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Chapter 1

Introduction

Biomechanics is the science that examines forces acting upon and within a bio-
logical structure and effects produced by such forces.
The field of ”analysis of movement” describes one of the main human activities,
in its variety from walking to weight lifting or athletes’ performances.
The level of detail and complexity of the description is dependent on the goal of
the study.
The study of mechanical characteristics of the human system is a widely explored
field, because of the large amount of information that the study of simple and
common gestures, like standing or walking, provides about the behaviour and the
health both of the musculoskeletal and neurologic systems (13).
For clinical applications biomechanics lets the operator to analyze the system and
synthesize the functions for rehabilitation and prosthetics. For sport application
it permits the improvement of athletic performances through the optimization of
training and specific equipement (27).
In engineering the study of movement and of the behaviour of human body is
also related to anthropomorfic robotics, for example to mime the limbs. Biome-
chanics studies the mechanical characteristics of tissues to create prosthetics and
to replace damaged body components too (50).
In the balance field many approaches have been used: considering biomechanical
aspects, sensory and neural control aspects and the combination of both of them,
but a lot of work has still to be done to understand the mechanisms that allow
human bodies to maintain bipedal posture in everyday activities.
Biomechanical studies are often based on models, in fact a large set of quantities
are not directly measurable and a model is required to estimate their values. The
models accuracy has to be evaluated and the models have to be validated before
using them.
The present work aims to study the insights of dynamic behaviour of human
systems to maintain dynamic balancing, during the execution of gestures like,

1



1.1 Thesis structure

for example, hopping, walking and jumping. The models developed have been
studied to verify their boundaries of application and their reliability for different
applications.
This thesis presents the study of static and dynamic aspects of human movement
under a pure mechanical aspect and the evolution of the model used, due to the
increasing complexity of the gesture analyzed. A particular attention is given
to the measurement systems and the analysis of the variables and parameters
involved in the modeling procedure.

1.1 Thesis structure

The thesis is organized as follows.

Chapter 2 Presents the problem of human stability, the studies already made
in this field, the most used measuring techniques in biomechanics, the protocols
and the models they are related to.

In Chapter 3 is depicted the model developed for the study of human stability,
the protocol used and the marker set.

Chapter 4 deals about the measurement system designed and developed.

In Chapter 5 the algorithm of identification of mechanical parameters are
described and results of the elaborations of trials are shown. In the same chapter
the results of the simulation of a biomechanical system based on the model and
the characteristics obtained from identification are presented.

In Chapter 6 other gestures are studied and models are modified respect to
the charachteristics of the gestures.

Chapter 7 contains concluding remarks and discussion for future work.

1.2 Personal contribution

My work has been mainly focused on the development of the measurement sys-
tem, the analysis and the design of the models. Furthermore I did the trials
on subjects for the different gestures, improving protocols prescriptions while I
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1.2 Personal contribution

encountered criticalities in developing the elaboration data software.
Then I developed the software to calculate the parameters we were intrested with
different identification methods of the parameters of the system. I used an Iden-
tification algotrithm to obtain the values of these variables and then I fed the
model to validate the results with a simulation.

In addition, I actively contributed to the software design and development. In
particular, I worked on the simulators (Appendix A) and on Data management
softwares (Appendix B).

3



Chapter 2

Problem statement: Balance for
human movement

2.1 Balance

Humans are bipeds and two thirds of their body mass is located around two thirds
of their body height. As a consequence the system is unstable unless a control
system continuously acts: the balance control. In fact the center of mass is not
perfectly aligned with the underlying articulations. The balance control is a com-
plex system that involves different subsystems, like neurologic, somatosensorial
and musculo-skeletal systems.
Different kind of locomotion drove the researchers to separate different field of
study; standing on both feet is called sway, the study of balance during different
movement is called dynamic balance.
The study of sway is a widely explored topic, both to understand the insight
of human balance and to relate deviations from statistically normal indexes, to
neurologic or physiologic diseases (51).
Maintaining balance in humans involve mainly four subsystems, controlled by the
central nervous system: musculoskeletal system, vision system, vestibular system
and somatosensory system(13).
The human vision system collects informations about changes in the environ-
ment, and the position of the body respect to them. The motor reactions to the
stimulus sensed from the eyes are not fast enough to react to little, fast postural
changes, so the main task of this system is to avoid obstacles and detect the best
support for steps.
The vestibular apparatus is situated in the inner ear, it has the task to detect
the movement of the head, acceleration and angular displacement. This appara-
tus lets us to sense the orientation of gravity. The dysfunction of the vestibular
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2.2 Ankle and hip strategy

system cause alteration of equilibrium, of ocular motility and has effects on the
sense of orientation and on consequent dizziness and nausea.
The somatosensory system is composed of receptors distributed on skin, muscles,
joint and inner organs; it is able to sense contraction and pressure and conse-
quently the mutual displacement of body segment and the support surface.
The Central Nervous System (CNS) elaborates all the information collected by
the three systems and the reaction is sent to the musculo-skeletal system to main-
tain the projection of the center of mass inside the base of support.
Control in balance can be proactive, like raise an arm or stepping laterally, or
anticipatory in the case of well-learnt perturbations like in gait or running. It can
also be reactive, when perturbations are unexpected for the subject tested (39).

2.2 Ankle and hip strategy

The posture is the position of the body in the space. The principle which drives
the assumption of a posture is to counterbalance the effects of external pertur-
bations or gravity, with the minimum energetic cost. The reaction to a dynamic
perturbation is called ’strategy’(16).
There are two main balance strategies, the first one doesn’t involve the rotation of
the hip joint and it is called ’ankle strategy’, the second one instead comprehend
the rotation of the torso around the hip and it is called ’hip strategy’.
The ankle strategy applies in quiet stance and during small perturbations, only
the muscles of the ankle, plantar flexors and dorsi flexors act to control the pos-
ture (1). In more perturbed situations with higher velocities the hip muscles
are activated to maintain the balance, flexing or extending hips and moving the
Center of Mass (COM) anteriorly or posteriorly. There is usually a contempo-
rary little activation of the muscles of every joint, but in great perturbations the
effect on hip angle is considerably higher than in ankle strategy (21). Figure 2.1
illustrates the differences between the two strategies.
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2.3 Measuring techniques

Figure 2.1: Unperturbed standing (a), ankle strategy (b), hip strategy (c) com-
bined strategy (d)

2.3 Measuring techniques

In biomechanical studies, quantities under measurement can be divided in two
classes: quantities related to motion characteristics, kinematic quantities, and
quantities related to the forces who causes the movement, kinetic quantities. The
forces cannot be directly measured so the only ones available are external forces.
The quantities of interest in movement analysis are forces, footsole pressure dis-
tributions, accelerations, kinematics and muscle activity.

Forces

Human body is subjected to three forces: gravitational forces that act down-
ward and are related to the mass; ground reaction or external forces that are
distributed over an area of the body but they are supposed to act over a point
called center of pressure and muscle and ligament forces that are the net effect of
muscle activity.
The Center Of Pressure (COP) is the point location of the vertical reaction force
vector. It represents a weighted average of all the pressures over the surface of
the area in contact with the ground. When standing on two feet the COP lies
somewhere between the two feet.
The forces that can be measured during human movement are external forces
acting on the body or active forces and they can be directly measured in different
ways: with strain gauges sensors and piezoelectric sensors.
Usually these sensors are mounted in multiaxial load cells. The preferred instru-
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2.3 Measuring techniques

mentation to measure forces during human movement are force plates.
There are also pressure forces, for example under the foot sole, but in this work
the interest is focused on a overall force with an equivalent point of application.

Strain gauges sensors

Strain happens when a body deforms under the effect of some force, for linear
elastic materials the relation between force and strain for a uniaxial loading con-
dition is linear.

σa = E · εa (2.1)

where
σa is the stress
E is the Young’s module
εa is the average deformation in direction of stress

The strain sensors exploit this property to transduce the deformation to a
signal, the resistive transducers use the change in electrical properties of a wire
stretched to measure the deformation of the wire integral with the structure.

Piezoelectric sensors

Piezoelectric transducers exploit the property of some materials, like quartz, to
generate an electrical charge when subjected to mechanical strain.

Load cells

Load cells are transducers, which measure forces exploiting the knowledge of the
geometrical and material properties of a deformable element. A load cell can be
calibrated to determine the relation between the stress and the voltage output.
Resistive transducers are mainly used for static force measurement, on the other
hand piezoelectric ones are used for dynamic or quasi-static measurement.

Force plates

Force plates are rectangular plates supported at the four edges, in which there are
vertical mono axial or tri-axial load cells to measure the modulus, the direction
and the point of application of the force who acts on the plate. By using the
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2.3 Measuring techniques

Figure 2.2: Load Cell

four vertical force components, that are usually the largest ones, considering the
equilibrium of the plates for rotations it is possible to measure the equivalent
point of application of the force on the force plate (COP).

Acceleration

Acceleration of a body can be measured by using sensors called accelerometers,
often included in the wearable inertial sensors applied on a specific segment or by
deriving two times the kinematic signal of a specific body point. This procedure,
however, applied to the body could give a low quality measurement because of
high pass effect of the derivation operation.

Kinematics

The study of kinematics of human movement requires the measurement of par-
ticular positions of the body in time. Usually each measurement is based on a
predefined biomechanical model to identify the main degrees of freedom under
study. According to the model, a set of anatomical landmarks are selected as
the points of the body which movement has to be measured. They are mainly

8



2.3 Measuring techniques

Figure 2.3: Force Plate

performed with optical methods or with inertial measurement unit (20).

Optical methods

Optical methods comprehend a markers-cameras system. Cameras are usually
high-speed cameras, above 100 Hz frame rate, sensitive to a specific spectral re-
gion, like visible or infrared. Markers, which represent the points of interest of
the recorded scene, can be active or passive, for example high intensity leds or re-
flective markers and printed figures. The main difference in these kind of markers
occurs in software elaboration procedure, because of reflection or artifacts which
occur in different situations.
Before the recording sessions, the system is calibrated to link the distance in pix-
els of cameras with the distance in millimeters. There are many characterisation
with extrinsic and intrinsic parameters, and partial characterisations with just
sensitivity parameters. For 3D set up the complete one is recommended because
it is necessary to find the spatial relation between the cameras that constitute
the points of view of the scene. For the 2D set up a partial calibration could be
admitted if the alignement is accurated: a linear ruler, a chessboard or a stick
with markers positioned at a determined distance, are sufficient only if the pixels
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2.3 Measuring techniques

are squared, otherwise a cross ruler is needed (40).

The number of cameras depends on the nature of the gesture analyzed and
on the used model, if the movement develops mainly in a direction, like walking
(horizontally) and jumping (vertically), it is possible to use just a camera that
project the scene on a single image plane. If the movement or the model used for
its description is three dimensional, like throwing, it is necessary to have at least
two cameras for multiple view processing of the scene. The commercial systems
usually prefer to provide at least six cameras to be sure not to lose any markers
due to occlusion from a body segment and to improve the accuracy of measure-
ment, because the same marker is seen from differnt point of view and accuracy
is better(Optitrack),(Vicon).

