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Abstract

The evolution of robotics of the past decade has greatly been interlaced with the
advancement of locomotion means of autonomous robots. Legged systems have come to
the spotlight, having the ability to traverse complex environments where the now trivial
wheeled vehicles are not able to. The ever expanding need to explore larger areas or carry
heavier loads translates to power necessities. Inspired by human gait, biped robots have
been investigated for their ability to walk downwards on an inclined plane, having the energy
required supplied by the force of gravity alone. This characteristic is known as passive
dynamic walking.

There have been a series of publications with regard to such walkers, each one focused
on a different aspect of the matter. From the simple rimless wheel model to a human scale
robot with knee joints, researchers have been able to prove the walking properties. More
focused papers, such as taking into consideration the shape of the foot making contact,
prove a plethora of curves can be utilized.

Previous work at the Control Systems Laboratory of the School of Mechanical
Engineering of the National Technical University of Athens has successfully brought into
existence a passive dynamic walker with hip joints. Such a robot is able to walk with the
assumption that the non-standing leg is not scuffing the ground, which in practice is
achieved using arranged platforms to act as step regions. The team’s next objective,
implementing knees to such a system, has already been formulated mathematically and
successful simulations have taken place.

In this work, the effort to design a robot satisfying the passive dynamic walking criteria
and having knees is presented. The aim is to create an unactuated system, that when
traversing downhill with specified initial conditions, it will repeat a steady gait cycle that is
robust to small perturbations, generated by the environment or small human-introduced
errors. A detailed presentation of the involved mathematical model is included for in-depth
comprehension.

The dynamics of the system are examined on a two-dimensional plane. To realize this
simplification, the robot as its predecessor consists of three distinct legs, with the outer two
being firmly connected to act as a single unit. This prerequisite is essential for the passive
aspect of the system. Detailed design work manages to synchronize the outer shanks while
maintaining the robot compact, light and protecting its important components in the occasion
of a fall.

In summary, the objective of this study is to design and validate a passive dynamic
walker equipped with knees, engineered to navigate an extensive range of inclines and
exhibit resilience.



Greek Abstract

H €€ENIEN TNG POUTTOTIKAG TNV TTEPACHEVN DEKAETIA £XEl oUVOUAOTE O PHEYAAO BaBUO pe TNV
TTPOOBO0 TWV AUTOVOUWY POMPTIOTIKWY cuoTnudtwy. Ta cuoTAuaTta pe TTodia €xouv £pBel aTO
TIPOOKNAVIO, €Xovtag Tn duvatrotnta va dlacyiCouv TTOAUTTAOKO TTEPIBAAAOVTO OTTOU T
TETPIMMEVA TTAEOV TpoxoPopa oxAuaTa dev PTTopouv. H cuvexwg autavouevn avaykn yia
egepelvnon PeYOAUTEPWY TTEPIOXWYV 1 HETAPOPA BapUTepwy QOPTIWV HETAPPAZETAlI OF
avAyYKeG evépyelag. Eumveuopéva atmmd 1o avBpwtmvo Badioua, 1a ditroda pouTTOT €XOUuvV
epeuvnBei yia TNV IKAVOTNTA TOUG VA TTEPTTATOUV O€ KATNPOPIKO KEKAIYEVO £TTITTEDO, YE TNV
OTTAITOUMEVN evEpyEla va Trapéxetal pyévo amd 1n Ouvaun Tng Paputntag. Autd TO
XOPAKTNPIOTIKS €ival yVwoTO wg TTaBnTIKOG duvapikd BAdioua.

‘Exel uttdpel pia ogipd dNUOCIEUCEWY OXETIKA WE TETOIA CUOCTHUATA, OTTOU N KaBeuia
ETTIKEVTPWONKE O& I dIAQOPETIK TITUXH Tou B€partog. ATd 1o atmAd povTéAo TpoxoUu Xwpig
oTEQAVN MEXPI €va POMTTOT avBpwTmvnG KAIHaKag HE apBpuwoEelS yovAaTwy, Ol EPEUVNTEG
MTTépecav va atrodeifouv TIG 1810TNTEG TOU TTEPTTATANATOG. Mo ETTIKEVTPWUEVES EPYAOTIEG,
OTTWG auTég TTou AapBdavouv uTtoWIv To OXAMG TOU TTEAPATOG TTOU £PXETAI O€ ETTAPN ME TO
£00QOg, ATTOdEIKVUOUV OTI UTTOPEN va XpNOIUOTToINBE éva TTANBOG KAPTTUAWY.

MNponyoupevn epyacia Tou Epyaotnpiou ZuoTnudtwv EAéyxou Tou TuAMATOG
MnxavoAoywv Mnxavikwv Tou EBvikou MetodBiou MoAutexveiou dnuiolpynoe UE ETTITUXIA
éva TadnTikd duvauikG pPouTTOT Ye apBpwaoelg Ioxiou. 'Eva TéTolo poutoT cival oe Béon va
TTEPTTATAOEI JE TNV UTTOBeON OTI TO TTODI TTOU ITITATAI DEV CUYKPOUETAI E TO £D0POG, KATI TTOU
oTnV TTPAEN ETITUYXAVETAI XPNOIUOTTOIWVTAG DIATETAYHEVEG TTAATPOPHES TTOU AEITOUPYOUV WG
TEPIOXEG BnudTwy. O €TOUEVOG OTOXOG TNG OUAdAG, N €l0aywyr YovaTwy ot éva TETOIO
ouoTnua, €xel Ndn povrteAoTroINOEl PaBnuatikd Kalr €X0uv TTPAYUOTOTTOINGEI ETITUXNMEVEG
TTPOCONOIWCEIG.

2Tnv epyacia auth TTapouciadetal n TTPooTrddeia oxedlaopou e€vog POUTTOT TTOU va
IKQVOTTOIEl Ta KPITHPIa TTaBnTIKoU duvauikou Badiouatog kai éxel pnpoug kal kvAueg. O
OTOXOG €ival va dnuioupynBei éva cUOTNUO XWPIG ETTEVEPYNTEG, TO OTTOIO OTAV KATNPOPICEl PE
OUYKEKPIUEVEG ApPXIKEG oUVONRKeg, Ba eTavalapBavel évav otaBepd KUKAO Badiong TTou eival
QaVOEKTIKOG O€ PIKPEG dIATAPAXEG, TTOU dnUIoUPyoUVvTal aTTO TO TTEPIBAAAOV | YIKPG AGOn TTou
glodyel 0 AvBpwTrog. MeplAapPaveral €miong AvaAuTik TTAPOUCIOCN TOU EUTTAEKOUEVOU
paBnuaTikoUu povTéAou yia €ig BABog katavonaon.

H duvauik Tou cuoTAPaTog egeTadeTal o€ dUo diaoTdoelg. MNa va uAotroindei auth n
a1TAOUCTEUCN, TO POUTTOT OTTWG Kal O TTPOKATOXOG TOU ATTOTEAEITAI ATTO TPia dIAPOPETIKA
TOdIa, Y Ta €§wTEPIKG dUO va cuvdéovTal oTabepd WOTE va AEITOUpyoUV WG eviaia Povada.
Auti n TpoUmoBeon eival amapaitnTn yia TNV TTaONnTIKA TITUXR Tou OucoTAupatog. H
AETTTOUEPAG OXEDIOOTIKY €PYATia KATAPEPVEI VO OUYXPOVioEl Ta €EWTEPIKA MEAN, &vw
dlatnpei T0 POUTTOT CUMTTAYEG, EAAPPU KOl TTPOCTATEUEI TA ONPAVTIKA €EQAPTAPOTA TOU O€
TTEPITITWON TITWONG.

2UVOTITIKA, O OTOXOG QUTAG TNG MEAETNG €ival va OXedIAOEl KAl VA ETTIKUPWOEI EvVa
TTaBNTIKO SUVAUIKO POUTTOT £EOTTAICUEVO PE yovaTa, OXeSIOONEVO va TTEPTTATAEI O€ éva gupu
QAo KANIoEWV Kal va €TTIOEIKVUEI AVOEKTIKOTNTA.
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1 Introduction

1.1 Introduction

A passive dynamic walker (PDW) is a type of robot or mechanism that relies on the
principles of natural dynamics, primarily gravity, to facilitate walking, rather than relying on
active control or powered actuators. The term passive underscores that these walkers
harness these dynamics to achieve locomotion. Essentially, they can walk down a slope by
converting gravitational potential energy into kinetic energy without any active input or
control.

A passive dynamic walker with knees has joints that emulate a person walking. This
addition can improve the robot's gait, making it more human-like and sometimes allowing it
to handle more varied terrains. The inclusion of knees in the design introduces another
degree of freedom, making the dynamics more complex but also adding to the walker's
capabilities.

1.2 Literature Overview

A pioneering researcher in the detailed study of such machines was Ted McGeer [10][11].
McGeer's foundational work provided comprehensive insights into the influence of individual
components within these robots. Initially, he examined robots with monolithic legs, and
subsequently incorporated knee joints, culminating in the development of the notable
"Dynamite” robot, shown in Figure 1-1. This construct comprises parts interconnected via
revolute joints, complemented with circular feet.

P —

Figure 1-1. McGeer’s “Dynamite” robot and Cornell’s copy.
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Scholars from Cornell University [4][5][6] successfully replicated McGeer's work,
constructing a robot closely resembling his original design. Their studies delved into the
efficiency of such systems, elucidating the potential for chaotic behavior inherent in these
mechanisms.

Subsequent to the initial studies, a team from the University of Manitoba [13] conducted
experiments with passive dynamic walking systems. Their efforts resulted in the
development of the "Dexter MK III" passive dynamic walker, presented in Figure 1-2. This
design retained elements from previous iterations but introduced an innovative feature: the
outer shanks were interconnected using an additional component, ensuring synchronized
movement and cohesive functioning.

Passive dynamic walkers attracted the interest of researchers from the other side of the
Pacific Ocean, specifically in Japan. At the University of Nagoya [7][8], engineers designed
and extensively tested walkers equipped with knees. Their most prominent model,
"BlueBiped", stands out for its remarkable endurance, having successfully traversed 15
kilometers uninterrupted and without human intervention, a feat achieved over a span of 13
hours. In alignment with prior designs, it incorporated a mechanism to synchronize its outer
shanks, achieved through a simple transmission using the robot's hip shaft.

Beyond passive walking, two research teams made efforts into integrating motors into
their designs, thereby developing actuated robots. Through the introduction of external
energy sources, these enhanced systems can walk on flat terrains without any incline.

Researchers from TU Delft University [22] developed the “Mike” robot, drawing
inspiration from prior passive dynamic walker designs, but incorporating motors for
enhanced functionality. Subsequently, a team from the University of KwaZulu-Natal [18]
produced a robot with analogous design features. Both robots are depicted in Figure 1-3.

Figure 1-2. “Dexter MK IlII” from Manitoba and “BlueBiped” from Nagoya.

19/146



Figure 1-3. “Mike” from TU Delft and Stopforth et al. robot.

1.3 Thesis Objective

The aim of this thesis is to develop a comprehensive design of a passive dynamic walker
equipped with knees, demonstrating resilience to variations in decline and initial conditions.
This endeavor seeks to validate the foundational mathematical model underpinning the
study [17], simultaneously augmenting understanding and expertise in these systems.

Passive dynamic walkers serve as a foundational precursor to the advancement of
energy-efficient bipedal robots. By harnessing the innate walking capacity of these passive
systems, forthcoming actuated robots can be optimized to minimize energy expenditure
across varied terrains, including declines, flat surfaces, and inclines. Bipedal robots
represent a significant evolution in robotics, offering the potential to operate seamlessly
within human-centric environments, rather than in specialized settings, thereby enhancing
their utility and service potential to humans.

The objective of this study is to meticulously design a robot capable of passive dynamic
locomotion. The robot should conform to the established mathematical model and be
composed of modular, easily interchangeable components. It should also seamlessly
integrate requisite electrical and electronic subsystems. The final design undergoes rigorous
simulation testing to garner comprehensive insights into its performance and behavior.

1.4 Thesis Structure

This thesis is structured into five comprehensive chapters, detailing the systematic approach
to the design of the walker.

In Chapter 2 an overview of the mathematical foundations used for this type of robot is
included and characteristic principles of walking are introduced.
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Chapter 3 presents the dynamical model of the robot, explaining its key elements. This
model is used to determine the parameters of the system to achieve the desired goals.

In Chapter 4 the design of the walker is illustrated. Based on the parameters, parts
already available and the manufacturing technique of 3D printing, a detailed design is
created. Finite element analysis is used to verify the structural integrity of parts.

Chapter 5 offers a validation of the work through rigorous simulation. Using advanced
software, the conceptualized design from the preceding chapter is evaluated under a variety
of configurations, and the resultant data are systematically presented.

In conclusion, Chapter 6 summarizes the effort, offers a reflective critique of the
undertaken work and addresses future endeavors.
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2 Fundamental Concepts & Principles

2.1 Introduction

In this chapter, the mathematical foundations behind a passive dynamic walker with knees
are discussed. Basic concepts from mechanics and dynamical systems are outlined, setting
the stage for deeper insights. The chapter also delves into the principles of bipedal
locomotion, highlighting the similarities between human walking patterns and the movement
of this type of walker.

2.2 Theoretical Foundations of Dynamics and Stability

2.2.1 Mass-Spring-Damper Model

This system comprises a mass M linked to a fixed wall via a spring of constant k and a
damper with damping coefficient B. Given the absence of frictional forces within this system,
its dynamic behavior can be characterized by a second-order differential equation,
encapsulating the interplay of mass, spring stiffness, and damping in the system's response.

d?x dx

M——+B

T ot kx = f(t) (2-1)

2.2.2 Simple Pendulum

A pendulum is a fundamental mechanical structure that manifests harmonic oscillatory
motion under the influence of gravitational force. It typically comprises a mass affixed to one
extremity of a rigid linkage, with the opposite extremity anchored at a fixed pivot point.

Upon deviating it from its state of equilibrium (the vertical position), it experiences a
gravitational restoring force which accelerates it back towards this equilibrium state. This
results in a periodic arc-like motion, swinging back and forth around the pivot point. Each
complete to-and-fro swing denotes a full oscillation cycle.

The simplified model of this system, illustrated in Figure 2-1, assumes an idealized
scenario with a frictionless pivot point and a linkage of negligible mass. The oscillation
period (the duration for one full oscillation) relies exclusively on the length of the pendulum
and the gravitational acceleration. Notably, this period is independent of both the mass and
the magnitude of initial displacement, provided the displacement is small.

Figure 2-1. Simple pendulum in gravitational field.
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For the simple one degree of freedom pendulum, the dynamics are expressed by a
second order differential equation:

2

d%6
MI? =z + MglLsing = () (2-2)

Where M is the mass, L is the length of the linkage, 6 is the angle, g is the gravitational
acceleration and z(t) is the torque input.

This governing equation demonstrates an inherently nonlinear characteristic. However,
under the context of minor displacements - specifically, small angular deviations from the
equilibrium - a commonly employed approximation permits the linearization of the system.
This mathematical simplification provides a more analytically tractable model, enabling an
efficient examination of the system's behavior under specific, albeit limited, conditions:

2

d%6
MIL? —z + MgLo = () (2-3)

Since the assumption holds as follows:
V6O € [—4°,4°] - |6 — sinf| < 1073 (2-4)
Rearranging the differential equation yields:

d’6 g 7(t)
a t 10 = = e ® (&9)
This represents a second-order differential equation, characterized by its damping ratio and

natural frequency as follows:
(=0 (2-6)

wp = |2 2-7)

It can be discerned that the natural frequency remains invariant with respect to mass.
However, it exhibits a dependency on the length of the linkage, given constant gravitational
acceleration.

2.2.3 Inverted Pendulum

An inverted pendulum system is a classic representation of an inherently unstable, non-
linear dynamical system. The core structure consists of a rod, pivoted at one end, with the
overarching challenge being to apply specific torques at the pivot in order to maintain the rod
in an upright, balanced position. Figure 2-2 presents such a system.

In its equilibrium state, where the rod stands vertically upright, the inverted pendulum
system is inherently unstable. In other words, any minor perturbation will cause the rod to
fall, diverging from the equilibrium. The task, then, is to implement a control strategy that
continuously corrects for deviations from the vertical, maintaining the unstable equilibrium.
This setup has been widely used as a benchmark in testing control algorithms because of
the non-intuitive and non-linear nature of the problem.

On the other hand, the simple pendulum system, that hangs vertically downwards, has a
stable equilibrium. After any disturbance, the pendulum will eventually return, exhibiting a
periodic motion.
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In terms of their physical behavior, a regular pendulum demonstrates stable and
predictable oscillatory motion, whereas an inverted pendulum requires continuous control
effort to maintain an upright position due to its inherent instability. Although both systems are
governed by the laws of physics, including gravity and motion, their responses to
disturbances are different due to the contrasting positions of their center of mass relative to
the pivot point.

These characteristics make the inverted pendulum a valuable model for understanding
a range of real-world systems where maintaining an unstable equilibrium is crucial, such as
human balance control.

T

Figure 2-2. Inverted pendulum [3].

2.2.4 Lagrangian Mechanics

Lagrangian mechanics is a reformulation of classical mechanics that leverages the principles
of calculus of variations. This branch of mechanics offers a powerful tool for analyzing and
predicting the behavior of dynamical systems.

Unlike Newtonian mechanics which typically involves forces, velocities, and
accelerations in three dimensions (in Cartesian coordinates), Lagrangian mechanics
describes systems in terms of energy. The key concept is the Lagrangian function, defined
as the difference between the system's kinetic energy and potential energy, expressed as:

L=T-V (2-8)

Where L is the Lagrangian function, T is the kinetic energy and V is the potential energy.

The evolution of a system is then governed by the Lagrange equations of motion,
derived from the principle of least action. This principle states that the path taken by the
system between two points in its configuration space is the one that minimizes the action,
defined as the integral of the Lagrangian over time.

For holonomic systems, the principle of least action asserts that the actual path taken by
the system is such that the action (integral of the Lagrangian over time) is stationary. This
leads to the Euler-Lagrange equation, which is fundamental in deriving the equations of
motion:

d(aL) oL 0P, 0P

—(—=)——+—==—,i=1..N 2-9
a4,/ 0dq; 04, 04, (2-9)

dt
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Where: g; are the generalized coordinates, ¢, are the generalized speeds, P, is the power
loss, P; is the input power and N are the degrees of freedom.

Lagrangian mechanics provides a convenient framework for formulating the equations
of motion for complex systems, such as those with constraints or in non-Cartesian
coordinate systems. This makes it particularly suited for many problems in engineering,
where it is necessary to understand and predict the motion of mechanical systems.

2.2.5 Lagrange Multipliers

In many dynamical systems, holonomic constraints are frequently encountered. Such
constraints can be mathematically expressed as functions:

si(q1, 92, qn, ) = 0,j = 1. M (2-10)

Where M is the number of constraints.

The basic idea behind the Lagrange multiplier technique is to transform a constrained
problem into an unconstrained one, which is typically easier to solve. This is done by
introducing to the original function (2-9) additional variables, the Lagrange multipliers. This
method involves defining a new Lagrangian, extending the previous one:

M
Lyow = L + Z As; (2-12)
j=1

Where 4;,j = 1.. M are the new variables.
And the Euler-Lagrange equation becomes:

d(aL) oL i’l 05, , OF. _ 0P, 212)
dt aq.l aqi = g a‘h’ aq.l aql

In the system of differential equations, there are now N+M unknowns, comprising N
state variables and M Lagrange multipliers. For the system to be determinate, it necessitates
M additional equations, which are provided by the holonomic constraints.

In the above formulation, each of the j terms of the summation denote the generalized
force, acting in the direction of the i*" generalized coordinate, ensuring adherence to the j&"

constraint. The specified force is defined as:
(2-13)

The objective of the Lagrange multiplier is to attain a magnitude at each instant that
ensures the constraint is met. This approach underscores the non-compliant characteristics
inherent to this mathematical tool.

2.2.6 Poincaré Map

A Poincaré map, also known as a first return map or Poincaré recurrence map, is a tool used
in the study of dynamical systems. Named after the French mathematician Henri Poincaré,
this technique is used to simplify the study of the behavior of orbits in a dynamical system.
Dynamical systems often involve many variables and can be difficult to analyze directly.
The Poincaré map provides a way to reduce the complexity of the system by studying it in a
lower-dimensional discrete map, instead of using the original continuous flow.
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For a periodic dynamical system, the system's state at a specific instant dictates its
state after one period. This can be represented as:

Xn+1 = P(xp) (2-14)

Where x,, is the starting state, x,,,, is the state after a period, P is the system's dynamics.

A Poincaré map is created by selecting a certain ‘cross-section’, of the phase space - a
subspace of one dimension less than the original space - and observe the points where the
trajectory of the system intersects this cross-section, as depicted in Figure 2-3. Only the
points where the trajectory crosses in a specific direction are considered. This process
results in a sequence of points, each representing a complete 'cycle' of the system. By
studying these points and their behavior, insight into the overall behavior of the dynamical
system can be gained, including important features like stability, periodicity, and chaotic
behavior.

For a dynamically stable system, wherein the system's state remains invariant over one
complete period, the equation can be expressed as:

Xp = Xp41 = P(x3) = xp — P(x) = 0 (2-15)

States x* that fulfill the aforementioned equation are termed stable fixed points. When
these states are provided as initial conditions to the system, it results in a periodic trajectory.

t=0

Figure 2-3. Poincaré map of a dynamical system [2].

2.2.7 Phase Portrait

A phase portrait is a graphical tool that's used in dynamical systems to visualize and study
their behavior. It provides a representation of the trajectories that a system will follow in its
state (phase) space, which is a mathematical space defined in such a way that all
information about the system at a given point in time is represented by a single point in the
space.

For a simple, two-dimensional dynamical system, a phase portrait is a plot of the
possible paths in the state space that the system can take, given different initial conditions.
Each path, or trajectory, in the plot represents the evolution of the system over time, starting
from a specific initial state. By looking at a phase portrait, one can infer many gqualitative
properties of the system, such as whether an equilibrium is stable or unstable, the existence
of limit cycles, and the overall dynamics of the system.
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In essence, phase portraits offer a way to visualize the long-term behavior of a
dynamical system in a compact and insightful manner. Figure 2-4 illustrates the phase
portrait of the simple pendulum.

