanical work and 

metabolic energy for all levels of sea state was observed. A multibody dynamic model 

was used to determine the mechanical work done by different body joints. The results 

suggest that the contribution of various joints to the total mechanical work of the 

body varies for different sea state profiles. For less severe pitch, roll, and combined 

motion, the lower body joints are the primary contributors to the work. As the sea 

state becomes more severe, the upper extremity joints become more involved. The
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upper body joints are more prominent contributors in severe pitch and combined mo

tions whereas for severe roll motion, the mechanical work continues to occur within 

the lower extremities.

To summarize, the results suggest th a t the deck motion conditions have a signifi

cant impact on metabolism, mechanical work done, and joint workload of personnel 

during representative shipboard tasks. It is therefore recommended th a t human en

ergy expenditure requirements be considered in the planning of shipboard activities, 

particularly in elevated sea conditions, and that they ultimately also be considered 

in ship design.

7.3 Future Work

This research provides significant findings about mechanical work performed as well 

as metabolic energy expended by personnel in order to maintain their postural sta

bility in various sea states. During this investigation, the subjects were standing 

while trying to maintain their stability. Extension of this research should consider 

the postural stability of the subjects during various simple tasks such as manual ma

terial handling, loading, and lifting conditions. This investigation would determine 

task-specific metabolic energy correlations with mechanical work performed. This 

will better depict how MIF effects are associated with different tasks handled by the 

crew in motion-rich environments. The results of that investigation can contribute 

to a better understanding and successful planning of ship deck tasks by suggesting 

task-specific work shift adjustments as well as nutrition requirements. This will lead 

to avoiding performance degradation occurences by minimizing biodynamic impedi

ments.

Moreover, development of a robust simulation model for postural stability anal

ysis by using graphics-based tools available in software such as SimMechanies may
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be considered. SiinMechanics is a simulation environment within MATLAB, where 

modelling of multibody dynamic system takes place by using different blocks for 

representation of bodies, joints, constraints, and force elements. A SimMechanies 

implementation could be considered as an alternative way to represent multibody 

dynamic systems. This approach could be used as a validation tool and for exploring 

further details of the multibody dynamic model by providing real-time visualization 

of dynamics during the simulation.



A ppendix A

Sam ple R esu lts for a Single Subject

This appendix contains a detailed description of the analysis of da ta  obtained from 

the subjects tha t participated in the research. In the interest of brevity, the results of 

data  collected from a  single participant are given as a sample. The procedure used in 

investigating the data  for all 1 0  subjects is consistent with the one mentioned here.

A .l  M etabolic Energy Variation w ith Sim ulated  

Ship M otion
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□  Combined Motion

Figure A .l:  Energy variation with combined motion for subject no. 4
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A .2 Joint Work C ontribution For Different Ship  

M otions

L5-S1Wnst H-Neck
14%

State 1 L5-S1 
Wrist 9% 
4%

Elbow
2%

Elbow
0%

State 3 Wrist L5-S1 
2%  - 3 %

L5-S1
Knee 0%

Elbow

State 2

State 4

F ig u re  A .4: Joint work contribution for combined motion for subject no. 4: (a)
1 meter waves (least severe); (b) 2 meter waves (medium); (c) 5 meter waves 
(severe); (d) 7 meter waves (most severe)
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(d) 7 meter waves (most severe)
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