Inertial Measurement Systems

An inertial measurement unit (IMU) is a wearable electronic device that measure
the orientation of the body to which is applied. It is composed of Micro Electro
Mechanical Sensors (MEMS) that enable a significative dimensional and mass
reduction as compared with traditional sensors. An IMU consists of: a gyroscope
that measures angular velocity, a magnetometer that measures the magnetic field
around the body, and an accelerometer. Each sensor is triaxial and gives infor-
mations referring to the same reference system. As a consequence to obtain the
body position it is necessary to know the orientation between the sensor reference
system and the segment reference system, where it is positioned.
This kind of sensors, in particular gyros, suffer for output offset drift which can
cause an important error in measurement for long acquisitions (22).

Muscle Activity

Electromyography measures the muscular activity as the potential difference be-
tween two point of the same muscle. There are surface EMG and intramuscular
EMG; surface EMG are restricted only to superficial muscles, and are influenced
by the thickness of the tissue and cross talking between different muscles, but it
is far less invasive than intramuscular EMG.
The signal obtained has to be elaborated, the information given from this kind
of signal is better understood if the envelope of the signal is calculated (18),(19).
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2.4 Modeling in biomechanics

Figure 2.4: Wireless IMU

2.4 Modeling in biomechanics

Modeling is an attempt to represent a part of a phenomenon. The combination
of modeling, experimental data and simulation is a powerful tool to describe in
scientific terms the behavior of a specific property of a system. In biomechanics,
modeling is a fundamental tool, in fact it is not possible to measure forces and
torques at joint directly; to obtain these values it is necessary to perform an in-
verse dynamic procedure on the model.(39)
Constructing a model needs the knowledge of the system or a set of experimental
data. Using these data to arrive to a general model is an inductive and iterative
process: a model needs to be validated and refined; the model resulting after this
process is one of the possible models that can relate the inputs to the outputs.
The model is a simplification of the reality, in fact a wide part of the object mod-
elled is neglected, if the results of simulations performed with the original model
aren’t consistent with the experimental data it is possible to change the assump-
tions made to describe it. The next step is to improve the model reanalyzing and
considering some of the neglected aspect in the original model.
Each model must have parameters that can describe every meaningful change in
the gesture.
First order models consider only bones and articulation, representing each body
segment with a rigid body as first approximation, while the joints are modeled
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2.4 Modeling in biomechanics

as perfect mechanical joints. More complex models introduce the muscles in the
behaviour of the biomechanical system, for example in OpenSim or Anybody,
also for muscles a model is used to represent their mechanical effects.

Human body model for balance

In mechanics the human body is represented by segments linked by joints: the
articulations. The segments are assumed to behave like rigid bodies. The most
used model is composed by fourteen segments proposed by (13), in the case of
quiet standing the models used are simpler, their peculiarities are described in
the following.
The simplest one is a point model, that moves in the ground plane. The point
is the COP and in this model, it is assumed that the COM correspond with
the COP. Winter explained that the study of sway, indeed, refers to the relation
between COM and COP.(30)
Norak and Nashner proposed two models able to catch the principal reactions
of body to balance disturbance: the inverted pendulum, which is composed of a
single segment linked to the ground, and the double inverted pendulum(49), which
has two articulations at the ankle and at the hip to connect the two segments
between them and to the ground. There are also more complex multi segmental
models to describe specific gestures. See figure 2.5.
As in any model, the focus on a specific aspect depends on the application,
clinical or biomechanical, and its goal: as an example in clinics the choice of a
model depends mostly on the presence of a pathology in the study conducted, like
for camptocormia in Parkinson’s disease, hemiparesis, stroke, scoliosis and others.
In research biomechanics the choice is driven by the application like prosthetics
or exoskeletons.
The study of balance in quiet standing can be also modeled using the control
theory, as a reaction of body control system to a perturbation (38),(17). In our
study the neural control is blurred with the mechanical characteristics of the
system.
In mechanics a rigid body is defined by three points not aligned, for this reason
the data necessary to describe the body behaviour in space are the coordinates
of these points. Data are collected with markers as described in section 2.3, the
totality of these markers is called ’Markers set’.
It is important to underline that the model does not correspond with the markers
set: it is possible to use different markers set for the same model, however there
is a minimum number of markers in the set, defined by the model itself.

The main models used in balance studies are shown in figure 2.5, namely the
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2.4 Modeling in biomechanics

COP-COM model (points model), the simple pendulum model, the double pendu-
lum model and the multi-segments model. A distinction method between models
can be the plane in which the movement is studied, medio-lateral or anterior-
posterior or both of them.
The human body can be modeled as a control system. The Central Nervous
System (CNS), the controller, needs some knowledge about the system to be con-
trolled. In the first years of growth of children the CNS learns to exploit the
multiple degrees of freedom of joints, ligaments, muscles but also the kinematics
and sensory redundancy to react to external stimulus with an appropriate adap-
tation of posture (41).

Mechanical properties

A mechanical model is contituted by a chain of rigid bodies, connected by joints,
muscles and their effect drive the position and the mutual rotation between them.

Inertial properties of the human body

The inertial properties of human body mainly used for quantitative analysis in
biomechanics are mass, the center of gravity and the mass moment of inertia.
To obtain these precise properties it is necessary to use instrumentation as com-
puterized axial tomography or magnetic resonance imaging, but for general pur-
poses they are too costly. In biomechanics the first experimental attempts to
determine these values were made on cadavers, but also the definition of body
segments didn’t follow a common agreement, so the measure of these properties
isn’t standardized. In these studies about inertial properties of human parts,
the assumption of homogenous distribution of densities is very rough, because
the density of muscles, bones, fat and visceral organs are very different one to
another.
The center of gravity had been measured with several methods, involving suspend-
ing or weighting body segments with ‘ad hoc’ instrumentations, which measure
the moments at the stand points, knowing the mass of the part.
The moments of inertia are calculated with a pendulum or a torsional pendulum
approach: after suspending the object in a fixed point, it is set in motion by few
degrees and the time it takes for a period of oscillation is related to the moment
of inertia.
All these studies have been reported to a statistic evaluation of these parameters,
in fact some anthropometric tables have been produced to simplify this process
of body characterisation.
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Muscle model

The force-producing properties of muscles are nonlinear and complex, Ziac (1989)
proposed a lumped-parameters dimensionless model. The entire complex of mus-
cle and tendon can be modeled as a Hill type contractile element in series with a
tendon.
The Thelen muscle model consists of a contractile element CE, an elastic parallel
element PE and a series tendon element TE as shown in figure 2.6.
The force generated by a muscle respect to its length and to contraction velocity
are shown in figure 2.7. The parameters to be known for each muscle are maxi-
mum isometric force, optimal muscle fiber length, tendon slack length, maximum
contraction velocity and pennation angle (α).(OpeSimDocumentation)

Joint model

The articulations are represented, simplyfing them, usually with planar or spher-
ical joints. However, from an anatomical and geometrical point of view, real
articulations aren’t a perfect joint, they have some surfaces which slip one on
another, this because these joints can’t be naturally replaced, in this way the
consumption of the biological tissue is distributed on the whole surface and not
just in a single point, limiting the wear of cartilages.
As an example, the knee articulation, often modeled as a hinge joint, is a complex
of roto-translational degrees of freedom.(27)

2.5 Protocols

The study of balance needs a testing protocol to observe the phenomena. In
literature there are studies which apply protocols devoted to observing natural
sway and others about recovering balance after a perturbation.
Mechanism of quiet standing and perturbed standing are considerably different.
To discover from a diagnostic point of view, a deficit of the systems, the response
to a perturbation in standing is a more meaningful tool. It is also easier to sepa-
rate the effects of the systems involved in balance control.
The perturbations could be internal, as the voluntary movement, or external,
such as forces applied without the knowledge of the subject. In the first case
there is a proactive response, so the CNS provides an anticipatory activation;
in the other case, the movement of a platform, the pushes on arms, an inferior
limb joint perturbation, or a perturbation on the trunk simulate an accidental
perturbation of balance in which there is a higher latency of the motor control.
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2.5 Protocols

To ensure the repeatability and the reproducibility of measurements it is neces-
sary to design a testing protocol: each subject has to be instructed about the
assignements of the test, informed about the risks and the instrumentation used
in the trial, the use and storage of data. The protocol must prescribe the instru-
mental set up, the calibration procedure and the elaboration procedure.
The design of a protocol permits to reproduce and verify the results of a study
in other laboratories. In particular the behaviour of humans is variable and re-
peatable test condition influence the quality of measurements.
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2.5 Protocols

(a) COP-COM. (b) Single pendulum.

(c) Double pendulum. (d) Multi segmental.

Figure 2.5: Models in biomechanics
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2.5 Protocols

Figure 2.6: Muscle model

Figure 2.7: Muscle curves
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Chapter 3

Proposed human model

3.1 The model

The model used in this first stage of development is a single degree of freedom
inverted pendulum, used also in literature for example in (13) to study static
standing.
Despite of that, during measurements we positioned more markers than the min-
imum required, so in the future the same data could be used to feed a multiseg-
mental model as an evolution of the first approach.
The movements analyzed are mainly planar, as sway, walking, hopping and jump-
ing at maximum height. They are also symmetrical on the mediolateral plane
repect to the sagittal axis, so we assumed sufficient to monitor the movement of
a single side.
We selected for simplicity of set up the instrumented leg to be the right one.
As anticipated this model is very simple and its validity is debated in literature:
main problems seem to be connected with the anatomical properties of the ankle
and the inadequacy to describe the neuromotor control. Nevertheless this is a
first order model and the information it provides, compared to its simplicity are
really significative (37).
The model we are considering is a purely mechanical model in which also control
characteristics are merged in the two dynamic parameters, stiffness and damping
(34). We want to concentrate a mechanism in a position coincident with the
ankle, which describe the control-biomechanics of the entire body-joint complex,
regardless of the dynamic behavior of the whole body with the anatomy of the
ankle (31).
In this multi-body model there are two segments, the foot and the body: the foot
is linked to the ground assuming it never moves from it as depicted in 3.1. The
body is connected to the feet with a hinge joint. The degree of freedom is just
one, the ankle angle, given by the formula:
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3.2 Reference system

d.o.f = 3 ∗ (n− 1)− 2 ∗ c (3.1)

Where

d.o.f is the number of the degrees of freedom of the mechanism, in the plane
n is the number of the bodies
c is the number of hinge joints

Figure 3.1: Model

3.2 Reference system

In biomechanics movement are studied referring to several reference systems. The
Global reference system is fixed and defines the overall space where the movement
takes place. The space in which the body moves has to be represented with a
global reference system. Any local reference system or joint reference system has
to refer to the global reference system.
The International Society of Biomechanics made standardization to make easier
reading papers and the comparison between data sets(53). In this work ISB
recommendations are followed.
There is a right handed orthonormal triad (X,Y,Z) with the origin in the ground,
that in our case study corresponds with an edge of the force plates as shown in

19



3.3 Marker set

figure 3.2.