— 0 ™
Figure 2-4. Phase portrait of a simple pendulum. The separatrices pass through the
unstable points B [21].

2.2.8 Limit Cycle

In the study of dynamical systems, particularly pertaining to mechanical systems, a limit
cycle holds a position of critical importance. A limit cycle is defined as an isolated closed
trajectory in the phase space of a dynamical system. More technically, a limit cycle is a
periodic orbit in the state space of a time-continuous dynamical system for which there does
not exist any other periodic orbit that is a perturbation of it.

The identification of a limit cycle can provide valuable insight into the inherent periodic
behavior of the mechanical system under consideration. In such a system, the state
variables might include factors such as angular position, angular velocity, linear position, or
linear velocity. When these state variables evolve over time and eventually return to their
original state, thus forming a closed loop in the phase space, we have what is known as a
limit cycle.

The stability of a limit cycle is an important attribute, with stable limit cycles indicating
that any minor perturbations to the state of the system will eventually converge back onto
the cycle, as shown in Figure 2-5. This provides a measure of the system's robustness and
resilience to disturbances.

Uncovering the presence of a limit cycle in a mechanical system can serve as a
powerful tool for system analysis and controller design, providing a clear view of the
system's inherent stability properties and its periodic behavior. Limit cycles are thus
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fundamental to the study of nonlinear dynamical systems, offering a lens through which the
behavior of complex mechanical systems can be understood and predicted.

[

Figure 2-5. Stable limit cycle for the Van der Pol oscillator, for scalar parameter of nonlinearity
equal to 1.

2.3 Bipedal Locomotion

2.3.1 Human Gait

In engineering terms, a gait can be described as a systematic, cyclical method of forward
propulsion involving coordinated limb movements. Specifically, human gait is bipedal,
consisting of alternating, fluid movements primarily involving the legs, along with auxiliary
movements from the rest of the body.

There are numerous classifications of human gaits, characterized by diverse patterns,
velocities, force interactions, and ground contacts. The five fundamental forms, commonly
referred to as natural gaits, are walking, jogging, skipping, running, and sprinting, listed in
ascending order of speed. For the purposes of this work, primary focus will be on the human
walking gait.

The repetitive pattern of motion is referred to as a gait cycle or stride. Two main phases
typify each leg's motion in this cycle: the stance phase, during which the foot is in contact
with the ground, and the swing phase, during which it is not. The characteristic feature of a
walking gait is that at least one foot maintains ground contact at all times. In an average
walking pattern, the gait cycle can be roughly divided into a 60% stance phase and a 40%
swing phase, presented in Figure 2-6. When both feet are in contact with the ground, the
robot is said to be in double stance, while on one foot, in single.

Before delving into the critical events relevant to the study, a fundamental
understanding of the terminology associated with gait analysis must first be established.
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Figure 2-6. Walking phases [19].

Step length is described as the linear distance between the points of heel contact of two
successive steps, involving alternate feet, as shown in Figure 2-7. On the other hand, stride
length refers to the distance covered between the points of heel contact in two successive
steps of the same foot.

The cycle begins with 'initial contact', denoting the instance where the heel of a foot first
interacts with the ground. Following this is the 'loading response’, which refers to the process
of transferring load to the limb that has newly entered the stance phase. Subsequently, the
'toe off' or ‘foot off phase ensues, marking the point where the foot ceases to maintain
ground contact and enters the swing phase. Finally, the 'mid-swing' occurs, representing the
period when the leg is in airborne motion before the entire cycle recommences.

During the swing phase, the knee joint operates in a distinct, cyclic manner. It begins
from a fully extended or 'locked' position, then transitions to an 'unlocked' state, allowing for
free motion of the lower leg. As the swing phase concludes and the leg prepares for the
subsequent heel strike, the knee joint re-engages, returning to the ‘'locked’ position. This
mechanism of alternating between locked and unlocked states serves to optimize both the
energy efficiency and stability during the walking process.

These distinct events help in quantifying and analyzing the dynamics of human gait.

—— sSteplength —]

L
-« “-“»

Stride length |

Figure 2-7. Step and stride lengths [1].
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2.3.2 Pendulum Movement

Human walking, when abstracted to its fundamental mechanical essence, can be
conceptualized as a series of interconnected pendulums. This analogy provides insights into
the passive dynamic principles underlying human locomaotion.

Humans possess a bipedal configuration, with each leg acting akin to an inverted
pendulum during the stance phase of walking. As one foot makes contact with the ground
and bears weight, the body vaults over it, and the center of mass rises and then falls, similar
to the arc described by a swinging pendulum.

R L L L L L L L R EERLEREL

Figure 2-8. Human walking, modeled by pendulums [12].

During the swing phase, the leg behaves more like a double pendulum. The thigh
swings forward from the hip, while the shank swings forward from the knee. This double
pendulum action allows for stride length variation and energy conservation.

As with interconnected pendulums, there's a transfer of potential and kinetic energy
during walking. When the foot is planted and the body rises, potential energy increases. As
the body falls forward and downward, this potential energy is converted into kinetic energy,
propelling the body forward. This periodic exchange of energies mimics the energy
conservation seen in pendulums, making walking more efficient.

Just as a pendulum seeks its equilibrium position, humans innately seek a stable gait.
Even though walking inherently involves a controlled fall, human pendulum-like legs,
combined with neural feedback mechanisms, ensure balance and recover from small
disturbances are maintained.

2.3.3 Passive Dynamic Walking

Passive dynamic walking, from an engineering perspective, is a locomotion paradigm that
leverages the inherent dynamics of a system rather than relying on active control
mechanisms to facilitate movement.

A passive dynamic walker is primarily driven by gravity, inertia, and its own mechanical
configuration, in stark contrast to active walking machines that employ motors or other
energy-intensive actuation techniques for each stride. The innate energy efficiency of
passive dynamic walkers is achieved by harnessing the system's natural dynamics to
perpetuate a continuous, rhythmic gait.

Typical passive dynamic walkers are designed with a pair of legs and often a torso, with
some designs incorporating feet. The legs are purposefully engineered with specific lengths
and mass distributions to enhance gait stability.
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To initiate movement, the walker is placed on a slope, thereby allowing gravity to propel
the walker forward and instigate a walking motion.

Hip —»

Thigh

/-‘ ! \‘- Mass

Shank
Mass

Slope

Figure 2-9. Passive dynamic walker with knees [9].

The concept of passive dynamic walking holds considerable interest for fields such as
biomechanics, robotics, and prosthetics design due to its potential for more naturalistic and
energy-conserving locomotion. Additionally, it provides a valuable tool for studying the
principles underlying human and animal locomotion, offering insights into the efficiency and
ease of biological movement.

2.3.4 Gait Stability

Gait stability refers to the ability of a walker (whether it's a robot or a human) to maintain a
steady, repetitive walking pattern, especially in the face of small disturbances or variations in
the walking surface. In the context of a passive dynamic walker, the gait stability depends on
the design of the walker and the slope of the surface it's walking on.

Passive dynamic walkers are designed so that their natural dynamics (i.e., the way they
move due to gravity and their own inertia) lead to a steady walking gait. This is often
achieved through careful tuning of parameters like the lengths and masses of the walker's
limbs. The stability of this gait then depends on how much the walker's motion can deviate
from this steady gait due to disturbances or variations in the surface, and still return to the
steady gait.

One of the interesting features of passive dynamic walkers is that they can have a
surprisingly stable gait, despite having no active control systems. In fact, their stability can
be similar to that of human walking, and they can recover from small disturbances without
falling over. However, because they lack active control systems, their ability to handle larger
disturbances or more complex terrains is limited.
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A Poincare map offers a visual representation of the gait stability of a passive dynamic
walker by plotting the state of the system at discrete, recurrent phases of its motion, often at
the moment of foot-strike. When the walker's gait is periodic and stable, the points on the

Poincare section (S)

;an event, e.g,, foot-strike

—

4
Period-one W -

limit cycle .
(Perturbation) | d¢q
- -

\'\Q’o (Fixed point)

Figure 2-10. Poincare map to analyze stability [14].

Poincare map converge to a single point, representing a fixed cycle. Deviations from this
point can indicate perturbations or instabilities in the gait. Thus, by observing the distribution
and trajectory of these points, the stability properties of the walker's gait can be inferred.
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3 Biped Dynamics

3.1 Introduction

In this chapter, the principles outlined in Chapter 2 underpin the development of the
mathematical model governing the passive dynamic walker under investigation [17]. Key
variables and parameters associated with the robot are elucidated, leading to the formulation
of a system of equations. Through the utilization of specialized software, this model offers
predictive insights into the robot's behavior in response to individual parameter adjustments.
This process aims to validate the robot's walking capability, especially in scenarios reflecting
realistic mechanical constraints.

3.2 Mechanical Model

Human locomotion, with its intricate biomechanics, has been a subject of intense research
and has led to the proposition of numerous mechanical analogs to approximate this complex
motion. Building on the foundational research conducted within NTUA’s CSL [25], the model
presented in this study builds upon prior designs by incorporating salient features consistent
with human anatomy, notably the introduction of articulated knee joints [20][24]. By
integrating these knee joints, further understanding and accuracy of replicating human
walking dynamics is aimed. Figure 3-1 provides a detailed representation of the model,
along with notation.

Figure 3-1. Variables of the system and acceleration of gravity [17].
The dynamical behavior of the system can be described by the following vector:

q= [xHIYHreU'QK'lpU'lpK]T (3-1)

Where x5 is the X coordinate of the hip, y, is the Y coordinate of the hip, 8, is the right
thigh’s angle, 0 is the right shank’s angle, ¢ is the left thigh’s angle and ¥ is the left
shank’s angle.
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It's imperative to highlight that the variables are defined with respect to the ground
reference frame {x,y}, barring the knee angles, which are articulated based on the angular
relationship between the respective thigh and shank.

Utilizing the Lagrangian formalism, the dynamics of the system can be described by:

M(g)G+C(q,9) +K(q) +G(q) =0 (3-2)

Where M is the inertia matrix, C is the Coriolis, centrifugal and damping matrix, K is the
elasticity vector and G is the gravitational vector.

3.2.1 Pendulum Linkage

The mechanical system under consideration can be conceptualized as a serial linkage of
four bars, effectively representing a system of four interconnected pendulums. Here, the
stance leg is constituted by two rigid bars, interconnected at the knee joint and operating in
unison. This effective unification under the stance condition imparts the characteristics of a
single inverted pendulum to this leg assembly.

In contrast, the remaining two bars represent the swing leg of the system,
interconnected at the knee joint to form a double pendulum. This arrangement affords a
range of motion and dynamics typical of a double pendulum system during the swing phase.
The rotational dynamics of the knee joint serve as a critical component in defining the overall
behavior of this complex pendulum system. Such a structured representation aids in distilling
the intricacies of the passive dynamic walking process into a comprehensible and
analyzable mechanical system.

Additionally, the inclusion of an unconstrained knee joint affords the system an
enhanced level of mobility, thereby enabling a more realistic walking simulation on a planar
surface. With this feature, the foot is allowed a trajectory above the ground during the swing
phase, thereby obviating the need to travel through the ground plane - an unrealistic
assumption that was necessitated in the earlier designs of passive dynamic walkers devoid
of knee articulation. Thus, this more complex structure eliminates the simplifying assumption
that the swing leg does not encounter ground contact, facilitating a more authentic
representation of the human walking mechanism.

3.2.2 Circular Feet

In the present model, akin to the previous iteration of the walker, the use of circular feet is
retained [20][24][25]. This geometric design is favored over point feet, primarily due to its
ability to facilitate a more fluid locomotion of the system, especially influencing the dynamics
of the hip mass. Furthermore, the circular foot design effectively obviates the need for
explicit ankle joint articulation, as it adequately encapsulates the human motion dynamics.

The point of contact between the foot and the ground adheres to a 'no slip rolling
motion' principle. This implies that at any given instance, there is a single point of contact
between the foot and the ground, with no relative slipping motion between them. In the
formulation of the governing equations of motion for the system, this constraint is efficiently
incorporated using the method of Lagrange multipliers. This approach reinforces the
adherence to the 'no slip' condition while providing an efficient mechanism to account for the
constraint forces during the modeling and analysis phases.

This condition for the circular feet can be expressed mathematically as follows:

x=r10 (3-3)
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Where x is the translation of the center of the circle, r is the radius of the feet and 0 is the
angle. This expression is essentially the formula of the length of an arc of a circle.

3.2.3 Incline

The operational efficacy of the model is subjected to an array of assessments across varied
incline gradients. The primary objective of this methodical testing approach is to facilitate the
development of a robust robotic mechanism capable of efficiently traversing these varied
terrains. This ensures the existence of feasible solutions under different environmental
conditions and attests to the system's robustness and practical adaptability.

Furthermore, it is essential to acknowledge that the system's energy source is the
gravitational field. In essence, it is the transformation of gravitational potential energy into
kinetic energy that fuels the locomotion of the passive dynamic walker. This fundamental
energy transformation principle underscores the system's operation and reinforces its
energy-efficient, passive dynamic nature.

The potential energy can be expressed as:

V, = Mgh = Mgxsin(a) (3-4)

Where x is the parallel to the ground distance covered and a is the incline.

3.2.4 Mass & Moment of Inertia

The mass distribution and rotational inertia of the links play a pivotal role in passive walking
dynamics. In such systems, where power sources or active control mechanisms are absent,
the walker relies entirely on gravitational potential energy and its inherent dynamics to propel
forward. The mass distribution in each link can influence how this gravitational energy is
transformed into kinetic energy. Specifically, the location of the center of mass within each
link determines the gravitational torque exerted on the joint, influencing the swing dynamics
and step length. When the masses of the links are not optimally distributed, it can lead to
inefficient energy transfer, potentially causing the walker to stall or fall.

Rotational inertia, which gquantifies an object's resistance to angular acceleration, is
another critical factor for passive walking. High rotational inertia can dampen the response of
the link to external perturbations, providing stability, but at the cost of agility. Conversely, a
link with too low rotational inertia might swing too quickly, resulting in an unstable gait. Given
that passive walkers are heavily reliant on the conservation of angular momentum to
maintain motion, the rotational inertia of each link can be the difference between a steady,
continuous stride and a destabilized gait. Therefore, a nuanced understanding and careful
study of these parameters are imperative for the successful design of passive dynamic
walkers.

Figure 3-2 illustrates the parameters of the passive dynamic walker with knees.
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Figure 3-2. System parameters [17].

3.3 Phases
As delineated earlier, the system's variables are represented by the vector:
q = [Xu, Y, 0y, Ok, Yy, Wi 1" (3-5)
and their derivatives can be simply calculated by:
dq
] = — 3-6
q=_ (3-6)

Beyond these, the computation of the system necessitates the inclusion of Lagrangian
multipliers:

An
Consequently, the state of the system can be expressed as:
x=1[q,4,A,]" 3-7)
The variable n indicates the number of Lagrangian multipliers, which varies based on the

walking phase.
The extended dynamics of the system now become:

M(q)G +C(q,9) + K(q) + G(q) +11(g)A =0 (3-8)

Where I includes the constraint terms.
Such dynamical systems are characterized as Differential Algebraic Equations (DAES).
This system is then transformed into the generalized form, in order to be solved:

Mx=F (3-9)

3.3.1 Single Stance Phase

During the single stance phase of each leg, wherein one foot maintains ground contact and
the other undergoes an aerial swing, the system dynamics can be described by the
subsequent formulation. Apart from the inherent 6 degrees of freedom intrinsic to the
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mechanism, two additional constraints - the no-slip and rolling conditions - are incorporated
via Lagrange multipliers.

Osxe Mexe Iloxz2||d6x1 B6x1 (3-10)

02x1

lexe Osxe Oex2 %x1] [qm
Hérx6 02x6 02x2 /:thl

3.3.2 Double Stance Phase

During the double stance phase, which mirrors the single stance phase in principle, two
analogous constraints are introduced to account for the second foot in ground contact.
Consequently, the system's representation extends as outlined below:

I6x6 06x6 06x4 (_.7_6x1 q6x1
Osxs Moxe Ioxa Qox1| = Bgy1 (3-11)
11 Zx() 04x6 04x4 /14x1 04X 1

In this expanded system representation, an additional pair of Lagrange multipliers has
been incorporated to account for the introduced constraints, totaling in four Lagrangian
multipliers.

3.4 System Visualization

3.41 MATLAB

MATLAB is a high-performance computing environment developed by MathWorks. It
provides a flexible platform for computing, visualization, and programming in a language that
is easy to understand and use.

Its inbuilt capabilities can facilitate the formulation, solution, and analysis of complex
dynamical systems. MATLAB's language and data structures are tailored to make it
straightforward to describe systems mathematically. Non-linear systems are typically
modeled by a set of non-linear differential equations, which can be represented using
vectors and matrices.

After defining the system, the next step is to solve it. One of MATLAB's primary
strengths is its ability to handle matrix and vector operations, which makes it particularly
effective for numerically solving nonlinear systems of equations. A range of methods for
solving both linear and nonlinear systems of equations is offered. While MATLAB does have
numerous toolboxes with pre-built solutions, users can also write their own code to create
custom numerical methods, should they prefer to. These can be as simple as a Newton-
Raphson iterative method for a single equation, or as complex as a Runge-Kutta method for
a system of differential equations.

Once a solution has been obtained, powerful data analysis and visualization tools can
be used to understand and interpret the results. This can involve creating plots, performing
analyses, manipulating and comparing different solutions.

3.4.2 Solvers

The ode23t solver from MATLAB's suite of ODE solvers was chosen to solve the dynamics
of the passive dynamic walker, due to its ability to manage systems characterized by
moderate stiffness.
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The ode23t integrates ordinary differential equations utilizing the trapezoidal rule
method. This approach utilizes both implicit and explicit integration techniques, optimizing it
for systems that display moderate stiffness, which is often encountered in the dynamics of
mechanical systems like the walker. Unlike solvers that rely purely on implicit methods and
hence mandate the resolution of nonlinear algebraic equations at every integration step,
ode23t employs mechanisms to sometimes exploit explicit formulations, thereby
sidestepping this computational demand.

This solver's adaptive step size selection, based on real-time error evaluations, ensures
computational efficiency across a diverse array of problems. Hence, within the context of the
passive dynamic walker's dynamics, ode23t offers a balance: it provides the robustness
required for stiff scenarios intrinsic to such systems, yet evades the heavy computational
burden typical of more complex implicit solvers.

The solver can handle problems in the form of:

M(t,y)y' = f(t,y) (3-12)

Where M denotes the mass matrix and f the relationship between time, state and derivative.

The ode23t solver integrates while factoring in the influence of the mass matrix.
Whether the matrix is state-dependent, singular, or has other complexities, ode23t can
adeptly navigate these challenges, providing accurate solutions tailored to the physical or
mechanical context of the problem.

For any computation, it's imperative to match the solver to the problem's distinct
characteristics, taking into account system stiffness, desired precision, and computational
overhead.

3.5 Parameter Range

Extensive research within CSL has led to the development of a tool [17], tailored for probing
the design parameters of passive dynamic walkers. Deploying an initial set of proven
walking values, this algorithm conducts iterative searches across a range for each
parameter, evaluating them against varying inclines. Successful bipedal configurations that
result in walking are highlighted in green, whereas unsuccessful configurations are marked
in red. A blue diamond indicates the initial value of the parameter. Such visual
representations are instrumental in pinpointing regions wherein designers retain flexibility to
modify a parameter, especially when deviations arise from implementing commercial off-the-
shelf components. This offers an instrumental advantage in the integration of market-
available parts into the walker design.

Table 3-1 presents the initial conditions for analyzing the system's parameters, detailing
the angles and angular velocities for each thigh and shank. Table 3-2 encompasses the
system's initial parameters, delineating the ranges of investigation and the incremental step
utilized for each iteration in the analysis. This structured presentation of data facilitates a
comprehensive understanding of this process.
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Table 3-1. Initial conditions

Part Variable Symbol Units Initial Condition
Right Thigh Angle Oy rad 0.1240
Angular Velocity 0y rad / s -0.8775
Right Knee Angle Ok rad 0.0198
Angular Velocity Oy rad / s -0.0037
Left Thigh Angle Yy rad -0.3141
Angular Velocity Yy rad /s 1.9556
Left Knee Angle 2% rad 0.0057
Angular Velocity Yr rad /s -5.0567
Table 3-2. System parameters & ranges.
Part Parameter Symbol  Units Nominal Value Range Step
Hip Mass M kg 2.839 - -
vioment of I kg-m? 0.0 [0,1] 0.05
nertia
Thigh Mass M, kg 0.42 [0.32, 0.52] 0.005
Moment of I, kg-m?  0.0028 [0.0015, 0.0078] 0.00025
Inertia
Length Ly m 0.2760 [0.226, 0.326] 0.0025
COM Vertical
Offset L, m 0.12 [0.1, 0.14] 0.001
Knee  Spring
Coefficient k N/m 880 [490, 1270] 19.5
Damping ]
Coefficient d N-s/m 26 [16, 36] 0.5
Shank Mass M, kg 0.26 [0.1804, 0.3404] 0.004
:V'O”‘.em of I, kg-m?  0.0032 [0.0012, 0.0052] 0.0001
nertia
Length Ly m 0.3240 [0.274, 0.374] 0.0025
COM Vertical
Offset Ly m 0.1411 [0.1211, 0.1611] 0.001
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COM

Horizontal L, m 0.0227 [0.0167,0.287]  0.0003
Offset

Foot Radius R m 0.12 - -
Xﬁglge”tra' e rad 0.3662 i i

351 Hip

The rotational inertia of the hip exerts minimal influence on the dynamics of walking. Across
a broad spectrum of values, the walker retains stability for a wide range of inclines, evident
in Figure 3-3.
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Figure 3-3. Hip moment of inertia range.

3.5.2 Thigh

The mass of the thigh offers a degree of flexibility in its specification. Within an approximate
range of 100 grams, the bipedal model remains operationally viable, maintaining its
walking capability, as shown in Figure 3-4.
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Figure 3-4. Thigh mass range.
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The rotational inertia of the thigh demonstrates a notable tolerance within its specified
range, allowing for variations without compromising stability, as depicted in Figure 3-5.
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Figure 3-5. Thigh moment of inertia range.