Figure 3.2: Reference System

The +Y axis is parallel to gravity an directed upward, X and Z axes lie in a
plane perpendicular to it. If there is a clear direction in which movement devel-
ops, it is assigned the +X direction to it. In case of work on inclined planes, the
reference system doesn’t change definition and the X axis remains horizontal.
Local reference systems can be associated with articulations or with segments or
even with part of them. As an example for a segment of the leg, the local Y
axis is positioned along the length of the segment, Z axis is on the mediolateral
plane positive to right and the X axis is perpendicular, frontal and positive in
the anterior direction. Definitions are referred to a segment of a body in standing
posture.
Angles must also have a reference system and a positive direction. The null angle
posture in the complete model is shown in figure 3.3, while the positive angle
flection is drawn in red in the same figure. We will call absolute segmental angles
theta (θ), angular velocities omega(ω) and angular accelerations (α).

3.3 Marker set

Since we have positioned the markers on the articulation points, we can model
the human body as a two segment planar structure. The first body, the feet, is
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3.3 Marker set

Figure 3.3: Angles conventions
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3.3 Marker set

Figure 3.4: Marker set

bounded to the ground; the second one, the rest of the body, is linked to the
first one with a hinge joint. The masses are obtained as a fraction of the total
body mass, as tabled in anthropometric tables. CoM positions and moments of
inertia are taken from the anthropometric tables, while the length of segments
are instead measured directly on the subject.
In orderd to identify a segment, at least two markers are necessary. We decided
to use four markers for the foot and two markers for each segment as shown in
figure 3.4 and table 3.1.

We assumed to locate the Center of rotation of each joint at the anatomical
landmark identified by the marker, because of the small amplitude of movement.

θ is the angle between the Y axis and the body, positive in clockwise direction.
φ is the angle between the body and the foot, positive in counterclockwise direc-
tion.
xf is the distance from the center of rotation of the ankle and the center of pres-
sure of the foot.
xc is the distance from the center of rotation of the ankle and the projection on
the x axis of the center of mass.

Model parameters

Total body Center of mass

For a human standing upright, the center of mass could be placed ideally at the
height of the iliac crest, or at the 53% of the total height of the subject, or it could
be calculated as the weighted sum of the center of mass of each segment.(28)
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3.3 Marker set

Segment Anatomical Landmark Number

Foot Malleolus 1
Heel 2
Metatarsum 3
Foot tip 4

Distal leg Ankle 5
Tibiae epicondile 6

Proximal leg Tibiae epicondile 7
Femural great trochanter 8

Torso Femural great trochanter 9
Iliac crest/shoulder 10

Table 3.1: Anatomical landmarks for segments extremities

With each segment moving the whole body center of mass changes within time
the position in the plane, its coordinates x0, y0 is calculated:

x0 = Σxn·mn

M

y0 = Σyn·mn

M

(3.2)

Where
x0 is the x component of the center of mass
y0 is the y component of the center of mass
M is the total mass
xn, yn are the plane coordinate of each body’s center of mass
mn is the mass of each body

Moment of inertia

The value of the moment of inertia depends on the point around which the rota-
tion takes place, and it is minimum when this point is the center of mass. Most
body segments don’t rotate around their centers of mass, but usually around an
extremity. The relationship between this moment of inertia and that about the
center of mass is given by the parallel-axis theorem(35).
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3.4 Inverse and Forward Dynamics

I = I0 +mx2 (3.3)

Where
I is the moment of inertia respect to the center of rotation
I0 is the moment of inertia respect to the center of mass
m is the mass of the segment
x is the distance betweeen the center of mass and the center of rotation

Often the values of inertia, gyration radius and the mass of each body part
are available in the anthropometric table, as a percentage of total height or mass.

3.4 Inverse and Forward Dynamics

The model is the base for biomechanical investigation. The focus may be the
description of kinematics or an investigation on the kinetic that generates move-
ment. Regarding the forces the inverse kinetics has as inputs the movement and
the external forces, and as outputs the internal forces and moments. Direct dy-
namics operates with the reverse logic. The validation of the performances of a
model requires the use of both of them, generating at the end a simulated move-
ment to be compared with the experimental one.

Inverse Dynamics

Inverse dynamics is a method to compute forces and moments of a kinematic
chain, based on the motions of each segment composing the chain, the bodies’
inertial properties and external forces. As the human body is modeled with rigid
bodies, the external forces and the moments follow the rules of Newton-Euler
equations. Main assumptions in inverse dynamics of human bodies is the stiff-
ness of bones and the perfection of pivot joints, generating pure rotations around
specific axes.

Forward Dynamics

Forward dynamics uses a mathematical model (mechanical equations associated
with the model) to describe how the coodinates move due to the geometrical
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3.5 From markers to the model: approximations and problems

properties, the constraints and the forces applied to the body.
From Newton’s second law, we can describe the acceleration of coordinates as a
relation to bodies’ inertia and forces applied on it, as specified in 3.7.
Forces and moments in a biomechanical model are generated both from muscles
and from external forces. The ones created by muscles act on kinematic joints as
a torque, due to the point of insertion of the muscle on the articulation.

3.5 From markers to the model: approxima-

tions and problems

To pass from the real body to the model we have to make some assumptions
that necessarily introduce an approximation error in the model. We said that
we consider each segment as a rigid body. To identify a rigid body we need to
measure three points not aligned and then create a reference system relative to
the segment: the local reference system.

Anatomical landmarks

The local reference systems are defined by body surface markers, also called
anatomical landmarks. An important issue in human movement analysis is the
identification of these points and their reconstruction in the Global Reference
System. Unfortunately anatomical landmarks are internal or under the skin and
the determination of their location lacks of precision. This inaccuracy affects the
estimation of joint kinematics and, consequently, kinetics.(11)
In this work we used the anatomical landmarks for planar movement that are
most commonly found in literature.

One of the major source of error in finding the landmark position is the human
error, that is the differences in the interpretation of the procedure of determina-
tion of anatomical landmarks. Other errors occur because the location is not a
precise point, but often an irregular surface and there is a variable thickness soft
tissue layer over it.

Soft tissue artifacts

Positioning of markers in optoelectronic stereophotogrammetry is not a errorless
procedure because of the so called soft tissue artifacts (STA).
Inertial effects, skin deformation and displacement cause a marker movement
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3.6 Instantaneous center of rotation

Joint Anatomical Landmark

Ankle Malleolus
Heel Calcaneous
Metatarsum Fifth metatarsal bone
Foot tip Big toe
Knee Tibiae epicondile
Femur Great trochanter
Hip Femural great trochanter
Shoulder Acromion

Table 3.2: Anatomical landmark

respect to the relative bones. This artifact affects the estimation of skeletal kine-
matics and it is the most critical source of error in human movement analysis.
This kind of skin movement is difficult to detect, even if it is greater than in-
strumental error: its frequency content is near to the frequency of the underlying
bone, it depends on the movement taken into account and it varies between sub-
jects. The frequency proximity of skin movement and bone movement doesn’t
allow to distinguish them through a filtering technique.
A high number of studies reported the pattern and amplitude of soft tissue arti-
facts, the common conclusions are (26):

1. STA errors are usually larger than stereophotogrammetric errors;

2. STA pattern is task dependent;

3. STA is reproducible within, but not among subjects;

4. STA introduce both systematic and random errors;

3.6 Instantaneous center of rotation

Another approximation that introduces an error not negligible is the determi-
nation of the center of rotation of articulations. For a rigid body the instant
center of rotation is the point around which the body rotates, usually its position
changes during movement. If the body is constrained to rotate, the ICR coincide
with the center of the constraint. The center of rotation is very important be-
cause we use it to define the rotation angles and we need the distance between
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3.6 Instantaneous center of rotation

the insertion of the muscle and this point to obtain the force of muscles from the
moment calculated with the inverse dynamic procedure.
Real articulations aren’t a perfect hinge or spherical joints, they have some sur-
faces which slip one on another. The inaccuracies caused by the non-perfect
rotation of the real joints are lower than the ones caused by the softness of body
segments.
This implies that the center of rotation changes instant by instant and has to be
determined. There are different methods to calculate approximatively the instant
center of rotation, both in plane, ankle or elbow joint or in the tree-dimensional
space, hip joint.

ICR in human motion:

measurement and computational issues

Since the role of ICR in biomechanics is important we decided to investigate the
measurement procedure to determine its positions, with a focus on metrological
performances. Therefore, we consider its measurement, based on video image
acquisition and processing of human motion records. Measurement and compu-
tational issues are discussed, including the evaluation of measurement uncertainty
and the estimation of the effect of some influence quantities on the determination
of the position of the instantaneous center of rotation.
A proper approach consists in a video based measurement system, including a
set of markers placed in specific points along the body segments investigated.
Even if usually positions of a cluster of markers on each segment are measured,
in this case we considered a minumum of two markers along each segment.
We confront the Reuleaux method previously described and the ’point velocity
method’, since at each time the point velocity can be evaluated with a Savitzky-
Golay filtering. In this case ICR is located at the intersection of lines perpendic-
ular to point velocities at each time.
Pure translation is an issue since it produce an ICR located at infiity. On the
other hand a combination of linear translation and rotation will move the ICR.
This is particularly intresting when translation is due to the joint under investi-
gation, like, for example the knee.
We used synthetic and experimental data to evaluate measurement methods and
the influence of measurement noise, chord length and pure translation. Synthetic
data are useful to evaluate the processing techniques. It is possible to obtain
synthetic kinematic data of a set of rigid bodies connected by pure revolute joints
with the first ICR fixed or subject to a controllable linear translation. Beside that
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3.6 Instantaneous center of rotation

Figure 3.5: Experimental data

we can vary relative angular velocities and sampling frequencies and introduce
some noise if required.
Figure 3.5 present markers trajectories for a pedalling leg while figure 3.6 present

the trajectories of synthetic data of points of two rigid bodies. For synthetic data
it is possible to vary linear translation, angular velocity and sampling frequencies.
The two processing procedures have been validated with the synthetic data.The
ICR variability is more evident in the second body computation, so we varied
some computational parameters:

1. random Gaussian noise on position measurement;

2. legth of chord;

3. number of point involved in calculation;

Concerning Gaussian Noise we have considered a std deviation of 0.5, 1.5 and
3 mm. These are representative of good, normal and difficult experimental set up
and image processing.The length of chord is linear with rotational velocity and
sampling frequency. A minimum of two points is required to calculate the ICR,
but we used three points as often happens in biomechanical markers set up.

Figure 3.7 presents the standard deviation of ICR results as a function of the
chord for three noise level, and three methods: the Reuleaux method, the velocity
point with two or three points. It is possible to note that velocity methods are
more stable when varying chord length.
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3.6 Instantaneous center of rotation

Figure 3.6: Synthetic data

The velocity method proved to be more reliable in presence of noise in par-
ticular when three markers are involved in the procedure. When a translation is
added ICR measurement is very critical especially when dealing with the second
segment in a two degrees of freedom system. We obtained some useful indications
for the variability of the results and its dependence on noise and chord length or
sampling rate. The velocity method has demonstrated a very good stability with
both noise and chord length variations as compared with the original Reuleaux’s
method. Nevertheless, when dealing with the second body in a chain, uncer-
tainties are very large and results become unreliable in the practical application
considered.
In this case some further investigation is required to confirm that a violation of

the rigid body hypothesis causes unpredictable ICR position deviations and to de-
termine if there are feasible countermeasures to limit such effects when processing
the results.

The Reuleaux technique

This ICR calculation technique is simple to use and very diffused for this reason.
However it is susceptible to the magnification of errors for small angles of rotation
and low angular velocities.

Consider a limb constituted by two rigid bodies connected by a hige joint and
the position of two points A and B at time ti and ti−1 figure 3.10. The main
hypotesis is that at each time the movement of a rigid body can be reconstructed
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3.6 Instantaneous center of rotation

(a) Chord length 1.

(b) Chord length 2.

Figure 3.7: ICR methods results
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Figure 3.8: Result of ICR calculation body 1

Figure 3.9: Result of ICR calculation body 2
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3.6 Instantaneous center of rotation

Figure 3.10: Reuleaux method

as a rotation around an ICR. So we can consider the segment connecting two
subsequent positions of each point as the chord of a circumference arch actually
connecting the same points. The ICR is located on the line perpendicular to the
chord and passing to its middle point. If there are multiple points it is possible
to obtain several perpendicular lines and their intersection is the Instantaneous
Center of Rotation of the body.

Point velocity method

Considering a general plane motion of a body as in figure 3.11, at given instant,
the velocities of various particles of the body could be expressed as the result
of a rotation whose axis is perpendicular to the plane. This axis intersects the
plane at a point called the ICR. If a line is drawn perpendicular to vA, at A the
body can be imagined to rotate about some point on the line. Similarly, center of
rotation of the body also lies on a line perpendicular to the direction of vB at B.
If the intersection of the two lines is at I, the body will be rotating about I at that
instant. The point I is known as the instantaneous centre of rotation for the body.

32



3.6 Instantaneous center of rotation

Figure 3.11: Velocity method

Functional method

Alternative approaches for CoR estimation have primarily been iterative. Other
methods are functional methods, they use cost function minimization to fit marker
trajectories to the joint model, Halvorsen et al. (1999), Gamage and Lasenby
(2002), and Pratt (1987) use least-squares (LS) methods which give exact CoR
estimation techniques. Halvorsen et al.(1999) adapts the Reuleaux construction
for computing a single instantaneous CoR (Reuleaux, 1876; Panjabi,1979).

Iterative methods

The major disadvantage of these iterative approaches is the potential for differ-
ent solutions depending on the existence of local minima in the cost function and
values of optimization parameters such as convergence criterion, weights, and ini-
tialization.
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3.7 Solution of kinetics equations

Figure 3.12: First body

3.7 Solution of kinetics equations

In this section the free bodies diagrams are solved and formulas of inverse dynamic
are developed. The name of the forces specifies the direction of the force (x,y),
while the number (ij ) means that the force acts from body i on the body j. l is
the length of the segment. The quantities related to the body are indicated with
j.
Forces and torques are calculated solving the equilibrium of the Newton-Euler
equations: 

∑
Fx = mẍc∑
Fy = mÿc∑
M = Jθ̈

(3.4)

First body

For the first body, as shown in figure 3.12, forces are measured as ground reaction
forces and they are Fx, Fy,M ; The moment exchanged with the ground, M , is
null.


F21x + Fx = m1ẍ1

F21y + Fy −m1 · g = m1ÿ1

M21 = Jθ̈ +m1 · g · x1 cos θ1 − [F21y]l1 · cos θ1 − [F21x]l1 · sin θ1

(3.5)
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3.7 Solution of kinetics equations

Figure 3.13: Second body


F21x = −Fx +m1ẍ1

F21y = m1ÿ1 − Fy +m1 · g
M21 = J1θ̈1 +m1 · g · x1 cos θ1 − [m1(ÿ1 + g)− Fy]l1 · cos θ1 + [Fx −m1ẍ1]l1 · sin θ1

(3.6)

Second body and subsequent

To transfer the solutions of the first body to the second one, whose free body
diagram is shown in figure 3.13, we have to introduce the interface equations:

F12x = −F21x

F12y = −F21y

M12 = −M21

(3.7)

And supposing there are no other forces applied we solve the equations:
F32x = F21x +m2ẍ2

F32y = F21y +m2(ÿ2 + g)

M32 = M21 + J2θ̈2 +m2 · g · x2 cos θ2 − [m2(ÿ2 + g)− F12y]l2 · cos θ2+

+[F12x −m2ẍ2]l2 · sin θ2

(3.8)
The process is iterative and allows to calculate moments and forces at every

joint of the segmental structure.
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3.8 Single degree of freedom analytical solution

3.8 Single degree of freedom analytical solution

As a reference, configuration of static equilibrium is shown in figure 3.14.

Figure 3.14: Model

The moment at the ankle is calculated as shown in previous section and the
phisical behaviour of the ankle complex is modeled as a rotational spring-damper
system.
The moment created by the visco-elastic spring respect to the reference configu-
ration is:

M = Mr − k0(θ − θr)− cθ̇ +Md (3.9)

Where

Mr, θr are the moment and the angle in rest position

While the equation of motion in this case is:

(J +md2)φ̈+mgd cos(φ) = M +Me (3.10)

Where
M = mgxf
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3.8 Single degree of freedom analytical solution

and
Me = −Fe · yE
Feis the external force applied to point E
and changing the free coordinate:

φ =
π

2
+ θ → cos(φ) = − sin θ (3.11)

Equation 3.9 becomes:

(J +md2)θ̈ −mgd sin(θ) = M +Me (3.12)

Then we introduce two approximations:

J << md2; sin θ ' θ (3.13)

Equation 3.10 becomes:

md2θ̈ −mgdθ = M +Me (3.14)

In the reference configuration, supposed as a condition of static equilibrium
we can describe the Mr, the moment at rest position, the position in which the
projection of COM correspond to the mean value of sway oscillation, the term of
equation 3.9, as:

Mr = mgdθr (3.15)

And substituting in 3.12

md2θ̈ −mgdθ = Mr − k0(θ − θr)− cθ̇ +Md +Me

md2θ̈ −mgdθ = mgdθr − k0(θ − θr)− cθ̇ +Md +Me

md2θ̈ + (K0 −mgd)(θ − θr) + cθ̇ = Me (3.16)

which becomes, with the definition of the parameters θ′ and k:

θ′ = θ − θr
k = k0 −mgd

(3.17)

md2θ̈ + kθ′ + cθ̇′ = Me (3.18)
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Chapter 4

Experimental set up:
Measurement system and
processing

In this chapter we consider the measurement systems used for experiments. They
are related to Ground force, COP measurements and kinematic measurements.

4.1 Force plates and vision system

Measurement laboratory set up

The force plates used in the Measurement Laboratory of the University of Genoa
are two BTS Bioengineering P 6000, mounted with a wooden walkpath to allow
a dynamic gesture not to be influenced by the step between the ground and the
surface of the force plate. The overall length of the walking path in the laboratory
is about 4.5 m so it is long enough to enable walking analysis. Nevertheless, a
longer distance could stabilize the gait cycle as it happens in ’La colletta Hospi-
tal’. The P6000 metrological characteristics are listed in the table 4.1

The outputs of the force plate are tridimensional data of forces and COP po-
sition on the platform plane.
Acquisition from these sensors are made with a proprietary software: Smart Cap-
ture (description in appendix A).
Data can be exported to a text file, easily importable in Matlab.
The camera is a Falcon Dalsa 1.4M 100XDR series. It acquires images in grayscale,
16 bits at 100 Hz, and it is mounted on a fixed support to maintain the calibra-
tion.
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4.1 Force plates and vision system

Dimensions 600 · 400 mm
Range 2000 N
COP spatial resolution 1 mm
Sampling Frequency 1 kHz
Resolution 16 bit
Deviation from sensitivity < 1% range
Linearity < 0.2% range
Hysteresis < 0.2% range
Mass 28 kg

Table 4.1: BTS P6000 characteristics

The video acquisition board is the Xcelera X64-CL LX1 and it is manged by the
Sapera Cam expert software (description in appendix A).

Sapera drivers give the camera access to Matlab, so I have developed a image
acquisition and processing sw in Matlab environment to avoid a mixed approach
between Sapera and Matlab. It is possible to create a configuration file, in which
are specified the necessary settings to the camera for working properly. This
configuration file is readable by the Matlab Imaq Tool and so it is possible to
manage the camera from Matlab software.
In order to capture the points of interest of the subject, seven high intensity leds
are fixed in histhe anatomical landmarks of the subject.

Measurements of COP are made with the force plates and COM ones are made
with the camera-markers system. To confront the two measures it is necessary
that they share the same reference system. In this case we have the force plat-
form which provides tridimensional informations and the camera which provides
a planar measure.

’La Colletta’ Hospital set up

The hospital ’La Colletta’ located in Arenzano, Genova has a ”Gait Lab” facil-
ity: the BTS GAITLAB (BTS S.p.A., Milano, Italy). The laboratory in figure
4.1 is composed of two force plates surrounded by a wooden walkpath, whose
overall length is about eight meters, six infrared camera and sixteen superficial
electromyographic probes. Each measurement system is integrated and managed
by the proprietary software () description in appendix A), Smart capture, Smart
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4.2 Laboratory calibration

Figure 4.1: Gaitlab at ’La Colletta’ Hospital

tracking and Smart analyser software. Furthermore, for clinical use, a set of
protocols are avaialbe and the user is guided in their use by the Smart clinic
environment.
The outputs of the ”Gait Lab” are tridimensional data of forces, the measurement
of the COP, tridimensional position of each marker and the electromyographic
signal of each probe. Signals are saved in a proprietary file format and can be
exported for a further Matlab elaboration.

4.2 Laboratory calibration

To pass from the measure in pixels to the measure in millimeters, we created a
calibration protocol. A beam, 1200 mm long, is marked at intervals of 100 mm.
An image is taken and the sensitivity of the camera is obtained with a linear
regression.
Measurement procedure do not permits to position the feet in a precise point of
the platform and plane of the calibrated space nor to measure it before taking
the sway measurement, because it is necessary to restart the force platform for
each test. So we take the result of Winter as an assumption: even if there are
differences in amplitude and phase in the signals of COP and COM, their mean
value, for a few seconds long signal, is the same. For each trial, we measure the
offset between the camera and the force plate as shown in figure 3.2.

4.3 Trigger

The two calibrated measurement systems have now to be coherent also from a
timing point of view. For this reason the systems have to start in the same
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4.4 Acquisition and Elaboration Software

Figure 4.2: Signal flow

instant of time. The software that controls the acquisitions is able to produce
a trigger signal, while an hardware, the camera grabber accepts a trigger input.
The trigger signal to whom the grabber is sensitive it is a 10 V falling edge signal,
while the signal generated by the trigger box is a 3 V signal. It has been necessary
to create a level adapter circuit to provide the correct signal as shown in figure 4.2.

4.4 Acquisition and Elaboration Software

The software we use has been developed in our laboratory in the Matlab envi-
ronment. The libraries belong to the Image Acquisition Toolbox. We did not
use the embedded tool because we needed to set some features that weren’t in-
cluded in the guided image acquisition interface and we wanted a custom system
with specific options and requirements. Elaboration software calculatess markers’
kinematics from the video of the trial recorded with the Acquisition software.
They are further described in appendix B.
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4.4 Acquisition and Elaboration Software

Figure 4.3: Trigger circuit
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4.5 Experimental Protocol

4.5 Experimental Protocol

In order to study balance, we decided to observe first the natural sway and then
the respose to an internal, voluntary perturbation: an oscillation.
To enhance repeatability of the experiment we developed a test protocol for the
two kinds of test. The subjects had to stare at a point placed in front of them at
around the eyes height, and the room in which the test took place was extremely
quiet with very low sounds.