The thigh's length exhibits a significant degree of adaptability; however, specific
intervals within this range can render the system unstable. Figure 3-6 demonstrates this
behavior.
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Figure 3-6. Thigh length range.
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The center of mass for the thigh is positioned along the line connecting the hip and knee
joints. An investigation into its offset in this specific dimension reveals a variety of stable
configurations, though some regions of instability are also observed, indicated in Figure 3-7.
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Figure 3-7. Thigh’s center of mass vertical offset range.

3.5.3 Shank

The shank mass exhibits a significant degree of adaptability in its value range. Analytical
observations of Figure 3-8 indicate that a reduction in shank mass can enhance the system's
stability across a broader spectrum of inclines.
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Figure 3-8. Shank mass range.
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Similar to the thigh, the shank's rotational inertia possesses a considerable range,
exhibiting low impact on the system's stability, as illustrated in Figure 3-9.
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Figure 3-9. Shank moment of inertia range.

Considering the design can maintain proximity to the initial shank length within an order
of mere millimeters, the allowable variation in this parameter is adequately broad for system
adjustments, displayed in Figure 3-10.
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Figure 3-10. Shank length range.
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Similarly, the vertical displacement of the center of mass, in relation to the knee joint,
exhibits consistent behavior, as shown in Figure 3-11.
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Figure 3-11. Shank’s center of mass vertical offset range.

The horizontal displacement is examined with increased granularity, as it permits more
precise modifications, as exhibited in Figure 3-12.
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Figure 3-12. Shank’s center of mass horizontal offset range.
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3.5.4 Knee

The knee strike represents an interaction between the rigid thigh and a segment of the
shank, which exhibits flexibility. This flexible segment is mathematically represented as a
spring-damper system, with the coefficients undergoing detailed analysis. This system can
be viewed as a mechanical PD controller scheme.

Over an extensive range for the coefficient K, the system exhibits dynamic stability.
Notably, a broader spectrum of stable inclines emerges around a value of 900Nm/rad, as
outlined in Figure 3-13.
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Figure 3-13. Knee’s spring coefficient (proportional term) range.

The system exhibits stable walking dynamics across an extensive range of values for
the coefficient D, as depicted in Figure 3-14.
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Figure 3-14. Knee’s damper coefficient (derivative term) range.
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3.6 lterative Procedure

With the aforementioned tool available, the biped development process can be
characterized as a systematic iterative procedure. Commencing from an established set of
parameters, wherein the robot's walking ability is validated, the designer generates the
parameter investigation maps. Leveraging these maps, an initial design is formulated. The
inevitably varied parameters, resulting from the inability to precisely replicate the initial, are
then integrated into the system's dynamic model and subsequently reassessed for stability.
Through this methodical approach, the design is incrementally refined to ensure adherence
to the fundamental walking dynamics. Consequently, this methodology is employed to
decrease the mass of the hip, while maintaining all other parameters constant, ultimately
achieving a reduced total mass of 3.7 kg.

Known
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/ Parameters \
Sweep
D nc;crifilcs Parameters to
Y Create Maps
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Parameters Design
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Figure 3-15. Iterative procedure to locate fixed points.
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4 Design

4.1 Introduction

Thus far, the analysis has been confined to a Cartesian plane, specifically within the sagittal
plane. To validate the veracity of the mathematical model, the next step necessitates the
development of a robot in three dimensions.

The fundamental concept aligns with the previous works, incorporating a four-legged
configuration. This configuration includes an inner and an outer set of legs. A direct linkage
connects the thighs and shanks of the inner pair, whereas the thighs of the outer pair are
interconnected via an extended rod. The shanks of the outer pair are synchronized through
a straightforward pulley system integrated within the mechanical structure of the walker. This
arrangement maintains a 1:1 ratio, ensuring the preservation of symmetry and balance in the
design. The resulting structure, as shown in Figure 4-1, bears a resemblance to a human
utilizing a pair of crutches for ambulation.

Figure 4-1. 3D model of the passive dynamic walker
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4.2 Design Considerations

The design and development of the passive dynamic walker constituted an engineering
endeavor, with a multitude of factors influencing the final outcome. This process involved
more than ensuring compliance with the fundamental principles of passive dynamics, as it
was tempered by practicality, feasibility, and a vision for future enhancements.

The first phase of the design process revolved around a pragmatic component
procurement strategy. The objective was to utilize commercially available parts wherever
feasible, thus streamlining the fabrication process. By leveraging existing market resources,
the reduction of reliance on custom-built components was aimed, thereby increasing the
accessibility and reproducibility of the design for future iterations.

In cases where off-the-shelf components were not an option, the capabilities of additive
manufacturing, known as 3D printing, were leveraged. This modern fabrication methodology
offers significant benefits, including cost-efficiency and ease of operation, compared to
traditional techniques such as CNC machining. Nonetheless, the utilization of 3D printing
also demanded careful attention to design constraints to ensure the mechanical strength of
the printed parts.

To facilitate monitoring, electronic sensors were incorporated into the walker's design.
These devices serve as an essential data acquisition system, measuring the walker's state
and providing valuable feedback for future optimization initiatives.

A salient feature of the design was its modular architecture. The walker was conceived
to allow for straightforward assembly and disassembly, a fact that not only simplifies
construction and maintenance tasks but also enhances the walker's adaptability. This
modular design approach supports seamless system upgrades and alterations, enabling
iterative refinement of the walker while prolonging its operational lifespan.

4.3 Foot

It is noteworthy that the design includes an important feature where each foot is removable
and replaceable. This provides an opportunity to explore various foot shapes, thereby
extending the study of passive walking dynamics under different physical configurations.

Within the scope of this thesis, the foot design is conceived as a circular segment, as
depicted in Figure 4-2. Its radius is set to be one-third of the total height of the robot, a
proportion derived from human anatomical studies. This dimension ensures that the
simulated walker mirrors the proportional characteristics observed in human locomotion,
grounding the model in biological realism and enhancing the potential for valid extrapolation
to human gait analysis.

The foot component is designed for fabrication via 3D printing, leveraging the economic
advantages and geometric flexibility that this method offers. Accommodations have been
made for the inclusion of an Inertia Measurement Unit (IMU), providing a dedicated base
with additional space beneath. This added space anticipates the potential insertion of a
damping material to mitigate high-frequency oscillations and other unintended dynamics.

Contrary to its predecessor that employed a spring system, this robot incorporates an
elastomeric sole, highlighted in orange, designed to attenuate the impulsive forces
associated with heel-ground contact. The integration of the sole and foot is facilitated
through a specialized design.
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Figure 4-2. Circular foot design.

The foot design incorporates a configuration to facilitate the attachment of a steel shaft
hub using four precision screws. Subsequently, the steel shaft is securely integrated into this
hub.

For the inner leg pair, the foot architecture closely mirrors the primary design, albeit with
a notable distinction: the inner two feet are interconnected via a rigid shaft, hence the
presence of a hole in the foot design, as illustrated in Figure 4-3.

Figure 4-3. Outer & inner foot designs.

4.4 Shank

The shank and the foot are designed together. They are treated as a single entity within the
scope of the analysis. The model demonstrates that inertia and moments of inertia have a
paramount role in determining the dynamics of walking.

From a lateral perspective of the shank, the steel shaft exhibits an angled orientation
when the shank is positioned vertically to the ground. This design consideration was
influenced by the objective of aligning the shank's center of mass closely with the
parameters delineated in Chapter 3. Additionally, this configuration streamlines the handling
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of the moment of inertia, given its relation to the center of mass. For example, to modify the
shank's moment of inertia without altering its mass, one can position two identical collars
symmetrically about the center of mass situated on the shaft axis. By progressively
displacing the collars along the shaft, equidistant from the center of mass, the moment of
inertia is augmented while maintaining a constant mass.

In Figure 4-4, the lateral representations of both the inner and outer shanks delineate
the ultimate deviations of the center of mass from the foundational design parameters,
encompassing both the X and Y axes. Employing the previously described iterative process,
these revised parameters were authenticated and a stable equilibrium point was identified,
thereby affirming the principle of passive dynamic walking.

For the external leg shank, the smaller shaft, the knee joint's axis, also features a
securely affixed aluminum pulley. This component is intended to function cohesively with a
sequence of timing belts and pulleys. The objective is to synchronize the motion of both
shanks of the external leg pair, guaranteeing movement as a unified entity.

Considering the combined design of the shank and foot, a decision was made to
position the IMU at a maximal distance from the knee joint to improve measurement
accuracy. Consequently, it was seamlessly integrated into the foot design as previously
illustrated. This configuration enables the computation of the shank angles, to provide the
system's state variables at any given instance.

For the inner leg pair, the shanks are essentially a duplication of the single shank from
the outer leg pair.

Figure 4-4. Isometric and side view of shanks.
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45 Knee

As delineated earlier, the walker's knees are represented using a spring-damper system,
characterized by a spring coefficient K and a damping coefficient D. The nomenclature for
these coefficients was selected based on their resemblance to a proportional-derivative
control framework.

It's noteworthy to highlight that a hyperextension of precisely 1° is incorporated into the
design, as shown in Figure 4-5. This enables the shank to effectively latch onto the thigh, as
opposed to aligning the two components in a completely parallel configuration. This strategic
design choice aids in creating a more stable and effective system, emulating the movement
patterns observed in biological locomotion.

The knee's design was strategically integrated into the shank instead of the thigh. This
configuration offers enhanced protection against potential damages from falls due to
instability.

Figure 4-5. Isometric and side view of the knee.

4.6 Thigh

Analogous to the shank's design, the thigh's architecture prominently features steel shafts as
principal elements. Typically, for each leg pair's thigh design, a pair of parallel shafts are
employed, affixed to 3D-printed components that define the thigh's form, as depicted in
Figure 4-6. The primary mass of the thigh is allocated on the shafts, and its positioning can
be modulated along the shafts' axis. This is reminiscent of the earlier method used to adjust
the shank's moment of inertia.
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For the outer leg pair, the thigh's polymer components are engineered with holes to
accommodate the timing belt, ensuring its protection within the assembly. The belt's tension
can be modulated through the pulley assembly, which constitutes the predominant mass of
the thigh.

To guarantee synchronized operation of the outer leg thighs as a cohesive unit, the
upper polymer components are designed to accommodate a carbon fiber rod. This rod runs
parallel to the primary steel shaft, details of which are elucidated in the subsequent section.
The selection of carbon fiber as the material was strategic, prioritizing minimal mass while
maintaining high rigidity, thereby minimizing its influence on the moment of inertia of the
external thigh.

110.04

Figure 4-6. Isometric (single and whole) and side view of the outer thigh.

A polymer component was engineered to facilitate the attachment of the IMU.
Analogous to the pulley assembly, this component interlinks with the dual shafts, secured in
place using steel shaft collars. Two such polymer components are employed: one for the
IMU and another for its plastic counterpart, ensuring symmetrical alignment along the
sagittal plane.

While the inner leg thigh assembly bears resemblance to that of the outer leg, its design
is more streamlined. As mentioned earlier, parallel shafts are utilized, anchored securely to
polymer components at both termini. To equate the mass of the outer thigh, the inner thigh
incorporates four shafts, effectively mirroring the combined count of shafts from both thighs
of the outer leg pair, illustrated in Figure 4-7.

Analogous to the tension assembly mechanism for the outer leg's thigh timing belt, the
inner leg's thigh features engineered polymer components. These are specifically intended
to accommodate the robot's micro-controller unit (MCU), battery, and other pivotal electronic
components.
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Moreover, the positioning of these components along the shaft's axis is adjustable,
facilitating the precise alignment of the thigh's overall center of mass to the designated
distance from the hip joint.

Across all thigh configurations, the IMUs are strategically positioned at a maximal
distance from the hip joint. This placement is rooted in the rationale outlined earlier,
specifically, the pursuit of enhanced measurement accuracy.

1£°601

Figure 4-7. Isometric and side view of the inner thigh.

4.7 Hip

The hip assembly comprises a shaft with two symmetrical circular weights, shown in Figure
4-8. Its primary function is to act as the hip joint where the robot's thighs connect, while
bearing the load attributed to the robot's upper body. These weights mimic an upper body
mass, calculated to ensure its center of mass aligns with the shaft's axis. Beyond these
primary design objectives, the shaft fulfills an additional role: synchronizing the shanks of the
outer leg pair. To realize this, the shaft is equipped with toothed pulleys, facilitating the
integration with the previously mentioned belt system. Consequently, the shaft's rotation is
identical to the shanks' movement around the knee joints, given that all pulleys maintain a
1:1 ratio.
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Figure 4-8. Hip assembly.

4.8 Commercial Off The Shelf Parts

A primary design objective for the bipedal robot was to maximize the utilization of
commercially available components. This strategy was motivated by multiple factors,
including cost-efficiency, reduced fabrication time, and the flexibility to re-purpose or retrofit
components as required.

For an intricate design that hinges on the principle of passive walking, precision in
understanding the system's inertial properties is paramount. Consequently, detailed weight
measurements of each component were conducted using a high-precision scale accurate to
the hundredths of a gram. These precise weight measurements were subsequently
integrated into the design software. Within this computational environment, when combined
with data from custom-created polymer components, the centers of mass were accurately
determined and the associated moments of inertia computed. This approach ensures the
biped's design aligns closely with the theoretical models, ensuring its passive walking
capabilities.

4.9 Biped Assembly

Upon assembly, the robot clearly showcases the passive dynamic walker design, setting it
up for the next simulation steps. The two sets of legs are easily distinguishable, helping
observers quickly grasp the pulley system's role for the outer shanks. This design stands out
because it avoids adding extra parts to the outer shanks, which change their inertial
characteristics.

Figure 4-9 presents isometric, posterior, and lateral views. The system's symmetry is
evident, with the center of mass clearly visible. Joints have been designed to have a
generous rotational span in radians, ensuring that the passive dynamic walker can
adaptively execute both small and large strides when traversing declines of varying
steepness.

Figure 4-10 depicts the walker with heightened realism, representing each component in
proximity to their actual material appearance.
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Figure 4-9. Isometric, back & side view of the biped.

¥

Figure 4-10. Biped photorealistic representation.
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4.9.1 Notes on Efficiency

Prior studies have demonstrated that for a walker to achieve optimal efficiency, its center of
mass should align with the direct line connecting the hip joint to the center of the circular foot
design when the knees are secured in position. This concept becomes more lucid when one
perceives both the thigh and shank of the immobilized knee as an integrated entity, akin to
earlier walkers devoid of knees.

Figure 4-11 clearly indicates that the center of mass is proximate to, but not precisely
aligned with, the specified line. Subsequent design iterations should prioritize this element to
further optimize the system's energy efficiency.

Figure 4-11. Biped's center of mass relative to the straight line connecting the hip and the
center of the foot's circle (perpendicular to the foot’s curve).

4.10 Structural Analysis

4.10.1 Finite Element Analysis

Finite Element Analysis (FEA) is a computerized method for predicting how a system
behaves under real-world forces, vibration and other physical effects. It's a critical part of the
engineering design process, as it allows potential problems to be fixed while still in the
design stage, before physical prototypes are built and tested.
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In FEA, the structure or system to be analyzed is divided up into a large number of
small, simple shapes - the "finite elements". These might be tiny cubes, tetrahedra, or other
simple shapes that fit together to fill up the space occupied by the structure. The material
properties, like density, tensile modulus, tensile strength and the governing physics laws are
then applied to these elements.

The behavior of each element is described using a set of equations. These equations
are assembled into a large system of equations that describes the behavior of the entire
structure. This system of equations is then solved, typically using numerical methods on a
computer, to predict the behavior of the structure under the given conditions.

FEA can predict and analyze a wide range of characteristics, including stress, vibration
characteristics and more. This makes it a very versatile and powerful tool in engineering.
Industries ranging from aerospace and automotive to biomedical and electronics employ
FEA to design safer, more efficient, and more reliable systems.

4.10.2 Tensile Analysis

Based on empirical studies [23], it has been observed that the maximum force exerted on
the system occurs during an uncontrolled fall. During such an event, the impact force can be
approximated to reach up to three times the weight of the passive dynamic walker. Given
that the mass of is 3.7 kg, one can anticipate peak forces as high as approximately 110 N.

With this assumption in mind, a static analysis is conducted to individually test all
components of the system. In this procedure, one end of each part is held fixed, while the
estimated maximum force is applied on the opposite end. This allows us to evaluate the
structural integrity and durability of each component under the most severe anticipated
loading condition.

The analysis encompasses all critical components of the walker, including the thighs,
shanks, and the shafts.

The superior section of the thigh in the external leg pair is designed to be 3D printed,
utilizing the PETG polymer. Numerous variants of this material are commercially available,
commonly presenting a tensile strength approximating 55 N/mm?. Within the context of this
analysis, the design software was calibrated using PET, characterized by a tensile strength
of 57.3 N/mm?. It's pertinent to mention that certain PETG compositions, fortified with
carbon fiber, demonstrate enhanced tensile strengths without significant variations in
density. This ensures that the mass and moment of inertia remain largely unaltered.

Utilizing the Von Mises yield criterion, the peak stress observed for this component is
determined to be 0.834 N/mm?, as shown in Figure 4-12. This value is substantially below
the material's inherent tensile strength, indicating that the component is well-equipped to
withstand the operational forces exerted upon it without failure.

The outer thigh design incorporates a vertical shaft with a length of 200 mm, made of
stainless steel. Characterized by its notable yield strength of 530 N/mm?, this material is
well-suited to bear the static loads imposed upon it, as is evident from the results of the finite
element analysis presented in Figure 4-13.

The lower segment of the outer leg pair's thigh is designed for 3D printing too. Upon
analysis, it exhibits a maximum stress of 0.975 N/mm?, presented in Figure 4-14, which is
substantially beneath the material's tensile strength, thus ensuring the component's
capability to withstand the imposed load.
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Figure 4-12. Stress analysis of outer thigh's upper parts.

Figure 4-13. Stress analysis of the outer thigh's shafts.

Regarding the plastic upper segment of the outer shanks, depicted in Figure 4-15, which
encompasses the knee joint, analytical results indicate a peak stress of 1.670 N/mm? when
the component is loaded at the interfaces associated with the diminutive shaft.
Consequently, this component is sufficiently robust to manage the forces exerted upon it.

Similar to the thighs, the shanks incorporate a stainless-steel shaft with a length of 300
mm. Analytical results for this component reveal a peak stress of 3.409 N/mm?, a value
significantly below the material's threshold, as illustrated in Figure 4-16.
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Figure 4-14. Stress analysis of the outer thigh's lower parts.

Figure 4-15. Stress analysis of the outer shanks’ upper parts.

In the validation of the foot design, exhibited in Figure 4-17, static forces were applied at
the furthest contact point from the stainless-steel shaft, representing the foot's ground
contact. Computational analysis yielded a stress value of 11.742 N/mm?, which is
considerably below, by almost a factor of five, the material's threshold. Thus, the selected
polymer is deemed appropriate for this application.
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Figure 4-16. Stress analysis of the outer shanks' shafts.

Figure 4-17. Stress analysis of the outer shanks' feet.

Analogous to the outer foot design, the inner foot exhibits a peak stress of 11.221
N/mm?, as displayed in Figure 4-18. Thus, this component is also deemed structurally
viable for the intended application.

Subjecting the upper plastic segment of the inner shank to load analysis, it displays a
peak stress of 1.494 N/mm?, as demonstrated in Figure 4-19. This value falls within the
acceptable range, beneath the material's threshold, affirming the component's structural
integrity for the intended use.
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Figure 4-18. Stress analysis of the inner shank's feet.

Figure 4-19. Stress analysis of the inner shank's upper part.

Upon analytical evaluation of the upper and lower polymer components of the inner
thigh, shown in Figures 4-20 and 4-21, the observed peak stresses were 0.885 N/mm? and
0.933 N/mm?, respectively. Given these values, both components maintain structural
adequacy for their intended application.
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Figure 4-20. Stress analysis of the inner thigh's upper part.

Figure 4-21. Stress analysis of the inner thigh's lower part.

In the concluding segment of the analysis, it's imperative to assess the integrity of the
joint shafts to achieve a comprehensive understanding of the system's robustness.
Specifically, the shafts under examination include those of the outer leg knee joints, the
inner leg knee joint, and the hip joint. Subsequent illustrations depict the outcomes from the
static loads imposed on the contact regions of the bearing's inner ring and the counteractive
forces exerted by the polymer components.
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For the knee joint shafts of the outer leg, the analysis revealed a peak stress of 24.177
N/mm?, as shown in Figure 4-22. Given that these shafts are constructed from stainless
steel, renowned for its strength, this stress level is well within acceptable limits.

Figure 4-22. Stress analysis of the outer leg's knee shafts.

Regarding the knee joint shaft of the inner leg, presented in Figure 4-23, the

computational analysis yielded a peak stress value of 10.515 N/mm?, comfortably below the
material's threshold.
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Figure 4-23. Stress analysis of the inner leg's knee shaft.

For the main shaft of the walker, specifically the hip joint, two distinct loading scenarios
were analyzed. The initial scenario simulates conditions wherein the inner leg is in a
suspended state, indicating no ground contact. Under this scenario, the computational stress
was determined to be 99.81 N/mm?, as displayed in Figure 4-24. While this value is notably

higher than previously calculated figures, it remains safely below the yield strength of
stainless steel.
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Figure 4-24. Stress analysis of the hip shaft when the inner leg is flying.

In the secondary scenario, where the outer leg lacks ground contact and the inner leg
bears the load, the computed stress peaked at 178.073 N/mm?, as indicated in Figure 4-25.
Although this value is considerably elevated, it remains comfortably beneath the threshold
strength of the stainless steel.

Figure 4-1 displays all computed stress values, providing a clear representation for each
specific part and component. This graphical illustration facilitates an efficient comparison
and analysis of the stresses across the elements of the system.

In conclusion, comprehensive testing of each component was performed under the most
strenuous conditions anticipated. The results indicate that all components exhibit satisfactory
performance and are robustly suited for the intended application of the walker.

Figure 4-25. Stress analysis of the hip shaft when the outer leg is flying.
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Table 4-1. Stress analysis of robot's parts

Part Component Stress (Von Mises) N /mm?
Outer Thigh Upper 0.834
Shaft 1.692
Lower 0.975
Outer Shank Upper 1.670
Shaft 3.409
Foot 11.742
Inner Shank Foot 11.221
Upper 1.494
Inner Thigh Upper 0.885
Lower 0.933
Outer Leg Knee Shaft 24.177
Inner Leg Knee Shaft 10.515
Hip Shaft (Inner Leg Flying) 99.81
Shaft (Outer Leg Flying) 178.073
4.11Ramps

The primary objective in evaluating the passive dynamic walker is to establish fixed points
across an extensive range of inclines, thereby enhancing its robustness and practicality.
Additionally, it is crucial to analyze the gait transition effects of the walker as incline
gradients vary. To facilitate this, three distinct ramp designs were conceptualized, each
possessing unique attributes.

The first ramp design, shown in Figures 4-26 and 4-27, initiates at an incline of -1° and
progressively transitions to -5°. The gradient variation is set at increments of -0.1°, with each
plateau segment extending 5m in length. Integral markers delineate these incline shifts,
aiding researchers during real-time simulations. Conceptually, this ramp mirrors the
characteristics of a concave curve.

The secondary ramp design, displayed in Figure 4-28, commences with an incline of -1°
and transitions to 0° gradient, following the same incremental pattern as the first ramp.
Conceptually, this design reflects the characteristics of a convex curve.

Both the initial and secondary ramp designs were structured with fine increments of 0.1°
to yield granular insights into the walker's capability across varying incline gradients.
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Figure 4-26. Concave ramp.

Figure 4-27. Plateau 5m long.

Figure 4-28. Convex ramp.

To further probe the robot's transient responses during incline variations, the third ramp
has been conceptualized to span from -1° to -5°, incorporating more substantial increments
of -0.5°, as illustrated in Figure 4-29. Concurrently, the segment length has been extended
to 10m for a comprehensive analysis.

Figure 4-29. Concave ramp with steeper transitions.
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5 Simulation

5.1 Introduction

The current design is grounded in the mathematical modeling delineated in Chapter 3.
Leveraging specified parameter ranges, a robot was developed in alignment with passive
dynamic principles, integrating both off-the-shelf and 3D-printed components optimized for
manufacturability. To validate this system, the subsequent phase involves its integration into
an advanced simulation environment. This accounts for initial conditions, such as initial
angular positions and velocities, while also considering gravitational effects and ground
interactions. Undertaking this simulation ensures a detailed analysis of the system's
behavior, facilitating any necessary modifications prior to physical production. This
preemptive approach seeks to optimize design efficacy while minimizing potential cost
implications, such as the need for altering components.

In this chapter, the selected simulation software is introduced and the requisite
configurations employed to execute the desired computations are delineated. The robot
model is incorporated alongside the ramp structures, and the results of these simulations are
systematically presented.

5.2 MSC Adams

MSC Adams is a highly regarded and widely used software tool for simulating the dynamics
of complex mechanical systems. Developed by MSC Software, Adams allows engineers to
study the motion of systems involving multiple parts and forces, like cars, aircraft, or
industrial machinery.

One of the key strengths of Adams is its ability to accurately represent the physics of
mechanical systems, including the effects of forces, torques, friction, and other factors. This
allows engineers to predict and understand how a system will behave under different
conditions, without having to build and test physical prototypes.

Adams is particularly valuable for conducting "multibody dynamics" simulations. In such
simulations, the mechanical system is divided into a set of interconnected rigid or flexible
bodies, and the movement of each body is calculated based on its interactions with the other
bodies and the external environment.

With Adams, engineers can model a variety of real-world phenomena such as
vibrations, collisions, and other complex dynamic events. The software is widely used in the
automotive, aerospace, defense, and manufacturing industries, among others. It is useful for
improving product designs, validating performance, solving problems, and reducing the time
and cost of development.

5.3 Model

The simulation software, MSC Adams, seamlessly integrates with SolidWorks by supporting
the direct import of its generated files. Consequently, the detailed assembly of the biped,
together with the associated inclined ramp, is imported. This ensures that simulations can be
efficiently initiated once the system's inertial parameters and initial conditions are defined.
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This integrated workflow enhances precision and ensures consistency between design and
simulation stages. Figure 5-1 presents the direct import of files.

. File Import X
File Type | SolidWorks (*_sldprt:* sldasm) =
FieToRead |

Part Mame j |
Scale 1.0 Location

Ref. Markers Local | Qrientation 0.0,0.0,0.0
Relative To _pdw_10

M~ Clean on Import

[V Blanked Entities |  Consolidate To Shells [ Display Summary

Geometry Options oK | Apply | Cancel

Figure 5-1. Importing design files.

In the simulation environment, each component of the robot is delineated using distinct
colors for clarity, as shown in Figure 5-2. Comprehensive parameters for every segment,
including its mass, moment of inertia, and the location of its center of mass, are meticulously
defined within the software. The articulations connecting these segments are specified, with
particular attention given to potential contacts between segments, especially the interactions
between the shanks and the ramp. Established methodologies from previous lab research
provided a structured procedure for this configuration process.

Figure 5-2. Robot model in the simulation environment.
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5.4 Declined Ramp

The ramps are integrated into the simulation following the same methodology employed for
the robot model. However, each time a new ramp is introduced, the contact interactions
between the ramp and the robot necessitate redefinition to ensure accurate computations.

The uppermost left point of the ramp serves as the reference coordinate system from
which all measurements are derived. Adopting this systematic framework for variables
guarantees a coherent representation of the results, facilitating an intuitive understanding of
the robot's walking decline, velocities, and accelerations.

5.5 Configuration

The simulation models a passive bipedal mechanical system interacting with a ramped
environment, primarily influenced by gravitational forces. As such, careful delineation of
simulation parameters is essential, with the most significant attributes stemming from
contact mechanics and the system's intrinsic dynamics. Established research from the
laboratory has delineated particular parameters that yield optimal simulation fidelity,
ensuring congruence between simulated and real-world behaviors. Detailed configurations
based on these findings are illustrated in Figure 5-3.

L &
Category | Dynamics j Category |C0ntacts j
Model | pdw_10 Model | .pdw_10
Integrator | GSTIFF j Geometry Library |Defau|t_Librar§,r j
Formulation | S12 j Faceting Tolerance |900_0
Corrector | Original j
Error | 1.0E-06
Hmax | (none)
[ More Defaults | Close | [ More Defaults Close

Figure 5-3. Defining dynamic and contact solver settings.

Given the passive nature of this robot type, the absence of motors streamlines the
simulation configuration compared to prior actuated bipeds without knees. Critical to this
configuration are the system dynamics, with settings rigorously evaluated in prior research.
As a result, these established values are integrated directly into the calculations, ready for
execution. Moreover, an optimal mesh resolution is determined to strike a balance between
simulation fidelity and computational efficiency.

5.6 Results

As delineated in Chapter 4, three distinct ramp designs were conceptualized, each aimed at
evaluating the robot's performance under varying conditions. Throughout these simulations,
essential state variables were documented, permitting their representation in both time
series and phase portraits - invaluable tools in the analysis of dynamical systems.
Specifically, the robot's characterization is facilitated by the angles and angular velocities of

69/146



both the thighs and the shanks. Furthermore, metrics concerning the hip's velocity are also
elucidated.

Passive walking embodies a recurrent process wherein the robot's legs - specifically the
thighs and shanks - exhibit an oscillatory motion, perpetuated by gravitational forces.
Consequently, this rhythmic behavior is depicted in the time-series representations.

5.6.1 First Ramp

Starting with the initial ramp, which has a gradient commencing at -1° and intensifying to -5°
in increments of -0.1°, both the angle and angular velocity of the thigh and shank over time
are illustrated. Subsequent figures delineate each gradient alteration, marked by a distinct
vertical black line. The oscillatory behaviors within are highlighted by an encompassing red
boundary, enhancing visual clarity. Notably, as the gradient steepens, the amplitude of both
the angle and angular velocity increases. For the angular position, the upper threshold
escalates at a more subdued pace than the lower, whereas for the angular velocity, the
trend is inverted. The robot's walking capability spans from -1° to -4.7°, with instability
manifesting at -4.8°. The transitional dynamics between each gradient shift are clearly
observable, culminating in system instability during the concluding phases. Figure 5-4
presents the angle of the outer thigh over time until the robot reaches instability.

Thigh Angle Over Time
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Figure 5-4. Outer thigh angle.
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To scrutinize the system's transient behavior following each gradient alteration, a
detailed diagram has been devised. Figure 5-5 reveals that, the robot stabilizes to its new
equilibrium within three to four steps, with all subsequent strides at that particular decline
exhibiting consistent amplitude.
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Figure 5-5. Outer thigh angle: Stable gait.

As the incline becomes steeper, the system's stability is compromised. Prior to the
robot's loss of balance, alterations in its gait are observed, as shown in Figure 5-6,
manifesting as emerging frequencies in the thigh's time series data.

Thigh Angle Over Time
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Figure 5-6. Emerging frequencies before falling.
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Upon analyzing the angular velocity of the outer thigh, a consistent pattern emerges.
The system necessitates three steps to attain its new equilibrium following an alteration in
the incline. Similarly, as the point of destabilization approaches, deviations in the system's
oscillations are evident, marked by the presence of extra frequencies, shown in Figures 5-7,
5-8 and 5-9.
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Figure 5-7. Outer thigh angular velocity.
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Figure 5-8. Outer thigh angular velocity: Stable gait.
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Figure 5-9. Thigh angular velocity before falling.

The shank's oscillatory motion mirrors the general dynamics observed in the thigh and is
illustrated in Figure 5-10. Magnified diagrams has been created to elucidate the transitional
shifts accompanying the gradient variations.
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Figure 5-10. Outer shank angle.
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The shank's angular position mirrors the patterns observed in the thigh's angle and
angular velocity. It requires three steps to achieve stability, as depicted in Figure 5-11. As
the system approaches the threshold of instability, its oscillatory behavior undergoes
noticeable alterations, as evident in Figure 5-12.
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Figure 5-11. Outer shank angle: Stable gait.
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Figure 5-12. Shank angle before falling.
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Figures 5-13, 5-14 and 5-15 display the time series of the shank's angular velocity which
exhibits similar patterns with the previously discussed state variables. It necessitates an
equivalent number of steps to stabilize. Notably, unlike other state variables, this time series
reveals intermittent spikes, not just proximate to the point of instability, but also at intervals
where other seemed relatively stable.
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Figure 5-13. Outer shank angular velocity.
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Figure 5-14. Outer shank angular velocity: Stable gait.
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Shank Anglular Velocity Over Time
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Figure 5-15. Shank velocity before falling.

The velocities of the hip in both the X and Y directions are of interest. As the ramp
becomes steeper, there is a notable increase in the magnitude of velocities, indicating that
the robot progresses at a more rapid pace. Figure 5-16 includes the X direction.
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Figure 5-16. Hip velocity in the X direction.
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Upon detailed examination of the hip's velocity along the X-axis, shown in Figure 5-17,
distinct spikes become evident. These spikes suggest a discrepancy in the legs' inertial
properties, despite their identical lengths. This observed phenomenon, previously identified
and termed "leg mismatch", does not hinder the system's capability to walk.
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Figure 5-17. Stable gait with leg mismatch.
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Regarding the velocity in the Y-direction, similar observations and implications hold true,
as shown in Figure 5-18 and Figure 5-19.
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Figure 5-18. Hip velocity in the Y direction.
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5.6.2 Second Ramp

Thus far, the system has undergone simulations on a gradient starting from -1° and
extending to -4.7°. To further understand the system's adaptability, it is imperative to assess
its performance on a gentler slope. Consequently, the second ramp, as previously
delineated, spans from -1° to 0°. Figure 5-20 presents the outer thigh’s angle until collapse.
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Figure 5-19. Leg mismatch in the Y direction.
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Figure 5-20. Outer thigh angle on gentler incline.
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Consistent with earlier observations, the graphical representations for the thigh's
angular position and velocity display analogous patterns, as shown in Figure 5-21. Three
iterations are required for the system to stabilize within its new limit cycle.

Upon consolidating the results, it is discerned that the robot maintains stable locomotion
within an incline range of -0.9° to -4.7°, with deviations outside this range leading to
instability and eventual collapse.
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Figure 5-21. Outer thigh angular velocity on gentler incline.

Both the angular position and angular velocity plots for the shank demonstrate
analogous patterns, evident in Figures 5-22 and 5-23.
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Figure 5-22. Outer shank angle on gentler incline.
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The hip's velocities in the X and Y axes display patterns consistent with those observed
on the prior ramp, with the leg discrepancy being clearly discernible, as presented in Figures

5-24 and 5-25.
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Figure 5-23. Outer shank angular velocity on gentler incline.
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Figure 5-25. Hip velocity in the Y direction.

5.6.3 Third Ramp

To investigate the system's transient dynamics, the third ramp was designed featuring
steeper inclines. This ramp initiates at an incline of -2° and progresses in increments of
-0.5°, culminating at -5°.

In this simulation, in addition to the increments, the system's initial conditions also
deviate from the baseline set at -2°. Figure 5-20 illustrates the outer thigh’s angle.
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Figure 5-26. Outer thigh angle on steeper incline.
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Consistent with prior findings, even when subjected to more pronounced incline
adjustments, the robot achieves a stable gait within 3 to 4 steps, shown in Figure 5-27.
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Figure 5-27. Outer thigh angle: Stable gait transitions.

The angular position and angular velocity of the thigh align closely with the patterns
observed during the initial ramp test. Figures 5-28 and 5-29 illustrate the angular velocity.
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Figure 5-28. Outer thigh angular velocity on steeper inclines.
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Figure 5-29. Outer thigh angular velocity: Stable gait transitions.

The angular position and velocity profiles of the shank consistently stabilize,
necessitating approximately three steps to achieve a new dynamic steady state, as depicted
in Figures 5-30, 5-31, 5-32 and 5-33.
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Figure 5-30. Outer shank angle on steeper incline.
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Shank Angle Over Time

o
o
S

-2.0°

20 1

ggggg

— —

10

-10 |

Ol

-20

-30 L =

-40 |

0 10 20 30 40 50
t[s]

Figure 5-31. Outer shank angle: Stable gait transitions.
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Figure 5-32. Outer shank angular velocity on steeper inclines.
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Shank Anglular Velocity Over Time
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Figure 5-33. Outer shank angular velocity: Stable gait transitions.

Similar to prior observations, the hip's velocities in both the X and Y axes reveal the
heterogeneity in the inertial properties between the legs. Figure 5-34 includes the X velocity
and 5-35the Y.
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Figure 5-34. Hip velocity in the X direction on steeper incline.
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Figure 5-35. Hip velocity in the Y direction on steeper incline.

Phase portraits serve as invaluable instruments for analyzing dynamical systems. They
represent a variable on the horizontal axis against its time derivative on the vertical axis.
Within the realm of passive dynamic walkers, such portraits are generated for both the thigh
and the shank. These diagrams effectively illuminate the system's limit cycles.

Figures 5-36 and 5-37 display the phase portraits that showcase the walker's
established limit cycles at an incline of -2°. Significant events within the walking cycles, such
as knee strikes, heel strikes, and toe-offs, are distinctly annotated within these figures.
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Figure 5-36. Limit cycle of the outer thigh at -2° incline.
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Phase Portrait Shank
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Figure 5-37. Limit cycle of the outer shank at -2° incline.

With a clear comprehension of each segment of the limit cycle, the ensuing Figures
5-38 and 5-39 provide a comprehensive overview of the system's behavior across varying
inclines. These diagrams span from an incline of -2° to -4.5°, with increments of -0.5°.
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Figure 5-38. Limit cycles of the outer thigh at different inclines.

87/146



The observable limit cycles exhibit an expansion, particularly for diminished angular
values of both the thigh and the shank. At inclines of -4° and -4.5°, the system verges on
instability, leading to discrepancies in the cycles compared to more stable inclines.
Furthermore, at a -4.5° incline, an additional dynamic emerges: the flying leg's knee
disengages and subsequently reengages to a locked position, thereby introducing an
additional event within the cycle.
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Figure 5-39. Limit cycles of the outer shank at different inclines.
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6 Conclusion & Further Research

In this thesis, the mathematical model developed in the Control Systems Lab that depicts the
gait dynamics of a passive walker equipped with knees is rigorously examined. Utilizing this
model, a set of parameters to architect a walker that integrates both commercially available
and custom components is derived, all the while preserving the passive walking dynamics.
The proposed design undergoes validation within a simulation framework, enabling the
extraction of insightful results prior to any actual manufacturing. This process also elucidates
potential avenues for future research and development.

6.1 Conclusion

A comprehensive understanding of the dynamics inherent to a passive dynamic walker with
knees was achieved, building initially on the foundational principles of inverted pendulums
and double pendulums. Human locomotion can be approximated by a combination of a
locked inverted double pendulum and another that possesses rotational freedom at both the
hip and knee joints. The system's dynamics are characterized by its circular feet, with its
inertial attributes and incline playing pivotal roles.

The established mathematical model was rigorously employed to delineate parameter
design spaces, offering a strategic flexibility during component selection and design phases.

Subsequent validation within a simulation environment underscored the model's fidelity
in mirroring real-world dynamics, a revelation that holds significant potential for subsequent
inquiries.

This research has thus established a methodological framework vital for the design of
future systems, potentially leading to enhanced efficiencies in robotic locomotion.

Two main components of the robot, the hip's mass and the inner thigh's mass, were
conceptualized with a degree of abstraction. It has been shown that variations in the
moment of inertia of the hip's mass do not significantly impact walking dynamics, simplifying
its design considerations. The design of the inner thigh, on the other hand, necessitates
provisions for the integration of an MCU and a battery, essential for data acquisition from the
IMUs. As demonstrated earlier, the architectural flexibility of the inner thigh permits minor
positional adjustments to optimize the center of mass placement, streamlining the design
process.

In summary, the design effectively accomplishes its objective by integrating a
combination of readily available components with custom-manufactured ones, ensuring
modularity and adaptability. This flexibility facilitates potential modifications by researchers
seeking to refine specific components.

6.2 Future Research Directions

The subsequent phase of this research involves finalizing the designs of the previously
discussed components and constructing the robot. Following assembly, data should be
gathered and juxtaposed with the predictions from both the mathematical model and
simulation framework. The congruence and accuracy of these should be rigorously
evaluated.
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The experimental procedure should also be anticipated to shed light on potential
elements not previously considered and any pragmatic challenges that may emerge during
execution.

The system, as designed, is anticipated to effectively navigate inclines ranging from
-0.9° to -4.7°, maintaining a relatively stable gait up to an incline of -3.5°. However, it is not
tailored for operation on near-flat ramps (with inclines approaching 0°), as such conditions
would necessitate further optimization to accommodate these less steep gradients.

Given the modular nature of the design, certain components can be redesigned to
enhance efficiency. Specifically, one could align the center of mass of the fully locked leg
with the line originating from the hip and perpendicular to the foot's circular curvature.

Various components of the robot warrant scrutiny. Diverse foot shapes [15] should be
evaluated, and a four-bar linkage mechanism [16] should be proposed as an alternative to
the current revolute joint for the knee.

Ultimately, upon a comprehensive analysis of the system's dynamics, the subsequent
phase would involve integrating actuators, facilitating its operation on level terrains or even
positively inclined surfaces.
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Appendix A: Mass Matrix Elements

M11 =M +mlB +mZB +m1U +m2U
M12 =0

_ myp(2ligcos(Ok + Oy) — 2l sin(@k + Oy) + 2L1ycos(0y))
2

13 + lyymyycos(Oy)

_ mlB(leBcos(OK + QU) — leBXSin(OK + QU))
2

14

myp(2lgcos(Wy + Py) — 2lypesin(Py + Py) + 2Loycos(Py))
15 =
2

+ lZUmZU coS (WU)

_ mpp(2lpcos(Wy + Wy) — 2Lpsin(Py + ¥y))
B 2

16

M22 =M +mlB +mZB +m1U +m2U

_ mlB(leBXCOS(@K + OU) + leBSiTl(@K + QU) + 2L1USin(0U))

23 + liymyysin(0y)

2
mlB(leBXcos(OK + 0y) + 2l1gsin(Ok + QU))
24 = 2
_ mZB(ZIZBXcos('PK + ¥y) + 2Lpsin(Wy + Py) + 2L2Usin(ll’u)) l ]
25 = > + Lymaysin(¥y)
mZB(ZZZBXCOS(lPK + lpu) + ZZZBSin(lPK + "Pu))
26 =

2
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myp(2ligcos(Ok + Oy) — 21y sin(@x + Oy) + 2Lyycos(0y))
31 = > + liymyycos(Oy)

myp(2l1pycos(Ok + Oy) + 2psin(@k + Oy) + 2Lyysin(0y)) _
32 = > + Liymyysin(Oy)

2myp(ligcos(Ok + Oy) — lipysin(Ok + 0y) + L1Ucos(9u))2

Msz3 = Lig + L1y + >

" ZmlB(llBXCOS(QK + QU) + llBSin(@K + Qu) + L1USin(9u))2
2

4 mqy (leUZCOSZ(QU) + 211U25in2(6y))
2

M3, = L1

N 2m13(llgcos(@,< + 0y) — lipySin(Og + @U))(lchos(@K + 0y) — l1pSin(Okg + Oy) + LlUcos(@U))
2

N 2myp(l1pxcos(Ok + Oy) + Lipsin(Ok + 0y))(lipxcos(Ok + Oy) + Lipsin(Ok + Oy) + Liysin(0y))
2

M35:0

_ mlB(leBCOS(@K + QU) - leBXSiTl(QK + QU))
41 —
2

_ mlB(leBXcos(OK + 0y) + 2l1gsin(Ok + QU))
42 =
2

M,z = L1

4 Zmlg(llBCOS(OK + 0py) — lipgsin(Ok + QU))(lchos(QK + 0y) — lipggsin(Og + Oy) + L1Ucos(@u))
2

4 2mlB(llBXcos(@K + 0y) + ligsin(O + OU))(llgxcos(OK + 0y) + ligsin(Ok + Oy) + LlUsin(OU))
2
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My, = L1

, 2 i 2
+m13 (2(l13Xcos(@K + 0y) + l1gsin(Ok + QU)) + 2(lchos(0K + 0y) — ligsin(Ok + OU)) )

2
M45=0

M4-6:0

_ myp(2lpcos(Wk + ¥y) — 2Lpesin(Px + ¥y) + 2Loycos(¥y))

Ms, 5 + Lymaycos(Wy)
my(2lpxcos(Wk + Py) + 2lppsin(Py + Py) + 2Loysin(¥y)) _
52 = > + Lymyysin(¥Py)
Msz =0
Ms, =0

2m,p(lagcos(Wx + Wy) — bpysin(Px + Py) + Lzucos(‘%’u))2
2

Mss = Irg + Iy +

.\ 2mp (Lpxcos(Wy + Wy) + Lpsin(Wy + Wy) + Lyysin(¥y))’
2

myy (ZIZUZCOSZ(IIUU) + ZIZUZSile (IIUU))

" 2

Mse = Irp

N ZmZB(IZBcos(lI/K + ¥y) — Lpsin(WPg + lI’U))(IZBcos(‘PK + ¥y) — Lipsin(Wg + ¥y) + LZUcos(lI/U))

2

N 2m,p(lapxcos(Wx + Py) + Lpsin(Px + ¥u))(Lpgcos(Wk + Wy) + Lipsin(Py + Py) + Lyysin(¥y))

2
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mZB(ZZZBCOS(lPK + "Pu) - ZIZBXSl.n("PK + "Pu))
61 =
2

_ mZB(ZIZBXCOS(l‘UK + lxuu) + ZZZBSin(lPK + lpu))

62 = >
Mg =0

Mg, =0

Mgs = Ip

N ZmZB(IZBcos(lI’K + ¥y) — Lipsin(WPg + B”U))(ZZBCOS(‘PK + ¥y) — Lipsin(Wg + ¥y) + LZUcos(‘I’U))
2

N 2m,p(lapxcos(Wx + Py) + Lpsin(Px + ¥u))(Lpgcos(Wk + Wy) + Lipsin(Py + Wy) + Lyysin(¥y))
2

Mg = I

LM (2(Lzsxcos (Wi + ¥y) + Lopsin(Wi + ¥y))’ + 2(Lzpcos(W + ¥y) — Lpsin(¥ + ¥y))°)
2
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Appendix B: Bill of Materials

The bill of materials for the biped provides a detailed enumeration of the requisite
components essential for its assembly and functionality. The design combines commercially
sourced components with bespoke 3D printed parts. Utilizing readily available market
components ensures cost-effectiveness and facilitates ease of replication across various
research settings. Conversely, the utilization of FDM 3D printing allows for the creation of
specialized components tailored to the exact specifications and geometries needed for
optimal bipedal functionality, which might be cumbersome or impractical with conventional
manufacturing techniques. This strategic fusion of standardized and custom elements
optimizes both the economic viability and the precision of the biped's architecture.
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ITEM

NO NAME IMAGE DESCRIPTION QTY.