Natural sway

The subject was told to stand in the Romberg position on the force plate. To
help him, a mask with the correct position of foot was placed on the first force
plate. The test lasted 60 seconds, but the interval taken into account was 30
seconds as suggested in literature, since the first and the last 15 seconds need to
be eliminated because of the ‘setting time’ and ‘unloading time’. For some test
we asked the subject to activate the entire muscle complex.

Auto-oscillating perturbations

The subject was told to stand in the Romberg position on the force plate. In
this case the subject had to oscillate in the sagittal plane, with the foot perfectly
grounded to the floor and with no movement of the heels. The duration was the
same for both tests.
In the order to not fatigue the subject the test were performed with 30 seconds
of rest between one trial and another.
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Chapter 5

Model validation: Identification
methods and simulation

5.1 Identification

System identification is a methodology for building mathematical models of dy-
namic systems using measurements of system inputs and outputs.
Usually system identification uses the black box model, to relate the inputs and
the outputs. This means that the data are fitted without regarding a particular
mathematical structure of the model (24). Other possible approaches are grey
box models or analytical models.
In this work we consider a time invariant linear system: the response of the sys-
tem does not depend on absolute time, the response to a linear combination of
the inputs is a linear combination of the system to a linear combination of the
response to single inputs. Due to the digitalization of measurement we can apply
a discrete time model.

Greybox model estimation

In this situation we hypotize the model structure from physical principles. This is
the greybox model estimation, where it is possible to specify the structure of the
model with a set of differential equations(42). We modeled the ankle complex as
a mass-spring-damper angular system, as seen in section 3.8 the general equation
for this linear single degree of freedom system is;

mθ̈(t) + cθ̇(t) + kθ(t) = u(t) (5.1)

Where
m is the mass of the system;
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5.1 Identification

c is the damper coefficient;
k is the spring stiffness;
θ, θ̇, θ̈ are angular displacement, velocity and acceleration.

For the discrete system

ti = (i− 1)∆t

θ̇(ti) =
θ(ti)− θ(ti −∆t)

∆t

θ̈(ti) =
θ(ti + ∆t)− 2θ(ti) + θ(ti −∆t)

∆t2

u(t) = u(i− 1)

(5.2)

we apply the substitution:

θi+∆t = θi

θi = θi−1

θi−∆t = θi−2

(5.3)

θ̇i =
θi−1 − θi−2

∆t

θ̈i =
θi − 2θi−1 + θi−2

∆t2

(5.4)

Substituting 5.4 in 5.1

m
θi − 2θi−1 + θi−2

∆t2
+ c

θi−1 − θi−2

∆t
+ kθi−1 = ui−1 (5.5)

m
∆t2

θi − 2 m
∆t2

θi−1 + m
∆t2

θi−2 + c
∆t
θi−1 − c

∆t
θi−2 + kθi−1 = ui−1

θi(
m

∆t2
) + θi−1(−2 m

∆t2
+ c

∆t
+ k) + θi−2( m

∆t2
− c

∆t
) = ui−1

θi = ui−1
∆t2

m
+ θi−1(+2 + c

∆t

m
+ k

∆t2

m
) + θi−2(c

∆t

m
− 1) (5.6)

This equation ties the experimental data concerning with the angular move-
ment with the sample of the external forces, based on the parameters of the model.
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5.2 ARMA model

5.2 ARMA model

The Auto-Regressive Moving Average (ARMA) models a combination of AR and
a MA models. The AR part involves regressing the variable on its own past
values, the MA part involves modeling the error term as a linear combination of
error terms occurring contemporaneously and at various times in the past.(ETH)

θ(t) +
na∑
i=1

ai · θ(t− i) = w(t) +
nc∑
i=1

ci · w(t− i) (5.7)

Where:
na is the AR order;
nc is the MA order;
ai are the AR coefficients;
ci are the MA coefficients;
w(t) is the noise;

ARMA models can be solved in Matlab by using the System Identification
Toolbox. This toolbox enables the setting of different ARMA models and solu-
tion parameters, then it provides tools for solution, visualization and validation,
such as residual analysis. A polynomial model is defined by setting its order and
when a second order is selected the solution is given in the form:

−a1x− a2 = y(t) (5.8)

The formulas to obtain the dynamic parameters are:

c = (1− a2)
m

∆t
(5.9)

k =
(

2− a1 − c
∆t

m

)m
∆t

(5.10)

5.3 Identification algorithm

To identify the mechanical parameters we wanted to apply to the model we tried
different methods: the bilinear regression and the ARMA model in the Matlab
System Identification Toolbox.(48)
The input of the two identification methods are the momentum and the angle in
the first case, and only the momentum for ARMA model.(SYS)
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5.3 Identification algorithm

To obtain the value of the moment it is necessary to define some quantities.
First of all the distance of the mass from the center of rotation of the ankle. We
used formula 3.1 to calculate the position of the center of mass, while the position
and the amount of mass of each segment were taken from anthropometric tables
then we took the mean value in time to have a scalar value.
The ankle angle and its velocity were measured as shown in 3.
We consider the rest angle θr as the mean of ankle angle, then we use the mea-
sured data to create some oscillations around the rest X position of the COM
(xC) and the COP (xF) X positions. With these oscillation we obtained a new
ankle angle and its velocity (7).

θ = −xC/d;

Momentum has been calculated with three different methods:

First method M = m · g · xF
Where m is the total mass;
g is acceleration of gravity;
xF is the arm and it is the distance from the center of rotation of the ankle and
the center of pressure of the foot.

Second method M = mg · xF
Where mg is the vertical component of force;
xF is the arm and it is the distance from the center of rotation of the ankle and
the center of pressure of the foot.

Third method M = mg · xC
Where mg is the vertical component of force;

xC is the distance from the center of rotation of the ankle and the projection
on the x axis of the center of mass.

then we applied the bilinear regression, two subjects, 3 trials each, with the
momentum calculated with all these three methods. Matlab Identification Tool-
box has been set as a polynomial model, of order [2,2], because we don’t have a
moment input. The variables result have been calculated as in formula 5.9 and
5.10.

Results are shown in table 5.1, 5.2, 5.3.
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5.3 Identification algorithm

subj1 1 subj1 2 subj1 3 subj2 1 subj2 2 subj2 3
I method Mk0 Nm 521,23 536,75 511,91 518,04 529,54 506,31

Mk Nm -6,20 0,37 -4,42 2,55 3,71 8,94
Mc Nm/s -85,01 -66,93 -92,17 -86,72 -75,80 -98,73
Mz 0,00 0,00 0,00 0,00 0,00 0,00

II method M1k0 Nm 519,61 535,23 508,82 517,24 528,30 501,12
M1k Nm -6,32 0,15 -4,82 2,41 3,48 9,39
M1c Nm/s -86,63 -68,45 -95,26 -87,52 -77,04 -103,92
M1z 0,00 0,00 0,00 0,00 0,00 0,00

III method M2k0 Nm 604,63 602,16 601,05 603,94 604,08 599,91
M2k Nm -0,12 -0,21 -0,39 -0,15 -0,22 0,43
M2c Nm/s -1,61 -1,52 -3,02 -0,82 -1,25 -5,13
M2z 0,00 0,00 0,00 0,00 0,00 0,00

ARMA K Nm 603,00 604,63 604,54 621,30 615,51 616,50
k Nm -3,24 0,95 0,46 16,55 10,18 11,46
c Nm/s 1234,72 1132,54 998,67 1215,83 1243,45 939,26
z 0,00 76,36 96,40 19,59 25,51 18,16

Table 5.1: Sway results

We can say that in sway trials the values of k are stable and physically accept-
able. As regards damping, only few values are reliable, evidencing a weakness and
scarce robustness of procedure. In fact different trials for same subjects present
variable values.
Third method is more reliable because the quantities are uncoupled.
For moment calculation seems to be that for auto oscillation we have obtained
a good repeatability and reproducibility for the subject’s mechanical parameters
and values from different subject present rather small variations. So we proceeded
with the simulation of auto-oscillations only.

48



5.3 Identification algorithm

1 ASC EO.mat 1 ASC EC.mat 2 ASC EO.mat 2 ASC EC.mat
Mk0 Nm 859,56 860,21 1684,95 318,21
Mk Nm 312,16 113,27 938,02 -214,38
Mc Nm/s -23,90 -157,53 -38,52 -3,22
Mz -0,10 -0,87 -0,07 0,00
M1k0 Nm 851,40 574,89 1029,66 307,09
M1k Nm 304,00 -172,05 282,73 -225,49
M1c Nm/s -23,63 -107,03 -21,44 -3,46
M1z -0,10 0,00 -0,08 0,00
M2k0 Nm 544,68 735,33 743,00 -84,50
M2k Nm -2,72 -11,61 -3,94 -617,08
M2c Nm/s 4,95 19,36 13,91 -0,92
M2z 0,00 0,00 0,00 0,00
K Nm 569,25 876,99 887,01 1197,00
k Nm 21,86 130,06 140,08 664,41
c Nm/s 3,11 9,90 4,84 469,98
z 0,78 0,63 0,85 0,04

4 ASC EC.mat 4 ASC EO.mat 5 ASC EC.mat 5 ASC EO.mat
Mk0 Nm 1263,50 1107,10 1056,87 699,10
Mk Nm 730,91 390,97 457,38 99,62
Mc Nm/s -12,30 -9,51 -8,51 -2,41
Mz -0,03 -0,03 -0,03 -0,02
M1k0 Nm 0,00 1130,37 1074,91 710,96
M1k Nm -532,58 414,24 475,42 111,47
M1c Nm/s 0,00 -9,85 -8,64 -2,48
M1z 0,00 -0,03 -0,03 -0,02
M2k0 Nm 0,00 734,02 464,88 441,99
M2k Nm -532,58 17,89 -134,61 -157,49
M2c Nm/s 0,00 4,95 0,93 0,14
M2z 0,00 0,07 0,00 0,00
K Nm 552,72 727,80 1300,35 1711,15
k Nm 20,13 11,67 700,86 1111,66
c Nm/s 3,54 1260,52 863,53 728,35
z 0,74 0,66 0,72 0,99

Table 5.2: Autosway results
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5.4 Simulation

6 ASC EC.mat 6 ASC EO.mat 7 ASC EC.mat 7 ASC EO.mat
Mk0 Nm 1506,44 1451,01 2370,68
Mk Nm 802,96 747,54 1597,16
Mc Nm/s 9,42 17,12 26,40
Mz 0,02 0,04 0,04
M1k0 Nm 1501,08 1443,53 2349,59
M1k Nm 797,60 740,06 1576,07
M1c Nm/s 9,61 17,62 26,37
M1z 0,02 0,04 0,04
M2k0 Nm 708,41 708,10 776,86 452,27
M2k Nm 4,94 4,63 3,34 -321,25
M2c Nm/s 5,65 1,99 5,71 0,10
M2z 0,15 0,05 0,18 0,00
K Nm 712,43 708,67 776,57 1851,69
k Nm 8,96 5,19 3,06 1078,17
c Nm/s 8,49 4,36 12,31 797,03
z 0,17 0,11 0,41 1,40