1 Precision Shaft - D4mm x Stainless Steel 2
L50mm

5 Precision Shaft - D4mm x Stainless Steel 2
L100mm

3 Precision Shaft - D6mm x Stainless Steel 8
L200mm

4 Precision Shaft - D6mm x Stainless Steel 5
L300mm

12.7mm (10mm) Roll i
5 Wrapped Carbon Fiber Cg(r)?r?nozli?s r !
Tube - L300mm P
6 Shaft Collar Metal 4mm Stainless Steel 10

<
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ITEM

NO NAME IMAGE DESCRIPTION | QTY.
7 Shaft Collar Metal 6mm Stainless Steel 24
«® >
8 Shaft Hub 6mm Ne@e Steel 24
) % )
9 Ball Bearing - 604ZZ Pre-Greased 8
(4mm Bore, 12mm OD) Shielded
Ball Bearing Flanged -
10 MF126ZZ (6mm Bore, Prg'h?erlzized 12
12mm OD)
GT2 Timing Pulley - 16T - .
11 Amm Bore Aluminum 1
12 GT2 Timing Pulley - 16T - Aluminum 5

6mm Bore
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ITEM

NO NAME IMAGE DESCRIPTION QTY.
GT2 Timing Pulley Idler - ¥/ .
13 16T Smooth - 3mm Bore / Aluminum 8
@ s ‘:\..
14 GT2 Timing Pulley Idler - \\ Aluminum 4
16T - 3mm Bore @
A
- Closed Loop
15 GT2 Timing Belt - 600mm 6rmm Width 2
No electricity
. conduction
16 White Nylggrgﬂﬁ.S X 6mm No interference 16
with antennae/
magnetometers
No electricity
. conduction
17 White Nylon M2.5 x No interference 12
10mm screw X
with antennae/
magnetometers
No electricity
. conduction
18 White Nylon M2.5 Hex No interference 28

Nut

with antennae/
magnetometers
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ITEM

NG, NAME IMAGE DESCRIPTION | QTY.
19 Bolt M3 - L10mm @ §’=“, ) é{'sgl 64
20 Bolt M3 - L14mm @ @E é{fé‘l 8
21 Bolt M3 - L20mm @ gﬁ é{fé‘l 32
22 Bolt M3 - L25mm @ §1=“, ) é{'e‘f; 12
23 Nut M3 Metal Steel 116
24 Washer M3 Metal Steel 128
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ITEM

NO NAME IMAGE DESCRIPTION QTY.
25 Adafruit BNOO55 9-DOF IMUwith |,
Fusion
26 Counterweight IMU \ : PETG 3
\
27 Foot Sole l TPU 4
28 Clamping Ring 0 TPU 4
29 Knee Stop . TPU 4
30 Hip Mass ~ e enaon 2

Overridden
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ITEM

NO. NAME IMAGE DESCRIPTION | QTY.
31 Clamp PETG 4
32 Hip Joint - Thigh PETG 2
33 Smooth Idler Base PETG 4
34 Idler Base PETG 2
35 IMU Base PETG 2
36 Knee Joint - Thigh PETG 2
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ITEM

NO NAME IMAGE DESCRIPTION | QTY.
37 Hip Joint - Thigh PETG 1
(Inner leg)
. Mass Properties
38 Thigh Mass Overridden 2
39 IMU Base PETG 1
(Inner leg)
40 Knee Joint - Thigh PETG 1
(Inner leg)
41 Knee Joint - Shank PETG 2
42 Foot - Shank PETG 2
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ITEM

NO NAME IMAGE DESCRIPTION | QTY.

43 Knee Joint - Shank PETG 1
(Inner leg)

44 Foot - Shank PETG 5
(Inner leg)

45 Spacer ID4mm L3.45mm PETG 4

46 Spacer ID4Amm L21mm PETG 2

47 Spacer ID6mm L2mm PETG 2

48 Spacer ID6mm L3.45mm PETG 4
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ITEM

NO. NAME IMAGE DESCRIPTION | QTY.
49 Spacer ID6mm L10mm PETG 8
50 Spacer ID6mm L11mm PETG 1
51 Spffﬁ;g[;?r?m PETG 4
52 Spacer ID6mm L21mm PETG 2
53 Spacer ID6mm L34mm PETG 2
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Greek Extended Summary

1 Eicaywyn

‘Eva 1adnTIKO dUVAUIKO dITTOdO POUTIOT €ival £€VOG PNXAVIOPOG TTOU PacifeTal ATTOKAEIOTIKA
oTtn Baputnta yia va TEPTTATACEL. Me TNV evowpdTwaon yovdtwy, 0 oXeOIOoUOG TOU UTTOPEI
va PIgNnBei To avBpwTivo BAdioua, auédvovtag TV eUeAIGia oTnv Kivnor Tou aAAd pe auTdv
TOV TPOTTO KalI Tn TTOAUTTAOKOTNTA TOU.

1.1 Bihioypa@ikf) AvaoKOTThOon

O Ted McGeer OepeAiwoe TN MPEAETN TwV TTAONTIKWY OUVAMIKWY OITTOdWY POMPTTOT,
OnMIoUPYWVTAG TO TTPWTO auToU TOU TUTTOU, TO «Dynamite», ue péAn Kar apBpwaoelg yovaTtwy
[10][11]. Or peAetntéc Tou MMavemoTtnuiou Cornell avatmapriyayav ta oxédia Tou McGeer,
€0TIACOVTAG OTNV a1TOdOCN TOU CUCTAMATOG KAl TN XaOTIKA cuptrepipopd Tou [4][5][6]. H
opdda Tou MavemmoTtnuiou Manitoba egétaoe 10 avtikeigevo dnuioupywvtag 1o "Dexter MK
" pe dlaouvOEedEUEVES TIG KVAMES TOU EEWTEPIKOU TTOdIOU, yia GuyXpoviouévn Kivnon [13].
To MavemoTtAuio TnGg Nagoya TngG lamwviog Trapriyaye 10 poutroT "BlueBiped”, TTou
olakpiveTal yia 10 cuvexég Badiopa 15 xIAlouéTpwy o€ 13 wpeg, XPNOIMOTIOIWVTAG EvVav
MNXavioud CuyxXpovIoHoU Twv KVNUwyv Péow Tou d&ova Tou I1oxiou Tou [7][8]. EmimAéov,
epeuvnTég oto TU Delft [22] kai oTo MavemoTtAuio Tou KwaZulu-Natal [18] kaivotéunoav
EVOWMATWVOVTAG KIVNTAPEG, €TITPETTOVTAG TN BAdion ot emmiredo €5a@pog Xwpig KAion, HE
TOUG TTPWTOUG VA TTAPOUCIALOUV TO POPTTOT «Mike» eUTTVEUCUEVO ATTO TTPpoNyoUpEvVa oxEdIa.

1.2 Zkomég Epyaciag

H epyacia autr] otoxelel 010 OXEDIOOPO €VOG TTAONTIKOU dUVAUIKOU SiTTod0oU POUTTOT ME
yovara, IKavoe va TTEPTTATACEl O€ TTOIKIAEG KAIoeEIg €dAQOUG Kal PE DIAPOPEG OPXIKES
ouvOnkeg, emaAnBevoviag 10 Bacikd paBnuatikd poviédo [17] kai egufabuvoviag Tnv
Karavonon yia auté Tov TUTTO pnxaviopou. Ta tmadnmikd OUuVAMIKA POMTIOT avoiyouv To
Opdépo  yia evepyelokd atrodOTIKA CUCTAPATA  TTOU  WTTOPOUV  va  AEITOUpyouv  O€
avBpwTToKeVTPIKA TTEPIBAAOVTA, BeATILOVOVTAG TN Xprion o€ did@opa £ddgpn. O oTdXOG cival
va dnuioupynBei éva pOUTTOT, TTOU AVTATTOKPIVETAI OTO JABNUATIKO JOVTEAO, Ba EVOWMUATWVEI
NAEKTPOVIKA UTTOOUCTAMATA, Kal Ba uTToBANBEi o AeTTTOPEPEIC DOKIYEG TTPOCOUOIWONG YIa VA
aglohoynOei.

1.3 Aopn Epyaoiag

AuTn n epyacia ekTuAiooeTal o€ TTEVTE Ke@AAaia. To KEQAAQIO 2 TTapouaIdlel Ta JaBnuaTikd
BepéNia kal TIG apxES BAdiong. To Ke@AAaio 3 TTEPIYPAPEI AETTTOPEPWGS TO OUVAUIKO HOVTEAO
TOU POMTIOT KaI ETTEENYEI TIC TTAPAPETPOUG TOU CUCTAMATOG. TO KEQAAaIO 4 aTtreikovilel TO
ox£010, AauBdvovtag uttown diabéoiya eCaptApata kal Kavovtag xprion TpiodidoTaTng
EKTUTTWONG, ME TN KATOOKEUOOTIKN a&loAdynon va emTuyxavetar pPéow Tng availuong
TIETTEPACUEVWV OTOIXEIWV. TO KEQAAQIO 5 ETTIKUPWVEI TN OXEdIACT PECW TTPOCONOIOEWY,
TTapouaidafovtag dedopéva atrd TIG dOKIPES. TEAOG, TO KEQAAQIO 6 KATAAryel, cuvowifovTag
TNV €pyaacia Kal ava@épel JEANOVTIKEG KOTEUBUVOEIG.
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2 OgpeAiwdelg ‘Evvoieg & Apxég

2.1 OewpnTikd OgpéAia Auvapikng & EuoTtdBeiag

2.1.1 AmAOG Ekkpeuéc

‘Eva eKKpePES gival pia BePeAIdNG PuNXavIK OO TToU £KONAWVEI APUOVIKI TOAQVTWTIKN
Kivnon utté Tnv emidpaon Tng BapuTikng duvaung. Mepihaufavel pia pala oTepewpévn o€
éva AKpo €VOG GKAPTITOU OUVOEOHOU, PE TO AVTIBETO AKPO AyKUPWHEVO Ot €va oTaBepd
OnNMEio TTEPICTPOPNG.

To atrAoTroinuévo PHovTéEAO auToU TOU CUCTAUATOG, YWWOTO WG ATTAO EKKPEUEG, UTTOBETEI
éva e€I0aVIKEUUEVO OevApIO ME OnUEiI0 TTEPIOTPOPAC XwpPic TPIPA Kal €éva OUVOECHO
QUEANTEQG HACOG. ZUUPWVA PE AUTEG TIG TTAPADOXEG, N TTEPIOdOG TAAAVTWONG (N dIdPKEIa yIa
Mia TTARPN TaAdvtwon) BacifeTal atmoKAEIOTIKA OTO PNAKOG TOU EKKPEWOUG Kal GTn BApUTIKN
ETTITAXUVOT. ZUYKEKPIYEVA, QUTA N TTEPIODOG gival aveEapTnTn TOCO aTTd TN YAla 600 Kal atrd
TO PEYEBOG TNG APXIKAG METATOTTIONG, UTTO TNV TTPOUTTO0ECN OTI N JETATOTTION Eival HIKPN.

MNa 10 aTTAG eKKPEPEG, TTOU €xeEl Evav BaBud eAeuBepiag, n dUVAUIKA EKQPAZETAl PE TN
dlagopikn e€icwan deUTEPNG TAENG:

2

d%6
MIL? —z + MglLsing = () (2-1)

Otrou M egival n pada, L cival To JAKOG Tou oUuvOECUOU, 6 gival n ywvia, g gival n emTtaxuvon
NG BapuTtnTag Kai T(t) €ival n aoKoUuuevn poTrh.

AuTh n eCicwaon deixvel Eva yYEVWGS N YPAUMIKG XapakTnpeIioTIKG. QoTd00, GTo TTAQICIO
TWV MIKPWV METATOTTIOEWY - CUYKEKPIMEVA, TWV MIKPWY YWVIOKWY ATTOKAICEWY atrd Tnv
ICOPPOTTIO - N CUVABWG XPNOILOTTOIOUKEVN TTPOCEYYION ETITPETTEI TN YPOUMIKOTTOINON TOU
ouoTAMaToG. AuTh N HABNUATIK atrAouoTeuan Trapéxel éva o avoAuTiKG Olaxelpioiuo
MOVTEAO, E€TITPETTOVTAG TNV OTTOTEAECHATIKN €EETAON TNG CUMTTEPIPOPAS TOU CUOCTHHATOG
KATW aTTO OUYKEKPIYEVEG, OV KAl TTEPIOPIOUEVES, TUVONRKEG.

d%6
MIL? — + MgL8 = t(t) (2-2)

dt?
E@boov n uttéBeon 1oxUel wg €ENG:
VO € [—4°,4°] - |0 — sinf| < 1073 (2-3)
H avadiaragn 1ng diagopikng egiowaong divel:

d’6 g (1)
@zt 10 = = Tew® &4
Auté avTirpoowTrevel pia dlagopikn egicwan deuTepng TAENG, TTOU XOPOKTNPIZETAI ATTO TOV
AGYyO améoEong Kal TN QUOIKR ouxvoTNTd TNG WG £EAG:

(=0 (2-5)
on= (%) (2-6)

Mtropei va diakpiBei 611 N QUOIKA ouxvoTNTa TTaPAMEVEl AUETABANTN WG TTPOg TN HAda.
QoT600, TTapouciddel pia eEGpTnon atmo To PAKOG TOU OUVOETHOU, OedoUEVNG TNG OTABEPNG
BapuTtikAg emiTdXUVONG.
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2.1.2 Avdaotpo@o EKkpeuéS
‘Eva oU0TNPO QVECTPAUMUEVOU EKKPEPOUG gival Pia KAQOIKA avatmmapdoTaon evog €YYEVWG
aoTaboUg, un YpapuikoU duvauikol cucoTruartog. H dopr Tou atroteAeital amd pia paRoo,
TTEPIOTPEPOUEVN OTO €va AKPO, UE TNV KUpPIA TTPOKANGN va €ival N EQAPPOYT OUYKEKPIMEVWV
POTTWYV OTOV AEoVa TTEPIOTPOYNG TTPOKEINEVOU va diaTnpeital n pdRdog ae 6pbia Béan.

2TNV KATAOTAON I00PPOTTIaG Tou, OTTOU N PAPRd0¢ OTEKETAI KATAKOpPUpa Opbia, TO
oU0TNUO  TOU OVECTPOUMEVOU EKKPEMOUG cival eyyevwg aoTabéc. Me dAAa  Adyia,
oTroladATTOTE MIKPH dlatapaxr 6a TTpokaAéoel TNV TITWwon NG pdpdou, atrokAivovTiag ato
TNV 100ppoTria. To kaBrkov, AoITTOV, €ival n €QOpPUOYr MIAG OTPATNYIKNAG €AEyXou TTOU
dI0pBWVEl CUVEXWG YIO ATTOKAICEIG aTTO TV KATAKOPUQO, dIATNPWVTAG TNV I00ppoTTia. AuTh)
n puduion €xel xpnoidotroinBei eupéws wg onueio ava@opds otn OoKIuA aAyopiBuwv
eAéyxou Adyw TNG KN dIaIcONTIKAG KAl Un YPAUUIKAS eUONG TOU TTPORARUATOG.

2.1.3 Mnxavikn Lagrange

2¢ avtiBeon pe TN pNnXavikr Tou Newton, Tou ouviRBwg TTEPIAaUBAvEl SUVANEIG, TaXUTNTESG KAl
EMTAXUVOEIG O€ TPEIG OIOOTACEIG (0€ KOPTECIAVEG TUVTETAYMEVEG), N MNXAVIKA Tou Lagrange
TePIypAQel cuoTAuaTa e dpoug evépyelag. H Baoikh évvoia gival n ouvdptnon Lagrangian,
Tou opiletal wg n Olagopd MPeTagU TNG KIVATIKAG KAl TNG OUVAMIKNAG EVEPYEIOG TOU
OUCTHHOTOG, TTOU EKPPAZETAI WG:

L=T-V (2-7)

Omou L eival n e€iowon Lagrange, T cival n KivnTiK €vépyeia Kal V €ival n duvauiki
EVEPYEIQ.

H €CENEN evog ocuotiuatog diEmeTar amd TG €€lowaoelg Kivnong Lagrange, TTou
TTPoépXovTal atmd TNV apxrn Tng eAdxioTng dpdong. Autr n apxrh dnAwvel 611 n diladpopr TTou
akoAouBei To ouoTnua Petafu dUo onueiwv oTovV XWPO dIaUOPPWCNC TOU €ival auTr) TTOU
ehayioTotrolei Tn dpdaon, TTou opifeTal WG To OAoKApwua TnG Lagrangian ye Tnv TTGpodo Tou
Xpovou.

MNa Ta oAdévoua cucTAuata, n apxh g eAdxiotTng dpdong BePaiwvel 6T N TTPAYHATIKA
dladpounry Mou akoAouBei TO ouoTnua ecivalr TETolId wWoTe n Opdon (OAOKANpwPa Tou
Lagrangian pe tnv Tapodo Tou Xpovou) va eival akivntn. Autdé odnyei otnv e€iowon Euler-
Lagrange, n otoia gival BepeMiodng yia TNV e€aywyr) Twv £EI0WOEWY Kivhong:
d(aL) 6L+6PC_6Pt__1N 2.8
at\ag) "oq; " a4, " aq ' T =9
OT1r0U g; €ival Ol YEVIKEUUEVEG OUVTETAYMEVEG, ¢, €ival Ol YEVIKEUPEVEG TaXUTNTEG, P. cival n
OTTWAEIO EVEPYEIAG, P; €ival n TTpoo@ePOUEVN 10XUG Kal N gival ol Babuoi eAeuBepiag.

H pnxavikn Tou Lagrange mmapéxel £éva BoAiké TTAaicIo yia Th SIaTtuTTwaon Twy £51I0W0EwWY
Kivnong yia TTOAUTTAOKO cuoTiuaTd, OTTwG OUTA JE TTEPIOPIOCPOUG 1} OE [N KOPTECIAVA
OUCTHAPOTA CUVTETAYHEVWY. AUTO Tn KOBIOTA 181aiTEPA KATAAANAN yia TTOAAG TTpoBAAATA OTN
MNXavIKA, OTToU €ival amapaitnTn n Katavonon Kai n TPORAEWn TNG Kivnong MNXOVIKWY
OUCTNHATWV.

2.1.4 lMoAAamAaoiaoréc Lagrange
2¢ TTOAG OuvauikKd OCUuCTAUATO, CUVAVTWVTOI OUXVA OAOVOWIKOI TTEPIOPICHOI. TETOIOI
TTEPIOPICHOI PTTOPOUV VA EKPYPACTOUV JOBNUATIKA WG CUVOPTAOEIG:

5i(q1,92,--,qn,t) = 0,j =1..M (2-9)
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OT1r0U M €ivail 0 apIBuOS TWV TTEPIOPICUWV.

H Baoiki 18éa Tiow ammd Tnv TeEXVIK Tou TroAAammAaciaoTr) Lagrange eival o
METOOXNMOTIONOG VOGS TTPOPRAARUATOG PE TTEPIOPICPOUG OE £va Un TTEPIOPICHEVO TTPORANUQ,
TO OTT0i0 €ival ouvrBwG O €UKOAO va AuBei. Autd yiveral pe Tnv €lcaywyr TPOCOETWY
MeETOBANTWY, TwWV TTOAAATTAACIOOTWY Lagrange, oTnv apxik cuvapTtnon. Auth n péBodog
mepIAapBdavel Tov opIouo evog véou Lagrangian, €TTEKTEIVOVTAG TO TTPONYOUUEVO:

M
Lyow =L+ Z As; (2-10)
=1

Omou 4;,j = 1.. M eivai o1 véeg peTaBAnTég. H egiowaon Euler-Lagrange yiverar:

d(aL) oL i’l 05, , OF _ 0P, 1)
dt a(h aQi = ]a%’ aql aql
2170 oUoTnUa Twyv JIaQOPIKWY  €§I0WOEWY, UuTTdpxouv Twpa N+M  dyvwoTol, TTou
mepihapBdavouv N petafAntéc katdotaong kai M TToAAamrAaciacTtéc Lagrange. Na va
TTPoodlopIoTel TO oUOTNUA, aTTaiTouvTal M TTPOOBETEG £§I0WOEIG, Ol OTTOIEG TTAPEXOVTAl ATTO
TOUG OAOVONIKOUG TTEPIOPICHOUG.

TNV TTapaTTdvw OIaTUTTWOT, KABE j°5 6pog TNG ABpoIoNG UTTOBNAWVEI TN YEVIKEUUEVN
ouvaun, TOU ¢gvepyei TIPOG TNV KaTeuBuvon Tng i YeVIKEUPEVNG OCUVTETAYUEVNG,
diac@aAifovTtag Tnv TAPNON Tou j°V TTepiopiopou. H kaBopiopévn duvaun opifeTal wg:

S.
L p, (2-12)

O oT16xog Tou TToANaTTAaciaoTh Lagrange cival va €mTUXel Tn TIMA O0€ KABe OTIYUN TTOU
Olao@AAiel TNV EKTTANPWON TOU TTEPIOPICUOU. AUTH N TIPOOEYYION UTTOYPAPUICEl Ta pn
OUUMOPPOUNEVA XAPAKTNPICTIKA TTOU Eival EyYEVI] O€ QUTO TO MABNUATIKG £pyaAcio.

2.1.5 Xaprng Poincaré

‘Evag xdprng Poincaré, yvwoToég Kal WG xApTns mpwrng EMAOTPoQNS N Xaptng emavainyng
Poincaré, cival éva epyaleio TTou XpnOIUOTTOIEITAI TN MEAETN OUVAMIKWY CUCTNPATWY. TRApe
T0 Ovopd Tou amd Tov [GAAo paBnuartikd Henri Poincaré kai XpnoIMOTIOIEITAl YIa VO
QTTAOTTOINCEI TN HEAETN TNG CUPTTEPIPOPAS TWV TPOXIWV OE €va DUVANIKO cUOTNUA.

Ta duvapikd cuoThuaTa ouxvd TrepIAauBavouy TTOANEG PETORANTEG Kal PTTOPED va gival
dUokoAo va avoAuBouv dueca. O xdptng Poincare mapéxel évav TpOTTO PEIwWONG TNG
TTOAUTTAOKOTNTOG TOU CUCTHMOTOG MEAETWVTAG TO O€ évav BIAKPITO XAPTN XaPNnASTEPWY
OIa0TACEWV.

MNa éva mep1odiké duvauikd cUoTNUA, N KATAOTAON TOU CUCTANATOG OE HIA OUYKEKPIMEVN
OTIyUr} uTtrayopelel TNV KATAOTOON Tou META amd pia Trepiodo. AUTO pTTOpEl VO
avaTrapaoTodEi wg:

X1 = P(xpn) (2-13)

OTr0U X, €iVal N APXIKN KATACTAON, X4 €iVAI N KATAOTAON YETA ATTO WA TTEPIOBO Kai P gival
n SUVAMIKA TOU CUCTAPATOG.
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‘Evag xaptng Poincaré onuioupyeital €mMAEYOVTAG HIO OUYKEKPIYEVN «OIATOPN» TOU
XWpou @daong - évav UTTOXWPEO KaTd dia S1aoTacn MIKPOTEPO aATTO TOV APXIKO XWEOo - Kal
TTapaTnEoUVTAl Ta OnWEia GTToU N TPOXIA TOU CUCTAMATOG TEPVEL QUTA Tn dlaTour, OTTWG
@aivetal oto ZxAua 2-1. AauBdavovTtal uTToYn POVO Ta CnuEia oTa oTToia SIGCTAUPWVETAI N
TPOXIG& O€ MIA CUYKEKPIMEVN KaTeuBuvon. Aut n dladikacia €Xel wg ATTOTEAEOUA MId
akoAouBia onueiwv, kaBéva amd Ta omoia avTITTPoowTTelEl évav TTANPN «KUKAO» TOU
OUOTAPATOG. MEAETWVTOG AUTA TA ONUEIN KAl TN CUUTTEPIPOPA TOUG, UTTOPEI VA ATTOKTNBEI pIa
€IKOVA yIa TN OUVOAIKI) CUMTTEPIPOPA TOU SUVAUIKOU CUCTHMATOG, CUMTTEPIAQUBAVOUEVWY
ONPAVTIKWY  XAPOKTNPIOTIKWY OTTWG N €uoTdBela, n  TTEPIODIKOTNTA KAl N XOOTIKA
OUMTTEPIPOPA.

=0

ZxApa 2-1. Xaptng Poincaré evog duvapikou ouoTARpaTOG [2].

2.1.6 Moprpairo $aong

To TTopTPETO PACNG €ival Eva YPOPIKO EPYAAEIO TTOU XPNOIYOTTOIEITAI O€ DUVANIKA CUCTANOTA
yia TNV amreikovion Kal Th JEAETN TNG CUPTTEPIPOPAS Toug. Mapéxel pia avamapdoTaon Twy
TpoXIWwv TToU Ba akoAouBrioel éva oUOTNUA OTOV XWPEO KATAOTAONG, O OTToiog €ival évag
HOBNUATIKOG XWPEOG TTOU OpIdeTal e TETOIO TPOTTO WOTE OAEG OI TTANPOYOPIES YIa TO cUOTNUA
o€ MIa OeDONEVN XPOVIKI OTIYUA VA QVTITTPOOWTTEUOVTAI OTTO £éva JOVO CNEIO OTO XWPO.

MNa éva atmAo, d1IodIGoTaTO dUVANIKG CUCTNUA, £va TTOPTPETO PACNG €ival PId YPOQIKN
TapdoTacn Twv TOAVWY  POVOTIATIWY OTOV  XWPEO KATAOTACEwvV TIoU MTTOpEl  va
akoAouBrael, edoPEVWY DIAPOPETIKWY APXIKWY ouvlnkwy. KABe HovoTTaTl avTITTPOoWTTEUE!
TNV €§EAIEN TOU CUCTAPATOG PE TNV TTAPODO TOU XPOVOU, LEKIVWVTAG OTTO HIA OUYKEKPIUEVN
apxIkn katdotaon. E¢eTdlovrag Eva TTOPTPETO PACNG, MTTOPEI KAVEIG VO CUUTTEPAVEI TTOAAEG
TTOIOTIKEG IB1IOTNTEG TOU GUOTHKOTOG, OTTWG TO AV IO IC0PPOTTIa €ival EUOTABNS | aoTadNG, N
UTTapén oplaKkwv KUKAWYV Kai n GUvOAIKA OUVAIKI) TOU CUCTANATOG.

2.1.7 Oprako¢ KukAog
TN PEAETN OUVOUIKWY CUCTNUATWY, IDICITEPA OE OXECN HE UNXOVIKA OUCTHHOTA, O OPIaKOG
KUKAOG KOTEXEI pIa Kpiolun Béon. Q¢ oplakdg KUKAOG opileTal PO ATTOMOVWHEVN KAEIOTA
TPOXIG OTO XWPO PACNG £vOG dBUVANIKOU oUuCoTAUATOG. [0 TEXVIKA, £vag oplakOg KUKAOG gival
MIa  TTEPIOBIKA TPOXIA OTOV XWPEO KOTAOTACEWV €vOG XPOVIKA OuveXoUg OUVAMIKOU
OUCTHAPOTOG YIO TO OTTOI0 OV UTTAPXEl KAMIa GAAN TTEPIODIKN) TPOXIA TTOU VO OTTOTEAEI
dlarapaxn Tou.

O 1TP0oCcdIoPIoUOG VOGS OPIaKOU KUKAOU UTTOPEI va TTPOC@PEPEI TTOAUTIUN €IKOVA yia TNV
EYYEVI TTEPIOBIKY CUUTTEPIPOPA TOU WNXOVIKOU CUCTAMOTOG TTou e€eTdleTal. Z€ éva TETOIO
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oUoTNUa, oI HETABANTEG KOTAOTOONG PTTOPED va TTEPIAAUBAVOUV TTAPAYOVTEG OTTWG N YWVIAKI)
Béon, n ywviakn Tax0TNTA, N YPauMiKA 6féon 1 n ypauudikh Taxutnta. Otav autég ol
METOBANTEG KATAOTAONG €¢eNicOoOvVTal PE TNV TTAPODO TOU XPOVOU Kal TEAIKA ETTIOTPEPOUV
oTnVv apxikfi Toug katdoTtaon, oxnuaTtiCoviag €10l évav KAEIOTO BpOX0 OTO XWPEO TwV
PAcEWYV, £XOUME €va OPIaKO KUKAO.

H euotdBeia evdg oplakoU KUKAOU gival €va OnUAvTIKO XOPOKTNPEIOTIKO, PE €UCTABEIG
OPIOKOUG KUKAOUG TToU UTTODEIKVUOUV OTI TUXOV HIKPEG OIOTAPAXEG OTNV KATAOTAON TOU
ouoTAPATOG Ba ouykAivouv TeAIKA TTiow OTov KUKAO. AuTO Trapéxel €va METPO TNG
OTIBAPOTNTAG KAl TNG AVOEKTIKOTNTAG TOU CUCTHUATOG O€ dIATAPAXEG.

H elupeon g UtTapéng €vog oplakoU KUKAOU o€ €va PnXavikd oUoTnua MTTopEi va
XPNOIUEUOEl WG éva 1I0XUPO ePYAALio yia TRV avAdAuon TOU CUCTHPOTOG KAl TO OXEDIAONO
EAEYKTH, TTAPEXOVTAG MIa 0aQn €IKOVA TwV EYYEVWV IBIOTATWY EUCTABEIOG TOU GUOTANOTOG
KAl TNG TTEPIOBIKAG CUUTTEPIPOPAG Tou. O1 opIakoi KUKAOI gival ETTOUEVWG BEPENIWDEIS YIa TN
MEAETN UN YPOUMIKWY OUVANIKWY CUCTNUATWY, TTPOCEEPOVTAC Eva TTPICUA MECW TOU OTTOIOU
MTTOPEl va yivel katavonTh Kal va TTPORAE@Oei N cUPTTEPIPOPE TTOAUTTAOKWY HNXAVIKWV
ouoTNUATWV.

2.2 Airodn Kivnon

O BnuATIOPNOG JTTOPEI VO  TTEPIYPAPEI WG HIA CUCTNUATIKA, ETTAVOANTITIKA  PEB0DOG
TPoWwONOoNG TPOC Ta EUTTPOC TToU TTEPIAAUPBAVEI OUVTOVIOUEVEG KIVIOEIG TwV AKPWV.
YTrdpyouv TTOAUAPIOUES TAGIVOUAOEIS avOpWTTIVWYV BNUATIOPWY, TTOU XOPAKTNEiovTal atro
OIaPOPETIKA MOTIRa, TaxutnTeg, AaAANAETIOPACEIC OUVAUEWY KOl ETTAQWY HE TO £dagog. lNa
TOUG OKOTTOUG AUTAG TNG Epyaciag, Eugacn diveTal oTo avBpwTTivo BAdIcua.

To emavaAauBavopevo PoTifo Kivnong ava@EépeTal wg KUKAOG Badiong i BnuaTiopog.
AUO KUpIEG PAOEIC XapakTnpeifouv TNV Kivnon kaBe 1TodIoU 0 autdv Tov KUKAO: n @don Tng
OTAONG, KATA TNV OTToid TO TTOdI £PXETAI OE ETTAPN PE TO £€DAQPOG KAl N pACT TNG AIPNONG,
Katd Tnv otroia &ev gival. TO XapakTnPIOTIKO YVWEICHA TOU BadiopaTtog gival 0TI TOUAdXIOTOV
TO €va TTOdI dlaTnpei eTTaQr) YE T0 £€daQog avd TTaoa oTiyun. Ze éva ouvnBeg poTifo Badiong,
0 KUKAOG BAdiong PtTopei XovOpIKA va XwpIoTel og @aon otaong 60% kal ¢daon aiwpnong
40% yia 10 KGOe 1681, OTTWG TTAPOUCIAETal OTO ZXAUA 2-2.

ﬂ\.ﬁ\z ﬁg R SRS j\&}\z

RIGHT LEFT LEFT LEFT RIGHT RIGHT RIGHT LEFT

INITIAL FOOT MID- INITIAL FOOT MID- INITIAL FOOT

CONTACT OFF SWING CONTACT OFF SWING CONTACT OFF
1 Double Right single 1 Double Left single 1 Double >
' support support ' support support ' support
0% 10% 50% 60% 100% :
Right Stance Phase Right Swing Phase '

Left Swing Phase Left Stance Phase
0% 40% 50% 90% 100%

Ixnua 2-2. ddoeig Badiong [19].
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Mpiv eyBabuvoupe oTa KpioIua aToixeia TTOU OXETICOVTAI PE TN MEAETN, TTPETTEI TTPWTA VO
edpaiwBei pia BepeAiwdng katavonon Tng opoloyiag TTou OXeTiCeTal PE TNV AvAAUON
Badiong.

To uARKog Tou BAuATOG TTEPIYPAPETAI WG N ATTOCTACN METAEU TWV CNUEIWV ETAPNS TNG
QTEPVAG dUO dIAdoXIKWY Bnudtwy, TTou TrepIAauBdavouy Kal Ta duo TTédIa. ATTO TNV AAAn
TTAEUpd, TO PAKOG OIACKEAIOHOU avag@EpETal OTNV aTTOOTACN TTOU KOAUTITETAI WETALU TWV
ONMEIWV ETTAPAG TNG PTEPVAG o€ BUO dladOoXIKA BripaTa Tou idlou TTodIoU.

O KUKAOG EekIva e TNV «OPXIKN €TTAQR», TTOU dNAWVEI TNV OTIYUA OTTOU N PTEPVA EVOG
TT0dI0U aAANAOETIOPA YIa TTPWTN QOPA UE TO £€0a@0g. AKOAOUBEI N «aTTOKPIoH @OPTWONG», N
oTroia ava@épetal otn dladikacia JETAPOPAS POPTIOU OTO AKPO TTOoU £XEl EI0€EABEI TTpOCPATA
otn @don TG oTtdong. AKoAoUBwG, akoAouBei n @Acn «ATTOPAKpUVOn OOKTUAWV» A
«ATTOPAKPUVON Tou TTodI0U», TTOU OnuaTtodoTel To onueio é1Tou 1o TTOdI TTAUEl va dlaTnpEi
ETTAQN HE TO £€DAPOG KAl EICEPYETAlI OTN QAo alwpenong. TEAOG, ed@avideTal n «PEon
alwpnNaon», TTOU AvTITTPOOWTTEUEl TNV TTEPIOdO KaTA Tnv oTroia To TTOdI BPIioKETalI O€ Kivnon
OTOV Aépa TTPIV ATTO TNV £TTAVEVAPEN OAOKANPOU TOU KUKAOU.

Katd 1t @don g aiwpnong, n dapbpwon Tou yovdatou Acitoupyei pe SlaKpITO,
ETTAVOAAUBAVOUEVO TPOTTO. =€KIVA OTTO HIA TTANPWG EKTETAPEVN i «KAEIDWPEVN» BE0N, OTN
ouvéxela petapaivel o «EekAeIdwPEVN» KATAOTAON, EMITPETTOVIAG TNV €AeUBEPN Kivnan TnNg
KvAENG. Kabwg n @don tTng aiwpnong oAokAnpwvetal Kal 7o T8I TTPOETOINAZETAI yIa TNV
ETTOMEVN KpoUoN OTn PTEPVA, N ApBpwon Tou yovdatou eUTTAEKETAI EQvd, ETTIOTPEPOVTAG OTNV
«KAEIBWPEVNY» B€on. AUTOG O UNXAVIOPOG eVOAAOYAG METAEU KAEIDWMPEVNG KAl CEKAEIDWMEVNG
KaTtdoTaong XPNOIMEUEl yia Tn BeATiwon 1000 TNG evepyelakng amoédoong 600 Kal Tng
€UOTABEIOg KaTh TN BAdion.

To KaTWTEPO AVOPWTTIVO CWa, OTav TTapATnPEITal HE a@nEnUEVO TPOTTO, UTTOPEI va
BewpnBei w¢g pia ceipd amd dlacuvdedepéva  ekKpeUA. AuTh N avaloyia  TTapExEl
TTANPOPOPIEG YIA TIG TTABNTIKEG OUVANIKEG apXEG TTOU DIETTOUV TNV avOpWTTIVN Kivnon.

O1 avBpwrTrol gival ditToda évTa, Ye KABE TTOdI va PoIAEl e Eva aVECTPANPEVO EKKPEUES
KaT@ TN @A&on TG oTdong Tou TTEPTTATAPATOS. Kabwg 10 £va TTOdI EpXETAI O€ ETTAPNA PE TO
£dagog kal TTapaAauBdver To Bdpog, TO cwua okUBeEl TTAvw TOU Kal TO KEVIPO MHALOG
avePaivel kal 0Tn ouvéxela kateBaivel, TTapdpoia Pe To TOEO TToU TTEPIypA@ETal aTTd €va
EKKPEPEG.

Katd ™ ¢@daon m¢ aiwpnong, To TTOdI CUUTTEPIPEPETAl TTEPICOOTEPO OaV £va OITTAG
EKKPEPEG. O PnPdG TOAQVTWVETAI TTPOG TA EUTTPOG TTEPI TO 10XI0, EVW N KVAMN TAAQVTWVETAI
yUpw atré 10 yévarto. Autr n OITTAR dpAcN TOU EKKPEUOUG ETTITPETTEI TN WETABOAN TOU PIKOUG
TOU BIAOKEAIOPOU KaI TNV €GOIKOVOUNON EVEPYEIAG.

AKPIBWG OTTWG €va eKKPEPES avalnTd Tn B€an 1I00ppoTTiag Tou, ol AvBpwTrol avalntouv
éva eyyevwg euoTaBég Badiopa. MapdAo TTou n Badion TTepIAAPPBAVEL hia EAeyXOUEVN TITWON,
Ta avBpwTtTiva 1T6dIA, TTOU POIAJOUV JE EKKPEUN, OE OUVOUAOUO PE UNXaviopoug avadpaong
TWV VeUpwyv, diac@alifouv Tn dlatApNon TNG ICOPEOTTIAG Kal TNV avAKapywn oTrd HIKPES
dlatapaxg.

To madnTIKG duvapikd Badiopa, armd Tnv ammown TG PUNXAVIKAG, cival éva TTapddelyua
Kivnong Tou aglotolei Tnv €yyevry Ouvapik €vog ouoThuartog avti va Bacifetal o€
MNXaviououg evepynTIKoU eAEyxou yia Tn dIEUKOAUVON TNG Kivhong.

‘Eva malnTikd duvauIKO pOPTTOT odnyeital Kupiwg atd mn BaputnTa, TNV adPAveia Kal T
OIKr] TOU PNXavikr dlauépewaon, o€ TTARPN avTiBeon Pe TIG EvEPYNTIKEG UNXaVES BAdIoNG TTou
XpNnoigotrololv  KivnTApeS. H €uputn evepyelokn amodoon Twv TadnTIKWV  SUVAPIKWV
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POMTTOT ETTITUYXAVETAI OEIOTTOIWVTAG TN QUOIKI SUVOMIKY) TOU CUCTAPOTOG VIO £€va CUVEXEG,
pPUBUIKO Badioua.

Ta TUTTIKA TTABNTIKA OUVAPIKA POUTTOT oxedidlovTal he éva Ceuydpl TTOdIA, ouxva évav
KOPHMO Kal PE opiopéva oxEdIa va evowpaTwvouv TTéApata. Ta modia éxouv oxedlaoTei
OKOTTIUA PE OUYKEKPIYEVA WAKN KAl KATAVOUEG PACag yia Tn BeATiwon TnG suoTdbeiag oTn
Badion.

MNa va &ekivoel n Kivnon, To pOUTTOT TOTTOBETEITAI 0€ pIa KAION, €MITPETTOVTAG £TC1 OTN
BapuTtnta va 1o wbAcEl TTPOG Ta EUTTPAG.

H 18¢a Tou TTaBnTIKOU duvapIKoU BadioPaTog €XEl ONUAVTIKO eVOIOPEPOV VI TTEDIA OTTWG
N €MUPIOUNXAVIKHA, TN POMPTTOTIKA Kal TO oXedlaoud TTpooBeTikwy. EmimmAéov, TTapéxel éva
TTOAUTIMO €pYOAEio yia TN HEAETN TwV apXwVv TTou BIETTOUV TNV Kivnon avBpwTtwy Kal {wwv,
TTPOCPEPOVTAS TTANPOPOPIEG yIa TNV ATTOTEAECUATIKOTNTA Kal TNV SUVAMIKA TNG PBIOAOYIKAG
Kivnong.
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3 Auvapikn Aitrodou

2e autd 1O KePAAaIo, Ol apxéG TTou Treplypd@ovTal 0To KeQAAaio 2 utrooTnpi(ouv Tnv
QVATITUEN TOU PHABNUATIKOU POVTEAOU TTOU BIETTEI TO UTTO £€£TAOT TTABNTIKO OUVAUIKO POPTIOT
[17]. Méow TnG Xpriong €EeIBIKEUPEVOU AOYIOWIKOU, TO HOVTEAO TTPOCQEPEl TTPOYVWOTIKEG
TTANPOPOPIEG OXETIKA ME TNV OTTOKPION TOU POMPTIOT OE MEMOVWHEVEG TIPOOCAPUOYEG
TapauéTpwy. Auth n dladikacia oToxeUel OTNV EMMKUPWON TNG IKavoTnTag PBAdiong Tou
POMTTOT.