8 ASC EC.mat 8 ASC EO.mat 9 ASC EC.mat 9 ASC EO.mat
Mk0 Nm 1704,13 2142,27 672,10 52,05
Mk Nm 948,76 1386,90 1,09 -618,95
Mc Nm/s 1,52 8,99 -0,48 -0,69
Mz 0,00 0,01 -0,03 0,00
M1k0 Nm 1698,48 2140,96 678,57 52,98
M1k Nm 943,11 1385,59 7,56 -618,02
M1c Nm/s 2,93 9,33 -0,44 -0,82
M1z 0,01 0,01 -0,01 0,00
M2k0 Nm 760,39 767,06 598,40 672,88
M2k Nm 5,02 11,69 -72,61 1,88
M2c Nm/s 4,15 6,75 0,24 2,38
M2z 0,11 0,11 0,00 0,11
K Nm 841,59 762,64 2104,57 676,41
k Nm 86,22 7,27 1433,56 5,41
c Nm/s 1319,29 9,21 977,62 3,74
z 0,65 0,71 0,80 0,10

Table 5.3: Autosway results 2

5.4 Simulation

To validate our results we wanted to use the parameters we just found to activate
a model and simulate the output. We needed an input signal to generate the

50



5.5 Results

oscillations so we used a second set of experimental data to obtain the character-
istics of the oscillations.
Through a Fourier analysis we identified for each trial the fundamental ampli-
tude, frequency and phase, then we simulated a synthetic oscillation considering
a single pure tone with proper amplitude fequency and phase, as presented in fig-
ure 5.1. Such synthetic stimulus was applied to the model as an input in order to
obtain kinematics from the model. Finally model kinematics has been compared
to the measured experimental subject’s kinematics 5.2.

Figure 5.1: Reconstruction of auto-oscillating signal

5.5 Results

In the model set up we have used the parameters obtained by the two identifica-
tion methods. Results are comparable, but ARMA method demonstrated to be
more robust giving stable and repeatable results.
Figure 5.1 presents body angle for an auto-oscillation test and the single tone re-
construction. The correspondence is very good: of course the real signal presents
some period variation, that cannot be modeled by a single tone. This synthetic
reconstructed signal is then fed to the model, once its parameters have been iden-
tified.
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5.5 Results

Figure 5.2: Simulation of auto-oscillating signal

Figure 5.2 presents motion angle obtained by the model compared to the re-
constructed signal. After an initial transient, their behaviour is very similar,
confirming the validity of the proposed approach.
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Chapter 6

Model development: Dynamic
balance

Methods previously illustrated have been applied to different gestures, charac-
terised by dynamic balance conditions. Gestures have been addressed under
different aspects respect to their peculiarity, but they share a focus on dynamic
balance.

6.1 Ankle rotation

As a first approach we analyzed the stability of posture using a single degree of
freedom on the ankle. We have assumed that the foot is a rigid body while it
remains bounded to the floor during sway, but foot and ankle complex contain
26 bones and 33 joints. We believe that it is necessary to split the foot in more
than one segment, to better understand the dynamic of locomotion (44).
From a mechanical point of view, considering the Inverse dynamic process, the
foot is the first segment who transmit the overall ground force to the leg, so the
dissertation about the model of the foot is fundamental.(10)

Measurements and model

To investigate the foot behaviourit is necessary to focus on a simple gesture very
controllable and repeatable. For this reason we started this study considering the
lift on tiptoes, that can be esecuted at different heightsand velocities simulating
what happens during jumping or walking (6). The trials were made in the hospital
’La Colletta’ with the measurement system described in chapter 4.
The markers set was composed of six markers placed as described in table 6.1.
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6.1 Ankle rotation

Number Anatomical Landmark

1 Malleolus
2 Heel
3 Metatarsum
4 Top
5 Big toe
6 Small toe

Table 6.1: Foot marker set

Figure 6.1: Foot model

Position and force data were sampled at 100 Hz. As for the sway analysis,
the gesture develop in the sagittal plane, so the model is still planar. The force
is applied between the heel and the big toe, as we seen for static balance the
center of pressure lays between the malleolus and the foot tip So we can imagine
different ways to measure the ankle moment.

Ankle moment measurement

The GRF moment is produced by the force times the lever between the point
of application and the ankle joint. These data can be measured as time vary-
ing quantities or considered constant or even supposed from the physics of the
systemswithout involving measurements, obtaining different levels of complexity.
Firstly, let’s consider a static approach: subjects stand in a rest position.
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6.1 Ankle rotation

Figure 6.2: Forces acting on foot

Ms = mg · (X̂met − X̂mal) (6.1)

Where
m is the subject’s mass;
g is the acceleration of gravity;
(X̂met − X̂mal) is the lever in the hypotesis that the weight is fully applied in a
point with the same metatarsus X coordinate;
Where the hat superscript represents a measured quantity.

In the case of a dynamic gesture in which the subject’s weight is not a good
approximation of force, and the application point of the force is in motion we
need to measure the force acting on foot segment.
For this reason we measured the force and two different approach are proposed:

M1 = F̂y · (X̂met − X̂mal)

M2 = F̂y · (X̂COP − X̂mal)
(6.2)

These two equations differs in the definition of the lever: in the first case the
point of application of the force is the metatarsum, in the second it is the COP.
Measuring force it is possible to consider the horizontal contribution of the force:

M1xy = F̂y · ( ˆXmet − ˆXmal) + F̂x · ˆYmal

M2xy = F̂y · ( ˆXCOP − ˆXmal) + F̂x · ˆYmal

(6.3)

A common hypothesis is such approaches is that the entire foot acts as a rigid
body and it can be modeled by a single segment during the gesture considered.
In this case, during the contact with the ground, the foot rotates around the
GRF point of application. Let us consider gesture like a jump or lifting on foot
tips: in this case the foot may be modelled by two segments, from malleolus to
a point along foot sole the metatarsus, and from metatarsus to the foot tip. In
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6.1 Ankle rotation

such cases the rotation of the proximal part of the foot is around an ideal point
called instantaneous centre of rotation, ICR (5). The position of such a point can
be measured considering the velocities of different points on the rotating body
considered rigid. So the equivalent ankle moment can be measured considering
the external force applied in the ICR, as in the following:

M3 = F̂y · ( ˆXICR − ˆXmal) (6.4)

A further alternative is a different foot model in which foot is split in two rigid
sections, and the ankle moment is obtained through the solution of the dynamic
equations:

M4 = Mank = J1θ̈1+F12y·( ˆXmet− ˆXmal)−F12x·( ˆYmet− ˆYmal)+mg· ˆXCOM1·cos(θ1)+Mmet

(6.5)
Where Mank,Mmet are torques measured at the ankle and metatarsum ac-

cording to the biomechanical model; J1 is the foot inertia; θ1, θ̈1 are foot angle
and angular acceleration; F12x, F12y are force components between the two foot
segments.

Experimental results

In figure 6.3 it is shown that the vertical component of the GRF is far larger
than the horizontal one. Figure 6.4 shows a metatarsus almost stable in a static
position, at the same time, it is clear that the GRF application point is moving
from middle foot sole, toward foot tip, as shown by the black line. The ICR
of the foot part lifting on the tip is presented in blue and it follows the same
COP behavior, confirming that the rotation is about the point of application of
the external force. Noise on the ICR signal is due to the processing required to
evaluate its position.
Measurement data presented in figure 6.4 are the model inputs for ankle moment
measurements following the approaches presented in section 6.1.

The difference from the first method Ms and the second M1 is due to the GRF
time behaviour, in M2 the COP in measurement of the lever is introduced, and
this difference underlines that the metatarsal approximation isn’t valid in this
case. M3 based on ICR shows a behaviour similar to M2 suggesting that in this
case COP is a good approximation of the point around which foot rotation takes
place.(9)
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6.1 Ankle rotation

Figure 6.3: GRF components in vertical (Y) and anterior-posterior (X) direction
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6.1 Ankle rotation

Figure 6.4: Metatarsum, COP and ICR
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6.1 Ankle rotation

Figure 6.5: Ankle moments measured according to different approaches
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6.1 Ankle rotation

Figure 6.6: Ankle moments measured according to different approaches
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6.2 Weight Lifting

6.2 Weight Lifting

Another gesture in which the foot, its position and sustain is very important is
weight lifting.
In weight lifting the control of posture is fundamental to prevent injuries in ath-
letes who mainly lament pain on articulations (12) . There are not many studies
who compare different point of application of force during lifting in a quantita-
tive way, although athletic trainers give precise instructions how to manage foot
posture: on heels, the tip and the center of the foot.
The fundamental and primary posture to learn in weight lifting is the Squat lift-
ing(46). It consits in two phases: crouching and lifting. The movement starts
standing with knees extended, then the subject crouches and flexs the trunk till
he reaches the position in which the centers of rotation of knee and hip, are
aligned and the femur is parallel to the ground (33). This position is called the
’bottom position’, then the subject lifts up. To facilitate the execution a kind of
specific technical shoes have been studied on purpose: the sole is very flat and
stiff, with a heel of about 20 mm (15). Main aim of these shoes is to stabilize the
foot under the load, secondary the wedge improve the position of the COP under
the footsole.
The protocol designed for this gesture comprehend some trial without shoes to
confront the effect of shoes on the COP, the ground reaction forces and the pos-
ture during the same gesture with different loads (32).

Measurements and model

The experimental set up we are using is a couple of force plates BTS P6000 and
a camera Dalsa Falcon (4.1), for this gesture it is indicated to place feet on each
force plate, in order to caught the behaviour of the COP under each foot and the
possible unbalance in weight distribution.
The marker set was composed of 8 markers, placed as shown in table 6.2

The protocol prescribed six kind of trials: posture loading on the metatar-
sum, on the heel and onthe middle foot, each with and without proper shoes.
The specific gesture is the ’back squat-high bar’ in which the bar is led against
the acromion and the scapula, each trial was performed both with a low weight
(8 kg) and with a high weight(44 kg).
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6.2 Weight Lifting

Figure 6.7: Angular kinematics
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6.2 Weight Lifting

Number Anatomical Landmark

1 Malleolus
2 Heel
3 Metatarsum
4 Big toe
5 Knee
6 Hip
7 Iliac crest
8 Shoulder

Table 6.2: Marker set

Experimental results

As seen in figure 6.7 starting position of relative angles is about 180 degrees,
reaching a minimum of 60 degrees for knee and 30 degrees for the hip. To pro-
duce a posture accepted in agonistics it is necessary that the femur reaches the
parallelism with the ground and it is underlined in figure 6.7, with the maximum
femur angle major than 180 degrees.
The difference between the ankle angles with or without the shoes is shown in
figure 6.8, it is possible to notice that the presence of shoes allows the subject to
have a range of motion of this angle higher in the situation with shoes. Proba-
bly the presence of the rigid heel moves the center of pressure in a more stable
position allowing the athlete to perform the gesture with a higer confidence.

In figure 6.9 it is possible to observe how the COP moves backward in case of
the squat with the higher weight, the mean value of the COP for the same subjet
moves of 40 mm, the 15% of the total length of the foot.

In this case it is necessary to model it with a multisegmental model.
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Figure 6.8: Ankle angle comparison with or without shoes
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6.2 Weight Lifting

Figure 6.9: Total COP comparison with or without shoes
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6.2 Weight Lifting

Figure 6.10: Forces comparison with or without shoes
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6.3 Squat jump

When a multisegmental model is used, the number of bodies grows with the com-
plexity level we want to investigate, in this case we use a more complex model
to make some energetical considerations about movement, in particular in the
following we consider the power measurement in maximum height jump (4).

Maximum height jump is frequently used to measure athletic performances,
in particular when the focus is on explosive power(23). Sports most involved
are volleyball and basketball, sprint, high and long jump (3). Besides that, this
kind of test is used to measure the overall training level or improvement in ath-
letic training programs. There is no recognised standardization neither for the
test protocol itself, (2) nor for required measurement system and measurement
method, and for signal processing (54) (52)
A few jumping techniques may be considered, as well as measurement methods
with different complexity and possibly reliability. One possibility is to perform a
high jump from a standing position and the measurement of the maximal height
the subject is able to reach by extending his arms, in this case performance is
evaluated by the differential between the maximum height reached and the height
with subject standing on the floor (45).
Comparing test results from different training periods or different subjects a very
basic performance evaluation can be carried out, to determine training-period
effects or to select athletes in better conditions or most suitable for a specific
sport. In this simple case usually the height is measured by the subjects touching
a reference scale on the wall with the hand covered by chalk(43). More sophis-
ticated measurement systems include video recording, throw wire encoders and
similar devices.
Moreover, a complete characterisation requires a subject instrumented with proper
markers placed on specific anatomical landmarks which displacement is recorded
while the subject executes the test on a force platform. Such a system enables a
complete characterization of the biomechanical kinetics, by measuring the forces
exchange with the ground, and kinematics in two or even three dimensional space,
if more than one video camera is used (5). Different test modalities are reported
in the literature (29). Traditional squat jump starts from a static position with
knee and hip flexed and the jump takes place by a fast whole body elongation
including arms(25). Another possibility is a dynamic pre-activation by a coun-
termovement requiring muscles elongation, followed by a fast contraction. It has
been found that such a condition increases power output, probably due to muscle
and tendons elastic properties (36).Time history of the measured quantities, such
as reaction force or joint angles or even power output can give useful information
if correlated with surface electromyography muscle activity measurements. The
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6.3 Squat jump

repeatablity of the measurement is not available because the jump is usually ’One
Repetition Maximum’ in fact the test protocol allows only one jump, because the
muscles lose their complete power in just one jump and the recovery time is long
and that means that the psychological conditions of the subjects are not the same
after this time. Here is proposed to measure directly the power,this quantity is
directly proportional to the performance, instead of the height or the velocity.
Power is not easy to measure: here we confront different methods to compare
their results and verify their behaviour.

Power measurement

Instantaneous mechanical power output from a jump test is defined as the scalar
product.(14)

P (t) = F(t) · v(t) (6.6)

Where
F(t) is the force applied to the body COM;
v(t) is its velocity.
Since the gesture develops above all in the vertical direction, we can consider
only power contributions from vertical force and velocity. So we can define power
output as:

P (t) ∼= Fy(t) · vy(t) (6.7)

Such power can be measured according to a few methods on the basis of the
raw measurement data available. Let’s consider the first method based on force
data only. The ground reaction force vertical component can be directly measured
by the force platform, while vertical CoM velocity can be obtained through the
integration of acceleration obtained from the same GRF data:

P (t) ∼= (Fy(t)−mg) ·
∫ t

0

Fy(t
′)−mg
m

dt (6.8)

Where
Fy(t) is the vertical force component as measured by the force platform;
m is the subject’s mass;
g is the gravity.
Note that we have considered only the dynamic contribution to GRF, by sub-
tracting the force due to subject’s weight. Of course if we can measure the CoM
vertical velocity a mixed method might be considered. In this case we have
two possibilities: approximating the CoM vertical position with the standard
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6.3 Squat jump

Figure 6.11: Subject during test
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6.3 Squat jump

Number Anatomical Landmark

1 Shoulder
2 Iliac crest (or approximate body CoM)
3 Hip
4 Knee
5 Malleolus
6 Heel
7 Metatarsus
8 Foot tip

Table 6.3: Foot marker set

anatomic position on the iliac crest, or computing the CoM vertical position ac-
cording to the vertical positions of the CoM of segments constituting the body.
In the former case we are considering subject’s body as rigid, while in the latter
this second case we take into account CoM movements due to the different body
configurations during test executions.

Pm(t) ∼= (Fy(t)−mg) · ẏCOM(t) (6.9)

Lastly, if we have only kinematic measurements without force platform data, it
is possible to obtain CoM acceleration and velocity from position through proper
differentiation procedures cite.

Pk(t) = m · ÿCOM(t) · ẏCOM(t) (6.10)

Measurement set up

The experimental set up we are using includes a force platform based on four load
cells, a motion capture system based on a set of active markers and a camera,
and a personal computer with a data acquisition board and dedicated software
as described in 4 Markers are high intensity white led, and are placed on main
anatomical landmarks of subject’s right side as shown in table 6.3

A video is recorded at maximum frame rate maintaining full camera resolu-
tion and no compression. Ground reaction force vertical component is measured
by a custom force platform, based of 4 calibrated load cells with an overall mea-
surement range of 10 kN and a bandwidth of approximately 100 Hz. Acquisition
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6.3 Squat jump

(a) Squat jump. (b) Countermovement jump.

Figure 6.12: Vertical forces in jump

takes place at 5kHz and it is synchronised with the video system.

Results

The test sessions were arranged to have a sequence of four jumps: squat jump,
with and without upper limbs contribution; countermovement jump with and
without upper limb contribution.
Force time history is presented in figure 6.12, while figure 6.13 presents power
output measurements. The three methods present good consistency both in the
time history development and in the maximum value. Since a reference method is
not available, an energy balance validation procedure could be of help for power
measurements metrological characterisation.

Mechanical power is used to increase whole body CoM potential and kinetic
energy, power integration should correspond to the potential energy at the max-
imum of its elevation, as shown in 6.14 ,due to the initial movement CoM height
decreases before jumping, a comparison based on energy variation seems to be
more robust.
As shown in 6.16, potential energy variation indicates that most reliable meth-

ods are pure kinetic and pure kinematic based on approximated CoM.
Pure methods present a maximum difference on peak power values around 100
W on peaks of 2 kW, depending on jumping method.(8)
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Figure 6.13: Mechanical Power measurement

Figure 6.14: Mechanical Power Peak
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6.3 Squat jump

Figure 6.15: Mechanical Energy measurement

Figure 6.16: Potential Energy measurement

73



Chapter 7

Conclusions

This work is a contribution to the biomechanical study of human movement, bal-
ance mechanics and control. The purpose was to examine in depth some peculiar
aspects of balance models in biomechanics in dynamic condition.

The thesis stated the problem of modeling human body from a pure mechan-
ical point of view. The main focus of the work has been to develop a model
of human body which could describe the balance method used by humans to
maintain balance during standing and during gestures like rotating on foot tip,
hopping and jumping.

The main goal we wanted to achieve was a purely mechanical multibody model
in which also control characteristics are merged in the two dynamic parameters,
stiffness and damping at the joints. We described the dynamic behavior of whole
body with mechanisms conincident with the anatomical joints, which describe
the control biomechanics of the entire body-joint complex, without entering the
details of joints anatomy.

A flexible measurement system has been realized to perform experimental
trials for each gesture alayzed, as described in chapter 4, I’ve dealt with its
metrological characterization and validation. My work also included the design,
the development and testing of a measurement system and its software to syn-
chronize the measurement instrumentation and to elaborate data with a tracking
algorithm for markers, usable in the laboratory with a flexible structure respect
to the different sensors and kind of biomechanical gesture analyzed.

In the case of balance the model has been developed and its mechanical char-
acteristic were determined as seen in chapter 3. Then a simulation to validate
the model has been performed to define the validity and the limits of application
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of such model.
A redesign of the model has been necessary as seen in chapter 6, to study more
complex gestures: the inverse pendulum model has been ‘broken’ in a multiseg-
mental model to better describe the behavior of human body.
A particular focus has been put in the problem of the definition of the instant
center of rotation, as seen in chapter 3. To understand the mechanism of moment
transfer from the foot to the leg, has been developed the modeling of the foot
and the recognition of the position of the Center of Pressure respect to the point
of articulation of the foot. The importance of instant center of rotation of the
foot has been analyzed. During the study of the jumps, also important collateral
themes have been afforded like energetic aspects and power output, with intrest-
ing application in sports field 6.
The study provided an overall insight in dynamic balance during different ges-
tures. The attempt to adopt a purely mechanical model has been successful in
some cases while some improvements are required in other. As regards sway and
response to external small disturbances the system parameter identification has
been satisfactory and the validation loop demonstrates that the model is reason-
ably accurate to describe the bionmechanical situation Of course the identification
procedure is by far the most critical step in model development. As regards this
specific point several methods have been tested and the most appropriate, even
if not robust enogh, according to the data avaliable is the bilinear regression.
Since this study is transversal to different gestures, several biomechanical model-
ing issues have been afforded. In particular model complexity has been adapted
to the gestures, changing for example the number of DoF. An interesting issue
emerged regarding the Instantaneous centre of rotation of the foot. Such point
is essential if the model included a non rigid single element foot, but a sort of
flexible or multibody foot. The location of the ICR enables the evaluation of
the moments due to foot fingers on the ground that seems to be important when
dealing with hopping or jumping and also in the last contatct phase in walking
and running.
The instruments and measurement systems developed during this thesis are avail-
able in the lab and are actually used to characterise human movement and sports
performances. As application examples consider the study on the thermal and
biomechanical behaviour during prolonged efforts in trade mill running. Cyclist
evaluation at cosntanst power output and variable cadence and other future and
under development applications.
As regards results explotation, besides the scientific publications and congress
preesentation, I want to metion the two natatioal projects submitted for evalu-
tion (one still waiting for the final result) regarding the exoskeletons evaluation
with particualr focus on the biomechanics of the interactions with the pilot. An
European sub-project submitted for evaluation that regards the inetrnal moments
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in the upper limbs when walking with the help of an active exosheleton.

Remarks and future work

In biomechanics different fields of study are used to investigate, its different as-
pects required different approaches and different knowledges: medical issues as
regards the internal anatomy and behaviour of body, modelling to determine in-
ternal force and moments, measurement systems, sensors and signal processing
to characterise body motion and external forces. In this thesis I had to apply im-
age elaboration methods, identification of mechanical parameters, time-varying
signal spectral analysis, technical aspects tied to measurement hardware.
These aspects are necessary to study a scientific field, who has presented unex-
pected implications, intresting, but not planned, and they requested a long time
to be deepened and cleared with confidence.
The results obtained are a higher knowledge of a problem in some of the aspects
it presented, but they have to be deepened in some specific aspects.