3.1 Mnxaviké MovTtéAo

H avBpwTrivn Kivnon atroTeAei avTiKEiuevo EvTovng €peuvag Kal £xel odnyrnoel oTnv TTPOTAON
TTOAUGPIBUWY PNXAVIKWY aVAAOYWV YIa TNV TTPOCEYYION QUTAG TNG TTOAUTTAOKNG Kivhong. Me
Baon Tn Bepehiwdn €peuva Tou OIEENXON oTo gpyacTipio [25], TO HOVTIEAO TTOU
TTapouoIdleTal o€ aut Tn  HeEAETN  Paoiletal oe  TTponyouueva  oxédia  [20][24]
EVOWMATWVOVTAG ONUAVTIKG XOPOKTNPIOTIKA TTOU ouvAadouv MPE TNV avBpwTmivn avaToyia,
I0iwg TNV €lcaywyrn apBpwotwyv yovatwyv. Mg TNV eVOWUATWON auTwy, ETTIOIWKETAI N
TEPAITEPW KaATAVONON Kal N akpifeia Tng avarrapaywyng TG dUVAMIKNG TG avBpwTTivng
Badiong, 6TTwG QaiveTal 01O ZXAHa 3-1.

X YH

xAua 3-1. MeTaBAnTéG TOU CUOTAMATOG Kal EMITAXUVON TNG BapuTtnTag [17].

H duvapikr) cuuTtrepIQopd TOU CUCTAWOTOG UTTOPEI va TTeplypagei ammd 10 akdAouBo
dlavuoua:

q= [xH:YH:QU'QKﬂ/JU'VJK]T (3-1)

OTr0U x4 €ival n X ouvTeTaypévn Tou 1I0Xiou, yy €ival N Y ouvteTaypévn Tou Ioxiou, 6y givai n
ywvia Tou 8e€loU pnpou, B cival n ywvia tng 6€€1d KvAuNg, Yy €ival n ywvia Tou apiotepou
MNPoU Kal Py €ival n ywvia NG aplioTepA KVAUNG.

Eival emtakTiKA avdykn va TovioTei 611 o1 ueTaBAnTEG opifovtal e oxéon e To oUCTNUa
avagopdg Tou edAPOUG {X,y}, ATTOKAEIOVTAG TIG YWVIEG TOU YOVATOG, Ol OTTOIEG UTTOAOYi(ovTal
ME BAaN TN YwVIaKA 0X€0n METAEU TOU AVTIOTOIXOU HNEOU Kal KVAUNG.

XpNoIYOTTOIVTAS QPOPUOAICHO KOTA Lagrange, n dUVAUIKA TOU CUCTHPOTOG UTTOPEI va
TTEPIYPOPET WG:
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M(g)G+C(q,9) +K(q) +G(q) =0 (3-2)

Otmrou M eivar o Tmivakag adpaveiag, C civar o Trivakag @uyokevipwyv Kai Coriolis, K 10
dldvuopa eAAoTIKOTATOG Kal G TO dIAVUC A BapuTtnTag

210 TTapdv HovTéENO, TTapdPoIa PE TNV TTPONYOUUEVO POMTTOT, dlaTtnpeital n Xprion
KUKAIKWV TTEARATWYV [20][24][25]. To onueio €Ta@nig PeTagu Tou TTEAPATOG KAl TOU £DAPOUG
TNEEI TNV apxn TNG «KUAIONG Xwpic oAicBnan». Autd onuaivel 0TI o€ KABe dedouévn aTIyun,
UTTAPXE! éva JOVO onuEio ETTAPAG YETAGU Tou TTODI0U Kal TOU £DAPOUG, XWPIG OXETIKY Kivnon
oAioBnong peTalu Toug. Z1n dlaTUTTWON TWV €£I0WOEWYV Kivnong yia 1o oUOTNUA, autég O
TTEPIOPIOPOG  EVOWUATWVETAI  OTTOTEAECUATIKA  XPNOIYOTTOIWVTAG T HEBODdO  Twv
ToAAaTTAQCIOOTWY Lagrange. Autrh n TTpoaéyyion evioxUel TNV TPENON TNG OUvBAKNG «uN
oANioBnong», evw TTapéXEl €vav ATTOTEAECHATIKO PNXAVIOPO yia va An@Bouv uttoyn ol
OUVAEIG TTEPIOPICHOU KATA TN OIAPKEIX TWV QACEWY POVTEAOTTOINONG KAl avAAuong.

AUTH N cuvBnNKN yIa T KUKAIKA TTEARQTO JITTOPET VO EKQPACTED JaBnuaTikd wg £EAG:

x =16 (3-3)

Otrou x cival n PETOTOTION TOU KEVIPOU TOU KUKAIKOU TTEAMOTOG, r €ival n OKTiva Tou
TTEAPATOG KAl B €ival N ywvia.

H A&IToupyIKr aTTOTEAECUATIKOTNTA TOU POVTEAOU UTTOKEITAI O€ HIG OEIpd agloAoyrnoewv
oe d1apopeg KAioelig. O TTpwTAPXIKOG OTOXOG AUTAG TNG TTPOCEYYIONG HMEBOBIKWY SOKINWY
gival va OlEUKOAUvel TNV avamTuén €vog oOTIBapoU POUTTOTIKOU HNXavioPoU IKavou va
OlaoyiCel aTTOTEAEOPATIKA auTd Ta TTOIKIAG €BG@n. AuTO SI00@QOAIfEl TNV UTTAPEN E€PIKTWV
AUoewv KATw atrd dIaQopeTIKES TTEPIBAAAOVTIKEG CUVOAKES Kal TTIGTOTTOIEI TN OTIBAPATATA KAl
TNV TTPAKTIKA TTPOCAPHOOTIKOTNTA TOU CUCTAUATOG.

Eival onuavtikdé va avayvwpioouphe OTI n TNy evéEPYEIOg TOU CUCTAUATOG Eival TO
BapuTtiké Tedio. H dSuvapiKn evEépyeEla UTTOPET VO EKQPPAOTE WG:

V, = Mgh = Mgxsin(a) (3-4)

OTr0Uu x gival TTap&dAAnAo oto £6a@og Kai a gival n KAion Tou €dd@oug.

H katavoun pafag kai n potrr) adpAaveiag Twv oUVOETPwWY TTaifouv KaBopioTikd pOAo 0N
OUVAMIKN Tou TTaBNTIKOU Badiopatog. e TETOIO CUCTAMATA, OTTOU O TINYEG EVEPYEIQG 1] Ol
MNXaVIoUOi evepyoU eAEyxOu aTTOUCIACOUV, TO POUTTOT BaacifeTal £ OAOKAAPOU OTN BaPUTIKA
OUVOUIKN EVEPYEIQ KAl OTNV £yYEVr OUVAUIKE TOU YIa va TTpowBnOsi.

H katavounl péfag o KABe oUVOECHUO PTTOPEI va ETTNPEACEl TOV TPOTTO PE TOV OTTOIO N
BapuTIKA evEépyEIa PHETATPETTETAI O€ KIVNTIKA. ZUYKEKPIYEVA, N BN Tou KEVTpou Padag uéoa
o€ KGBe ouvdeopo kabopilel T BAPUTIKN POTTH) TTOU AOKEITaI 0TV ApBpwon, eTnpedlovTag
TN SUVOUIKA alwpnong Kal To JAKoG Tou BAPaTog. Otav o1 Jadeg Twv cuviioHwy Oev gival
BEATIOTO KATAVEUNMEVEG, UTTOPEI va OONYROEl OE QVATTOTEAEOUATIKA PETAPOPA EVEPYEIAG,
TIPOKAAWVTAG TITWON TOU POUTTOT.

H po1ri adpdavelag, n oTToia TTOCOTIKOTIOIET TNV AVTIOTOON EVOG AVTIKEINEVOU OTH YWVIAK
EMTAXUVON, €ival évag GANOG Kpioluog TTapdyovTag yia To TTadnTIKG Badioua. H uwnAn potm
adpAveIag UTTOPEI va HEIWOEI TNV OTTOKPION Of €EWTEPIKEG BIATAPOAXES, TTAPEXOVTAG
€uoTAOeIa, aANG pe kbOTOG TNV eueAi§ia. AvTiBeTa, évag oUvOEOPOG PE TTOAU XaunAf poTrn
adpavelag PTTopei va ToAavteUeTal TTOAU ypAyopa, PE atroTéAeopa éva aoTtabég Padioua.
Aedopévou OTI Ta TTABNTIK& POUTTOT e€apTwvTal o€ PeyGAo BaBud amd 1n dilatApnon Tng
YWVIAKAG OpUAG yIa va dlaTnerioouv TnVv Kivnon, n potr adpdvelag KABe ouvOETUOU PTTOPEI
va gival n dlapopd HETAEU €vOg €uoTaBoUg, cuveXoug PBnuatiopol Kal evog aoTaboug.
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ETTopévwg, n Katavonon Kal TTPOCEKTIKA MEAETN QUTWV TWV TTOPAPETPWY €ival ETTITOKTIK
avaykn yia Tov EMTUXNUEVO OXEDIAoNS. 2T0 ZXAMa 3-2 TTapouaidlovTal Ol TTaPAUETPOI TOU
OUCOTHPOTOG.

IxApa 3-2. NapdaueTpol cucThpaTog [17].

3.2 ®dosig

Omrwg TTepIEypd@NKE TTPONYOUHEVWG, O WETARANTEG TOU CUCTAMATOG QVTITTPOCWITEUOVTAI
atro 10 didvuoa:

q =[xy, yu, 0y, Ok, Yy, Wi I" (3-5)
Kl Ol TTapAywyol TOUG KITTOPOUV atTAd va UTTOAOYIoTOUV WG:
dq
. _ 24 3-6
q=_ (3-6)

Mépa amrd autd, 0 UTTOAOYICKOG TOU CUCTAUATOG ATTAITE TN CUMTTEPIANWN TTOAAATTAQCIACTWY
Lagrange:
An
Katd ouvEéTreia, N KOTAoTao TOU OUOTIUATOG JTTOPET VO EKPPACTET WG:
x=1q,q,2,]" (3-7)

H petaBAnTA n uttodeikvUel Tov aplBusd Twy TTOAAaTTAOCIOOTWY Lagrange, o oTToiog TTOIKIAAEI
avéAoya pe Tn @aon Badiong.
H Sduvauiki TOu CUCTHPATOC YivETal TWPA:

M(q)G +C(q,9) +K(q) + G(q) +11(g)A =0 (3-8)

OTrou IT TrEpIAAPPBAVEI TOUG TTEPIOPIOUOUG.

Tétola Sduvauikd cuoTtripaTta Xapaktnpifovialr wg Alagopikés ANyeBpikés EEiowoeig
(DAEs). Na va petatpatrei autd 10 oUOTNUO O€ éva OUVOAO ZuvhBwv Ala@OopIKwY
E€ilowoewv (ODES), atraiteital pia dia@opion, TTPOKEIMEVOU VA OXNUATIOTEN WG:

Mx =F (3-9)
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Katd tn @don tng PJovng otripigng, OtTou 1o €va TodI diatnpei eTagn pe 10 €0aPOG Kal TO
GAAO ugioTaTal alwpnaon, n OUVAMIK TOU CUCTAMOTOG WTTOPEI va TTEplypagei amo Tnv
eTTOueVN dIATUTTWON. EKTOG atmd TOUG gyyeveig 6 BaBuoug eAeuBepiag oTov pnxaviouo, duo
ETTITTAEOV TTEPIOPICHOI - OI GUVBNKES Wn oAioBnong Kal KUAIONG - EVOWNATWVOVTAI JECW TWV
TTOAAQTTAOQOI00TWY Lagrange.

Osxse Meoxe Iexz||dex1|= Bgm (3-10)

lexe Osxe Osxz||d6x1 [%m
O2x1

T .
H2x6 02x6 02x2 /12x1

Katd m @aon 1ng dITTAAS oThpIgNG, n oTToia avTiKaToTITPiel KAT apxAv T ¢Aacn TNG POvVNAG
oTaong, €iocdyovral dU0 AvAAoyol TTEPIOPICHOI yia va An@Bei uttdyn 10 deUTEPO TTODI OF
ETTA@ HE TO €00QOGC. ZUVETTWG, N AVOTTAPACTOON TOU CUOCTHAUATOG ETTEKTEIVETAI OTTWG
TEPIYPAPETAI TTAPAKATW:

Iexe Osxe Oexa q 6x1 dex1
Oexs Meoxe Ilsxa Qex1| = |Bex1 (3-11)
1 Zx6 04x6 04x4 A4x1 04x1

2€ autiv TNV avamapdoTaon OUCTAPOTOG, €va  €mMTTAéov  (eUyog TTOAAQTTAQCIOOTWV
Lagrange £xel evowpatwOei yia va An@Bouv utréywn ol £I0ayOuEVOI TTEPIOPICHOI.

3.3 Amreikévion Kivnong

To MATLAB, cival éva uttoAoyioTiKO TTEPIBGAAOV UWNANG atrddoong TTou avaTrTuxdnke atrd
™ MathWorks. TMapéxel pia €uéNIKTn TTAATQOPUA YIO UTTOAOYIOHOUG, OTITIKOTTOINON Kal
TTPOYPANMATIONO O€ MIa YAWOOA TToU €ival EUKOAN OTNnV KAtavonaon Kai atn XpAon.

O1 evowpaTwuéveg duvardTNTEG TOU WTTOPOUV va  BIEUKOAUvouv T  avdaAuon
Olauopewaon Kal AUon TTOAUTTAOKWY OUVAUIKWY cuoTnudtwy. H yAwooa kali or douég
oedopévwy TOU MATLAB €ival TTPOCOPUOOHEVEG WOTE va €ival amAfl n  pabnuartikn
TEPIYPAPH] CUOTANATWY. Ta Pn YPAUMIKA CUCTHHOTA TUTTIKA HOVTEAOTTOIOUVTOI ATTO éva
OUVOAO [N YPAMMIKWY Ol0QOPIKWY €EI0WOEWY, Ol OTTOIEG PTTOPOUV VO avaTTapacTabouv
XPNOIUOTTOIWVTAG BIaVUCUATA KOl TTIVOKEG.

‘Eva amd 1a KUpla TTAcovekTApaTa Tou MATLAB cival n 1kavotnTd TOU va XelpiceTal
Tivakeg Kal SlavUopaTta, yeyovog TToUu TO KaBIOTA 10I1AIiTEQA  ATTOTEAEOHATIKO YA TNV
apIBUNTIKA €TTIAUGN KN YPAMMIKWY CUCTNHATWY £CI0WOEWV.

O emAUTNG 0de23t atrd Toug £mmAUTEG ODE Tou MATLAB £mIAéXONnKe yia va AUCEl Tn
QuVaIKr, AOYyW TNG IKAVOTATAG TOU va OIaXEIPICETAl CUCTANATA TTOU XapakTnpi¢ovtal atrd
METPIO aKapwia.

O ode23t oAokAnpwvel ouvnBEIG BIOPOPIKES ECICWOTEIG XPNOTIKMOTIOILWVTAG TN HEBODO TOU
Tpatrediou. AuT n TTPOCEyyIon Ouvduddel TOOO TTETTAEYUEVEG O0O0 KOl PN TTETTAEYUEVEG
TEXVIKEG OAOKAAPWONG, BEATIOTOTTOILVTAG VIO CUCTAMATA TTOU EUPAVICOUV PETPIO aKOPWYIa, N
OTToia ouvavTaTal CUXVA OTn OUVAMIKA HMNXAVIKWY CUCTAMATWY OTIWG TO POMPTIOT UuTrd
e€étaon. Ze avriBeon pe Toug E€MAUTEG TTOU Pacifovral OTTOKAEIOTIKA O€ TTETTAEYUEVEG
MEBGBOUG Kal WG €K TOUTOU ETTIBAAAOUV TNV ETTIAUCN PN YPOPUIKWY OAYERPIKWYV EI0WOEWV
o€ KABe Bripa oAokArpwong, o ode23t XPNOIYOTIOIEI PNXAVIOUOUG YIO VO eKUETAAAEUETAI
MEPIKES QOPEG N TTETTAEYHEVEG DIATUTTWOEIG, TTOPAKAUTITOVTAG £TCI QUTAV TNV UTTOAOYIOTIKI)
¢ATnon.

H tTpocapuoyr Tou peyéBoug BANATOG auTou Tou TIAUTN, PE BAon Thv agloAdynon Tou
OQAAUOTOG O€ TIPAYMOTIKO XPOvo, €Eac@aAifel uTToAOYyIOTIKA a1Téd00n OE MIa TTOIKIAIC
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TTEPITTTWOEWV. QG €K TOUTOU, OTO TTAQICIO TNG BUVAUIKAG TOU TTaBNTIKOU SUVANIKOU POUTTOT, O
ode23t TTpOCQPEPEI MIO ICOPPOTTIA: TTAPEXEI TNV EUPWOTIO TTOU ATTAITEITAI yia SUOKAUTITA
oevapla eyyev o€ TETOId CUCTAMATA, AAAG atTopelyel To BapU UTTOAOYIOTIKO POPTO TUTTIKO
TWV TTIO TTEPITTAOKWYV TTETTAEYMEVWV ETTIAUTWV.

O emAUTNG PTTOPET VA XEIPIOTE TIPOBAARUATA UE TN HOPPH:

M y)y' = f(&y) (3-12)
Otr0U M €ival o Tivakag padag.

O emAUTNG ode23t oAokAnpwvel evw cuvuttoAoyilel Tnv €Tmidpacn Tou Trivaka Padac.
Eite o Tmivaokag eEaptdral amd Tnv KATAOTOON, €ite €ival 101wy  €iTe €Xel AAAEG
TTOAUTTAOKOTNTEG, 0 0de23t uTTopei va SlaxelpIoTel AQUTEG TIG TIPOKAARCEIG.

lNa otrolovdnToTE UTTOAOYIOUO, €ival avdykn n avTiotoixion Tou AUTn ME Ta
XOPaKTNEIOTIK& Tou TTPORAuaTog, AauBdvovtag utrown TNV akauwia Tou GuoTAPATOG, TNV
€MOUPNTA aKPIBEI KAl TO UTTOAOYIOTIKG KOGTOG.

3.4 Eupog MNMapapéTpwyv

‘Epeuva Tou epyacTtnpiou odriynoe otnv avdamtuén evog epyaAeiou [17], TTpocapUOCUEVOU YIa
TNV aviXxveuon Twv TIAPOUETPWY OXedIaoPoOU Tou TradnTmikoU OUVOUIKOU  POMTTOT.
XpNOoIYOTToOIWVTAG £va apXIkd OUVOAO TTAPAPETPWY TTOU TO POMTTOT PBadilel, o aAyopiBuog
avadnTd eTavaAnTITIKa o€ éva €Upog yia KABE TTAOPAUETPO, OEIOAOYWVTAG O OIAPOPETIKES
KAiogig. O1 emTuxeic diauoppwaelg diTTodwv TTou odnyouv ot BAadion emonuaivovral Je
TTPACIVO XPWHA, EVW Ol QVETTITUXEIG OIQUOPPWOEIG ETTICNUAIVOVTAlI PE KOKKIVO. ‘Eva PTTAE
OlauAvVTI UTTOBEIKVUEI TV APXIKA TIMA TNG TTAPAPETPOU. TETOIEG OTTTIKEG AVATTAPACTACEIS Eival
KABOPIOTIKEG YIO TOV EVTOTTIONO TTEPIOXWY OTToU 0 OXedlaoTAg dlatnpei  euehiia va
TPOTTOTTOINCEl MO TTAPAPETPO, E€I0IKA OTaV TIPOKUTITOUV OTTOKAICEIG KATA TNV XPrnon
EUTTOPIKWV £CAPTNHATWY. AUTO TTPOCPEPE! VA PEAAIOTIKO TTAEOVEKTNMA VIO TNV EVOWPATWON
eCaptnudTwy TTOU dIaTiBEVTOI OTNV AyopPA.

H pot adpdvelag Tou Io0Xiou aokei eAAxIOTn €midpacn oTn euoTABEIO TOU CUCTANATOG,
OTTWG PaiveTal oTO ZXNua 3-3.

Design Investigation

sooooooocooooaas
[ [ele]alalalalala]alalalalal] ]
SoEDooooNooDEDoEE
[ Jelalalalallalalalalalalalal ]
[ Ellelele et el Tale el T
[ [eTalalalafalale]alalalalal] ]
[ Telelalalalatalalalalalalal T
[ IETelelala Tt T el sataTaateT ]
[ [elelelalalalalelalalalalal T ]
[ Jelalalalaltalalalalalalall ]
[ [alalalalalalalalalalalalal T ]
[ [eTelelalefalalelalalalalall ]
[ Ielelelalalatatelalalalalal T )
[ elalalalafalalelalalalalalal ]
[ elelelalalalalelalalalalal T )
[ TelelelalaltalelalalaTal el ]
[ Tllalalalalalelalalalalal T )
[ TelelelaleTelelelalale el T ]
[ [=le]alalalalalalalalalalal T ]
SoEDooooEooDEDooE

slope [deg]

I kg*rf]

xApa 3-3. Eopog po1rng adpdveiag ioxiou.
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H pdada Tou unpou mmpoo@épel Eva Babuod euehiiag oTig TTpodiaypagég TnNG. Méoa o€ éva
eupog Tepitrou £100 grams, 10 SiTTOSO TTAPAPEVEI AEITOUPYIKO, dIATNPWVTAG TNV IKAVOTATA
TOU VO TTEPTTATAEL.

H poti adpdvelag Tou PnpEou €xEl PIa agloonuEiwTn avoxr eviog Tou KaBopiouévou
€UPOUG, ETTTPETTOVTOG MIKPEG AANAYEG XwPiG va dlaKUBEUETAI N EUCTABEIA.

270 ZYAMa 3-4 ATTOTUTTWVOVTAI QUTA TA EUPAMOTA.

Design Investigation Design Investigat

I

.;
[
1
'I|
s

slope [deg]
&
slope [deg]

0 01 0.2 0.3 04 0.5 0.6 0 1 2 3 4 5 6 7 8
mU [kg] 1U [kg'm?] 107

ZxAua 3-4. E0pog padag & potrig adpaveiag pnpou.

To PAKOG Tou uPnpEoU TTapouciadel onuavtikd Babud TTPOCAPUOOTIKOTNTAS. QOTOGCO,
OUYKEKPIYEVA BIAOTAMATA €VTOG QUTOU TOU €UPOUG WTTOPEI va KATAOTACOUV TO OUCTNUO
aoTaBEG.