From my point of view, future work should focus on a multisegmental model
with multiple degree of freedom, of a standing human. The tests performed
didn’t gave a unique identification of mechanical parameters. The trials have
been performed in different laboratories and sometimes results seems not to be
compatible. A new protocol for sway tests should be introducted because the
natural sway oscillations didn’t gave reliable results, and a repeatable external
perturbation is required. Main work should deal about the typology of gesture
studied and its characterisation.

Other consideration could be taken about the model: in the most sophisti-
cated version I have used, the foot is articulated instead of the traditional models
of foot with a rigid body without degrees of freedom.
This model have been studied only focusing on this segment and should be in-
serted in the complete biomechanical model. At the moment, the hypotesis is
that the torque contribution due of the first segment, which represents the fin-
gerfoot, is significant to stabilize the posture during hopping in place.

Finally, measurement aspects could be improved as usually happens with the
introduction of new technologies. Expecially I would like to refer to the inertial
measurement systems, whose metrologic performances should be verified respect
to traditional vision systems. If the performances would be confrontable it is
possible to use these sensor in any environment without requiring a gait lab.
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Regarding to the video instrumentation aspects the system could be improved
under two different aspects: the markers and the tridimensionality. The active
markers could be replaced with passive markers, the sistem could be also replaced
with systems based on the digital image correlation (DIC) now used on deforma-
tion analysis or on little displacements detection.
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Appendix A

Simulators

A.1 OpenSim

OpenSim is a freely available software package that enables people to build, ex-
change, and analyze computer models of the musculoskeletal system and dynamic
simulations of movement. It is used in field as biomechanical research, ergonomy,
medical device design, robotics, sport science and education.(OpenSim)
There are two possibilities to use this software, the creation of models and the
use of models shared with the community by the creators.

Create a new model in OpenSim

The structure of a new model in OpenSim is depicted in the API of OpenSim
with an extension to Matlab and Python. A model is a segmental model of rigid
bodies connected by joints and acted by forces.
To create a model it is necessary to produce a text file in XML language, the
software we used to produce these models is Notepad++. The parts of the
models are: bodies, joints, forces, markers, constraints, contact geometries and
controllers.(OpeSimDocumentation)
There is a ‘ground body’ bounded to the ground, other bodies are connected one
to another and to the ‘ground body’ with a joint, the sequence is hierarchical
(parent-child) from the ‘ground body’ descending to further bodies.
Muscles are force elements that acts on bodies with a certain insertion point,
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A.1 OpenSim

level of activation and length. Others forces in OpenSim are external forces, as
reaction forces, passive spring-dampers and linear and torsional actuators.
Muscles are most frequently modeled with the Hill model, but for specific appli-
cations it is possible to feed the model with a specific behavior, like spasticity.

Use an existent model with an original marker set and ex-

perimental data

Scaling tool

For each subject it is necessary to have a photo of marker set up and a static trial.
The first step is to scale the model on the dimensions of the subject of the trial,
during this process it is possible to let some virtual marker to move on the model
to fit better the data of the static trial and it is still possible to manually scale
the segment. The algorithm scales joint frame locations, mass center location,
force application points, and muscle attachment points.
The output of this procedure is a new scaled model.

Inverse kinematics

When the model and the subject fit it is possible to recreate the movement in the
model with the ’Inverse Kinematic’ procedure. Both of these procedures solve
the weighted least square problem to minimize the distance from the marker data
position and the virtual marker data position. In the first case the variable are
the length of segments and the markers position, while in the second the variables
are the joint angles.
The output of this procedure is a set of model postures during time.

Inverse kinematics

When model positions in time are defined and velocities and accelerations are
calculated, it is possible to apply the Euler equations of motion and obtain the
moment at the articulations.
The outputs of this procedure are the joint moments vs time.
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A.2 Simulink

Static Optimization

The Static Optimization Tool uses the known motion of the model to solve the
equations of motion for the unknown generalized forces (e.g., joint torques) sub-
ject to one muscle activation-to-force condition: omogeneous force distribution
between muscles.
The output of this procedure are the muscle activations which cause motion.

Forward dynamics

In contrast to inverse dynamics where the motion of the model was known and we
wanted to determine the forces and torques that generated the motion, in forward
dynamics, a mathematical model describes how coordinates and their velocities
change due to applied forces and torques.(47)
The output of this procedure are the joint angles due to the muscle activations
which cause motion.

A.2 Simulink

Simulink (Simulink) is a block diagram environment for multidomain simula-
tion and Model-Based Design. It supports system-level design, simulation, auto-
matic code generation, and continuous test and verification of embedded systems.
Simulink provides a graphical editor, customizable block libraries, and solvers for
modeling and simulating dynamic systems. It is integrated with MATLAB.
The model created in simulink uses, as the analytical model and the OpenSim
model, rigid bodies connected by joints. The two segment model is linked to the
ground and inserted in a physical environment with gravity acceleration.

Data are loaded from protocol trials and through a simulation with an ODE8
solver it is possible to obtain with sensor blocks the value of moment ankle for
the inverse problem and the Body COM displacement for the direct problem.
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Figure A.1: OpenSim front panel
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A.2 Simulink

Figure A.2: Simulink Block Diagram
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Figure A.3: Simulink Simulation front panel
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Appendix B

Software

B.1 Smart Capture

Smart Capture is an acquisition software that manages the optoelectronic sys-
tem, force plates and electromyographes of BTS S.p.A.(BTS). The systems can
be acquired stand alone or synchronously. In our application is possible to set a
trigger signal in output to synchronize it, trough a trigger box, with other exter-
nal instrumentation, in particular with the image acquisition system.

The procedure for each record requires to reset the force plate with no force
applied on (data acquisition function ’Monitor’) and then start the recording ses-
sion (function ‘Acquisizione’), then after finishing the session, it is necessary to
save the data in a proprietary format, exportable in text files. In figure B.1 a
general image of the user interface is presented

B.2 Sapera CamExpert

The CamExpert Sapera software is a software that manages the grabber board,
the Xcelera-CL PX4 1, and the camera, it supports many camera models and
producers, we used the Dalsa Falcon.
There are many tabs in the Front panel to input the parameters of acquisition.
In figure B.3 are shown the basic timing parameters, the advanced controls, the
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B.2 Sapera CamExpert

Figure B.1: Smart Capture - Reference camera recording

Figure B.2: Smart Capture - Force Platform

external trigger parameters and the image buffer.
When the parameters are set it is possible to create a configuration file (File-Save
as), to save and make the configuration settings available for others application.
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B.2 Sapera CamExpert

(a) Basic camera commu-

nication parameter.

(b) Advanced camera im-

age parameters.

(c) Camera syncronisa-

tion.

(d) Camera image format.

Figure B.3: Sapera Cam expert software.
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B.3 Acquisition software

Image acquisition software has been developed in Matlab.(Matlab) Our software
has to be used both in synchrony with the force plates and stand alone, as shown
in 4.2, for video acquisition. The graphic user interface is shown in figure B.4.

Figure B.4: Front panel of the acquisition software

The user has to compile the empty field with the duration and the record name
of the video. If the user doesn’t change the name field, the software automat-
ically increase the number of the name each time the button ‘New test’ is pressed.

Example:
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B.3 Acquisition software

Name: Walking
V ideoName : Walking 0⇒ button ‘New test′ pressed⇒ V ideoName : Walking 1

Depending on the specification of the test that is being filmed, in peculiar
velocity and light conditions, it is necessary to set some parameters of the Dalsa
camera we are using.
As described in section B.2, according to camera settings Sapera software produce
a configuration file that has to be loaded by the software to set camera options.
Trough the button ‘Configuration File’ it is possible to select the required con-
figuration file, if none is chosen, a default one is loaded and its name displayed
in the box.
As said before, the trigger source has to be set, it can either be ‘Automatic’
or ‘External’: in the first case the acquisition starts as the button ‘New test’ is
pressed; in the second case when the button is pressed a message pops up on the
screen saying ‘Camera Ready’ and the program waits the trigger signal from the
external circuit.
Settings have been set according to the output of the force plates software, specif-
ically it is a ’Falling edge’ trigger signal. As mentioned in chapter 4 4.3
As the acquisition finishes the software asks the user whether to save the video
or not. This functionality has been added not to waste time and memory space
in saving videos of big dimensions, if errors or criticalities are already known by
the user.
’Preview’ button let the user to have a preview of the video output of the camera,
without saving any file.
’Snapshot’ button takes an image from the camera and saves it with the name
inserted in the ’Name’ field.
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B.4 Elaboration software

The elaboration algorithm takes as a inputs:

. The video recorded in lossless ’avi’ format;

. The number of markers applied, depending on the protocol used;

. The treshold for the conversion from grayscale to black and white;

. The sensitivity value in pixel/mm obtained from calibration procedure;

and provides as output the markers’ trajectory in time. B.5

Figure B.5: Flow diagram of elaboration software

The elaboration is a loop in which each frame of the ’avi’ file is elaborated.
The first frame is converted in black and white, then there is a research of white
regions and its weighted centroid. That is a good approximation of the effective
position of the marker, considering the light diffusion from the led and the gray
levels on the image.
At this point it is requested the input of the user, to select the identity of each
marker, assigning to it a number.
If in the first frame there are not enough markers, due to an error or occlusion,
it is possible to select a subsequent frame.

For the next frames the elaboration develops in a nested loop. For each frame
and each marker the position is searched in a specific region of interest, ROI.
The region of interest where the next marker position is searched is calculated
making some assumptions: we start from the previous position , we assume a new
position based on velocity calculated from the two previous position, and then
we create an area with a certain number of pixels.
Now we have three possible situations:

1. There is a marker in the ROI;

2. There is not only a marker in the ROI;
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B.4 Elaboration software

3. There is no marker in the ROI;

In the first case the position is assumed and the loop ends, the elaboration
goes to another marker.

In the second case the user is asked to choose, with a graphic input the right
marker position, if there are any reflexions or markers very near to each other.
Even manual selection can be difficult and eventually erroneous.

In the third case the ROI automatically enlarge its bounds twice, tries to find
the marker and repeat the operation for four times, if this procedure doesn’t find
the marker, the user is asked to examine the image and to select if the marker
is completely lost or still out of the inspected region. If the answer is the loss
of a marker, previous value is assigned and the loop ends, if the markers is ’Out
of region’ the user has to select the center of the new region manually, then the
software finds the marker in the new ROI by itself.

Knowing the position of the marker we can then calculate velocity, used in
the loop to find the region of interest in the next frame.
When the inner loop for the first marker, is finished the software checks the dis-
tance from a marker to another, to find if there is a superposition, if that is the
case it asks the user to select manually the identity of the marker.

When a marker is lost, there can be mainly two approaches. It is possible to
interpolate the value of the position or to leave the previous value as an indication
of error, it depends on user intention, to correct or underline the presence of an
error and the consequential unreliability of that measurement.

The algorithm then takes the positions in pixels and converts them in mil-
limeters, it smooths the positions, calculates the velocities and accelerations with
a Savitzky-Golay filtering procedure,respectively of zero, first and second order.
Finally it names the markers as selected by the user and then saves the results
in a ’.mat’ file.
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Figure B.6: Marker traking flow diagram
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Figure B.7: Marker routine flow diagram
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