To kévipo PAZag Tou PnpouU cival TOTTOBETNUEVO KATA WAKOG TNG €UBEiag Ypapung TTou
ouvdéel TNV AGpBpwaon Tou IoXiou kal Tou yovdrtou. H petarémorn tou o€ auth Tn
OUYKEKPIYEVN OlelBuUvOon aTTOKAAUTITEI MIG TTOIKIAIO €UOTOBWY BOIANOPPWTEWY, QV KOl
TTaPaATNEOUVTAI ETTIONG OPIOUEVEG TTEPIOXEG AOTABEING.

2710 ZxAMa 3-5 TTapoucidlovTal QUTEG O TTapATNPEAOCEIS.

Design Investigation Design Investigation

N
o

slope [deg]
&
slope [deg]

. . . . . . , I . . | )
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
LU [m] lamdaU [m]

ZxAua 3-5. E0pog MAKOUG unpou & Katakopueng Béong kévrpou pajag.

H pé&la tng kvAung mapoucidlel onuavTikd Babud TTpocapuooTIKOTATAG OTO €UPOG
TIHWV TNG. H peiwon Tng updlag TG KvAUNG MTTopeEl va evioxuoel Tn €uoTdbeia Tou
OUCTHPOTOG O€ éva EUPUTEPO QAT KAIOEWV.
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Mapopola pe Tov PNpEo, N POTTA adpAvelag TNG KVAPNG €XEl €va OnUavTiko €Upog,
€MOEIKVUOVTAG XaUNAN €TTIdPACN O0TN EUCTABEIO TOU CUCTHUATOG, OTTWG QAivETAl OTO ZXM M
3-6.

Design Investigation . Design Investigation
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ZxApa 3-6. EOpog padag & potrig adpaveiag KVApNG.
H kaTakopu@n Kal n opi¢ovTia JETATOTTION TOU KEVTPOU PACOG TNG KVAUNG, O oxéon JE
TNV dpbpwaon ToUu yovdaTou, TTaPOUCIAlel OpoIa CUUTTEPIPOPE, OTTWG TTapoucidleTal oTa
2xAuaTa 3-7 kai 3-8.
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ZxAua 3-7. E0pog uKoug KVAUNG & KaTtakopueng 0£ong kévrpou padag.
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ZxAua 3-8. Eupog opidvTiag 0£ong KEvTpou padag KVAMNG.
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H kpouon Tou yovdatou avTiTTpoowTreUel pia aAAnAeTTidpacn peTagl Tou unpou Kai TnNg
KVAMNG. To eUKauTITO UAIKO avdapeoa ota dUo PéAN avatrapioTatal yadnuaTtikd wg cuoTnua
ATTOORECTAPA eAATNPIOU, PE TOUG OUVTEAEOTEG va UTTOBAAAOVTOI € AETTTOPEPN avaAuaon.
AuTo TO cUoTnpa PTTopEi va BewpnBei wg éva oxnua eAeykTh PD.

MNa éva peydho €upog Tou ouvteAeoTr| K, To cuoTnua TTapoucidgel SUVaIKr) euoTABEIa.
Mepi Ta 900 Nm/rad 1o cuoTnua gival eUoTaBEG, evw €ival Kal yia Tov ouvTeAEoTA D.

Design Investigation
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ZxAupa 3-9. ZuvteAeoTéG EAATNPIOU KOl ATTOOBECTAPA TOU YOVATOU.

3.5 EmravaAntrrikn Aladikaoia

Me 10 epyaAcio diaBéaipo, n dladIKAGIa UTTOPEI va XOPAKTNPIOTEl WG ETTAVAANTITIKA, OTTWG
TTapouoiddetal oto ZxAua 3-10. Ao éva KaBiepwuévo OUVOAO TTAPAPETPWY, OTTOU N
IKavoTnTa BAdioNg TOU POUTTIOT u@ioTaTal, dnUIoUPyoUvTal OI XAPTEG TWV TTOPAUETPWV.
AéloTTolvTag TOug, BIaUOPPWVETAl £vag apXIKOG oxediaoudg. O avattéQeUuKTEG dIAPOPES
OTIG TTAPAPETPOUG, TTOU TTPOKUTITOUV aTrd Tnv aduvauia akpifoug avarmapaywyng Tou
apxIkoU ouvoAou KaTd Tn oxediaon, EVOWUATWYOVTAI OTO BUVANIKO JOVTEAO TOU GUOTHHATOG
Kal 0Tn ouvéxela emavagiodoyouvTal €k véou. MEOw auTAG TNG TTPOCEYYIONG, O OXEBIOOUOG
BeATiwvetal oTadiakd evwy egac@alideTal n Tipnon SUVAUIKAG EuoTABEIaG.

Known
Walking
Parameters

Sweep
Parameters to
Create Maps

Model
Dynamics

Update Design

Parameters

ZyxAua 3-10. EravaAntrTiki diadikacia e0peong oTafepwV onueiwy.
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4 TXeSI0ONOG

Méxpr oTiyuAg, n avdAucn €xel TrepiopioTei oTIC dUo SiaoTdoel. MNa va emKupwoEei n
TOTOTNTA TOU PJaBNUATIKOU POVTEAOU, TO ETTOUEVO BrAKA ATTAITEI TNV AVATITUEN £VOG POUTTOT
o€ TpEIG OIOOTACEIG.

Otmwg oe TTponyoUpeveg epyacieg, oXedIAdeTal PO TETPATTOdN dIANOPPWOoTN. AUTA N
olapopewaon TTepIAauBavel Eva eOWTEPIKO Kal £va e€wTePIKO Celyog TTodIwyv. O1 unpoi Kai ol
KVAMEG TOU €0WTEPIKOU CeUyoug ouvdEiovTal APECT, EVW Ol UNPEOI Tou £EwTePIKOU eUyOUg
ouvoéovTal HETAEU Toug MEOw MIag pdaRdou. O1 kvAueg Tou e€wTepPIKOU  Celyoug
ouyxpovifovtal JEow eVOG ATTAOU CUCTHHATOG IHAVTA-TPOXAAIAG.

H dopr 1Tou TTPOKUTITEI POIAEl hE €vav AvBpwTTO TTOU XPNOIKOTTOIET TTATEPITOES YIa va
TTEPTTATHOEL.

4.1 Ywowiv Xxediaouou

O oxediaoudg kal n avatTuén Tou TTadnTIkoU dUVANIKOU POUTTOT ATTOTEAECE HIG TTPOCTTABEIQ
ME TTOANOUG TTapAyovTeG va eTTnPEedlouv 1o TEAIKO atroTéAeopa. H diadikacia tTepIAdupfave
KATI TTEPIOCOTEPO OTTO TN OlIOCPANICN TNG CUMHOPPWONG HE TIC BEUEAIWOEIC apXES TNG
TTaONTIKAG OUVAUIKAG, KaBWG KaBopioTnKe a1Td TNV TTPAKTIKOTATA, TN OKOTTIMOTNTA KAl TO
Opapa yia HEAAOVTIKES BEATIWOEIC.

H 1TpwTn @don Tng diadikaciag oxedlaouoU 0TIAOTNKE OTN TTPOoMNBEIa gapTnuaTwy. O
OTOX0G ATAV VA XPNOIMOTToINBoUV euTTopIKG S1a0£aiua KouudTia 61Tou auTd gival eQIKTo. Me
™ XPnon Tpoidviwv TG ayopdg, emdlwXOnke n peiwon TG €€dptnong amo €ldiké
KATaoKeUaopéva, audvovTag £Tal TO TTPOCOOKINO TOU GXEDIOU yIa HEAANOVTIKEG aAAQYEG.

Ortav dev uttpxav dlaB8écipa KopudTia, aglotroindnke n TpICdIACTATH EKTUTTWON. AUTOG
0 OUYXPOVOG TPOTTOG TTAPAYWYNSG TTPOCPEPEI ONPAVTIKA 0QEAN, cupTtTEpIAapBavouévng TnG
OIKOVOMIKAG atmddoong Kal TNG EUKOAIOG, o€ aUYKPIoN UE TIG TTAPAOOCIAKESG TEXVIKEG OTTWG N
koti CNC. QoT1600, n XxpAon TN TpIodIdoTaTng EKTUTTWONG ATTAITOUCE ETTIONG TTPOCOXT OTO
oXedIAoNO yia va DIGCPOAICTEI N UNXAVIKI AVTOXH TWV EKTUTTWHEVWY JEPWV.

MNa va dieukoAuvBouUv o1 HETPAOEIG, OTO OXEDIO TOU POUTTOT EVOWHATWONKavV aiobnTAPEG.
AUTEG O OUOKEUEG XPNOIYEUOUV OTn METPNON TNG KATAOTOAONG KAl TTOPEXOUV TTOAUTIUN
TTAnpogopia.

‘Eva onuavTIKO XOpaKTNPIOTIKO TOU OXedIaouoU cival n apbpwTr] apXITEKTOVIKA TOu.
>xedIA0TNKE yIa va ETMTPETTEI TNV ATTAY) OUVAPPOAGYNON KAl ATTOCUVAPHOAOYNOT, YEYOVOG
TToU OxI MOVO aTTAOTTOIEl TIG €PYACiEC KATAOKEUNG KAl ouvtApnong aAAd kai evioxuel Tnv
TIPOCAPUOCTIKOTNTA Tou. AUTH n TIPocEyyion oxediaong utrooTnpiCel aTTPOOKOTITEG
avafBabuioelg Kal TPOTTOTIOINCEIG, ETMTPETTOVTAG TNV PBeATiwon TOu evw TTapaATEIVETAI N
d1dpkela Cwr¢ Tou.

4.2 MéAn

2710 TTAQICI0 QUTAG TNG €pyaciag, 0 OXEDIAOUOG Tou TTEAUOTOG €ival KUKAIKOG. H akTiva Tou
opieTal va gival To éva TPITO TOU CUVOAIKOU UWOUG TOU POUTTOT, avaAoyia TTou TTPOEPYETAI
Q1o TNV AvVATOMIa TOU avBpwTTOU.

To méAua €xel oxedlOoTel yia KATAOKEUR HECW TPICOIACTATNG EKTUTTWONG, A&IOTTOIWVTOG
TA OIKOVOMIKA TTAEOVEKTHMATA KOl TN YEWMETPIKY €UEAIia TTOU TTPOCPEPEI auTr) N PEBODOC.
‘Exouv kataokeuaoTei BACEIS yia TN cupTtreEpiAnwn aiodntipwv pétpnong adpdveiag (IMU),
TTAPEXOVTAG ETTITTAEOV XWPO aATTO KATW. AUuTOG 0 TTPOOBETOC XWPOS TTPORAETTEN TNV TTIBavVA
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gloaywyn evog UAIKOU atrdoBeong yia TOV JETPIAOKO TWV TAAQVTWOEWY UWNANG CUXVOTNTAG
Kal GAAWV aKOUGCIWV SUVAMIKWV.

2€ avTiBeon Pe TOV TTPOKATOXO TOU TTOU XPNOIWoTToloUoE éva oUoTnua eAaTtnpiou, autd
TO POMTIOT EVOWMNOTWVEI HOVO MIa EAACTIKA OOAQ, oxedlaapévn va PEIWVEL TIG OUVAUEIS TTOU
oXeTiCovTal Ye TNV €O TTOdI0U-£0APOUG.

O oxedlaoudg Tou TTEAPOTOC EVOWMATWVEL HIa SIANOP@WOn TTou OIEUKOAUVEL Tnv
TTPooAPTNON Ggova atrd XGAuBa, OTTWG TTapouciadeTal 0To ZXAHa 4-1.

270 €0WTEPIKO (eUyog TrEAUATWY, O€ OUYKPION HE TO €EWTEPIKO, UTTAPXEl MIa
agloonueiwTn OIAKPION: TA €OWTEPIKA OUO TTEAMATO OuvdEovTal PETALU TOUG PEOW €VOG
agova, €€ ou Kal N TTAPOUGia OTING OTO GX£DIO TOUG.

ZxAMaA 4-1. ZXES10 EEWTEPIKWYV KAl ECWTEPIKWYV TTEANATWV.

H kvAun kai 10 méApa oxediafovtal ammd Koivou, Kabwg avTIUETWTTICOVTal wg eviaia
ovToTNTa OTO TTAQICIO TNG avAAuong. 2710 ZXAMA 4-2 ATTOTUTTWVOVTAI N €EWTEPIKN KAl N
EOWTEPIKI KVAMN.

Ao Tnv TAdyia Own TNG KvAPNG, O dagovag €xel Pia kKAion otav n KvAun Eivai
TOTTOBETNUEVN KATAKOPUPA OTO £00POG. AUTOG O OXEDIOONOG TTPOEKUWYE ATTO TOV OTOXO TNG
€UBUYPANMIONG TOU KEVTPOU WACAG TNG KVAUNG ME TIG TTOPANETPOUG TTOU TTEPIEYPAPNKAV OTO
TTPONyoUuEvo Ke@AAaio. ETITAéov, auTth n Sloudp@waon atrAoTToIEl TN METABOAN TNG POTTAG
adpdveiag, dedopévng TNG oX€oNG TNG ME TO KEVTPO PAag. MNa Tapddeiyua, yia va aAAAgEl N
poTrr adpdvelag TNG KVAUNG XwpPig va peTaBAnBei n pada Tou, PTTOPEi KAveig va TOTTOBETHOE!
OUO TTaVOPOIOTUTTO KOAGPO CUMMETPIKA YUpw atrd TO KEVTPO WACOG TTou BpPioKeTal OTOV
agova. Me Tnv TTPOOdEUTIKN) METATOTIION TWV KOAGPpwv Katd pAKog Tou dfova, o€ ion
atmoéoTaon atmd 10 KEVIPO PALag, n POTTH adpdavelag augavetal dlaTnpwvTag oTabepr] udda.

O1 Adyieg OWEeIG TOOO TNG ECWTEPIKAG 600 KAl TNG EEWTEPIKAG KVAUNG TTAPOUCIAOUV TIG
TEAIKEG OTTOKAIOEIC TOU KEVIpOU MAZaG oTTd TIG APXIKEG TTOPAUETPOUG OXEDIQOHOU.
XpnOoIYOTTOIWVTAG TNV ETTAVAANTITIKY S100IKACia TTOU TTEPIEYPAPNKE, AUTEG Ol AVOBEWPNUEVES
TTaPAUETPOI ETTAANBEUTNKAV KAl EVTOTTIOTNKE éva vEo O0TaBEPS onueio dUVANIKAG I00PPOTTIAG,
empBeRaiwvovTag €101 TNV apXA Tou TTadnTikoU duvapikou BadiopaTog.

MNa 10 e€wTePIKA KvAun Tou TT0d100, 0 PIKPOTEPOG AEovag, o déovag Tng dpbpwaong Tou
yovatou, OI00€Tel €TTiong MIa TTOKTWHEVN TpoxoAia aAoupiviou. Autd T10  €EdpTnUO
TIPOOPICETAI VO AEITOUPYEI O€ ouvEPYOTia PE Pia OEIpd aTTd IHAVTEG XPOVIOHOU Kal TPOXAAIEG.
O o1d6x0¢ €ival va ouyxpovioTei n Kivnon kal Twv U0 KvNUWV Tou e§wTEPIKOU CeUyoug
TTOdIWV.
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Aaupdavovtag utmown Tn ouvduaouévn oxediaon KvAUNG Kai TTEAPATOg, €AReOn n
amogaon va TotmoBeTnBei o IMU oTtn péyiotn améoTaon amoé v apBpwaon Tou yovdTtou, yia
va BeATiwBei n akpifela NG péTpnong. Kartd cuvémeia, evowuatwinke oto oxédio Tou
TEAPATOG, OTTWG QTTEIKOVIOTNKE TTponyoupévwe. 'ETol €mMITPETTETAI O UTTOAOYIOHOG Twv
YWVIWV TWV KVAUWY, YIO VO TTApEXOVTal Ol PETABANTEG KATAOTOONG TOU CUCTAWATOG O€
oTToladATTOTE BESONEVN OTIYMN.

ZxAua 4-2. TpiodidoTarn & TAdyia Oyn Kvuwv.

OT11Ww¢g TTEPIYPAPNKE TTPONYOUHEVWG, TA YOVATA PJOVTEAOTTOIOUVTAI XPNOIUOTTOIWVTAG EVa
oloTnua atrooBeoThipa ehatnpiou, TTou xapakTnpietal ammd évav ouvTeAeoTh eAatnpiou K
Kal évav ouvteAeoTn atréofeong D.

AtiCel va onuelwBei 0TI 0TO OXEDIO £xEl evOowUaTWOEl pia uttepékTaon akpiBwgs 1°. Autd
EMTPETTEl OTN KVAMN VA OCQOAICEl ATTOTEAECUATIKA OTOV PNPO, O€ avTiBeon MeE TNV
€UBUYPANMION TwV BU0 PEAWV O€ HIa evTEAWS TTAPAAANAN Slapdpewaon. AuTth N oTpaTNYIKA
emAoyr oxediaouou Bonbda otn dnuioupyia evég Mo oTaBepol CUCTAPATOG, MIMOUMEVO Ta
MoTiBa Kivnong TTou TTapatnpouvTal oTn avepwIrivn Kivnon.

Opoia pe 10 OXEDIAOUO TNG KVAUNG, N APXITEKTOVIKA TOU PNPOU TTEPIEXEI XOAURBDBIVOUG
Aagoveg wg KUpIa aToixeia, OTTwG Qaivetal 010 ZXAMA 4-3. TUTTIKE, YIa TO OX£DI0 TWV PUNPWV
KaBe Celyoug TTOdIWYV, xpnoldoTroiEiTal €va ({euyog TapdAAnAwy agdvwyv, TToU  Egivail
TIPOCOPTNUEVOI O€ EKTUTTWHEVA €€apThaTa TTou KaBopifouv Tn popen Tou. H kupia pdla
TOU UnpPoU TOTTOBETEITAI OTOUG AEOVEG KOl UTTOPET VO JETOKIVNOET KOTA PAKOG TWV agovwv.

Na 10 €EWTEPIKG (eUyog TTOdIWY, Ta TIOAuPeEPr €EapTApATa TOu MNpPou  gival
KATOOKEUOOPEVA PE OTTEG OTTOU TTEPVA O INAVTAG XPOVIOHOU, dIao@aAiovTag TNV TTPooTaACia
Tou. H Tdvuon Tou INAvVTa PTTOPET VO pUBUIOTEI HECW TOU GUVAPHOAOYANOTOG, TTOU ATTOTEAET
TNV KUPIa Pyada Tou pnpou.

MNa va dlac@aNioTei N AsiToupyia Twv EEWTEPIKWY PUNEWY TOU TTOdI0U WG YIa ovTOTNTA, TA
avw TToAupepr €gaptipaTa €xouv oxediaoTel yia va ouvdeBolv pe pia pdpdo amod
avBpakovruara. H emAoy Twv avBpakovnudaTwy EyIVE yia va TTapApEivel XaunAn n pdala
dlatnpwvTag TTapdAAnAa uWnAn akapyia.
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‘Eva TAaoTIKO €EAPTNHA KOTAOKEUAOTNKE YIa va OIEUKOAUVEI TV TTpocdapTnon Tou IMU.
Omwg kal T0 guvappoAdynua Tng TpoxaAiag, autd To e€apTnua cuvdésTal PE TOug OUO
dgoveg, XpNOIMOTTOIWVTAG KOAGPA. XpnolpoTtrolouvtal dUo TETola TTOAUMEPH: éva yia To IMU
Kar éva GANo yia To TTAAOTIKG avTioTolXo, €£ac@aAi(oviag CUMMETPIO KATA WAKOG TOu
oBeAiaiou emTITTEDOU.

ZxAua 4-3. TpiodidoTartn & TAdyla 6yn eEWTEPIKOU Pnpou.

To ouvapuoAdynua Tou €0WTEPIKOU MPNEoU dolddel Pe autd TOUu €EWTEPIKOU Kal
TTapoucidletal 010 ZXAUa 4-4. OTTwG ava@EéPBnKe TTPONYOUMEVWG, XPENOIKOTToIoUVTAI
TTapdAAnAol d&oveg, TTaKTWUEVOI OTA TTOAUMEPH Kal oTa dU0 dkpa. MNa va egiowbei n pala
TOU €CwTEPIKOU  PNPEoU, O EOWTEPIKOG MPNPOG  EVOWHATWVEI  TEOOEPIG  GEOVEG,
QVTIKOTOTITRICOVTOG TOV ApPIBUO agovwy.

O eowTepikdG PNPOG dIaBETel EEapTrAPaTA, TTOU TTPpoopifovTal EIBIKA yia va QIAOEEV iooUV
N HovAada UIKPOEAEYKTH Tou POUTTOT (MCU), Tnv ptratapia kal GAAa Baoikd nAEKTPOVIKG
eCaptruara.

H TommoBétnon autwv Twv €gapTnUATWy Katd PAKog Tou dfova eivalr puBuidduevn,
dleuKoAUvovTag TNV akpifry euBuypduuIon Tou CUVOAIKOU KEVTPOU WACaG TOu pnpou oTnv
KaBopiopévn amdéoTacn atmmd TRy ApBpwan Tou IoYiou.

EmmAéov, éva €ge1dIkeupévo TTOAUPEPEG OXEDIAOTNKE YIQ va ETTITPETTEI TNV TTPOCAPTNON
Tou IMU oToug d&oveg Tou unpou.

126/146



2 OAeG TIG IOPOPPWOEIS TWV PINPwV, Ta IMU gival oTpartnyiké ToTToBeTnuévVa o€ PEYIOTN
ammoéoTaon amod Tnv dpBpwaorn Tou Ioxiou. AuTtr) N TOTTOBETNON £XEI TIG PICEG TNG OTO OKETTTIKO
TTOU TTEPIYPAPNKE TTPONYOUUEVWG, OUYKEKPIUEVA, OTnV £diwén PeATiwuévng akpiBelag
METPNONG.

ZxAua 4-4. TpiodidoTarn & TTAAyIa OYn ECWTEPIKOU UNnpou.

To 10xio armoteAeital évav agova kai OUO OCUPMPETPIKEG KUAIVOPIKEG pades. H Kupia
AeiIToupyia Tou gival va dpa w¢ apbpwon Twv unpwv. To ZxAua 4-5 mapoucidlel To cuoTnUA
ouvapugoloynuévo, OtTou autr] eival eu@avig. MNapdAAnAa, TO 10Xi0 €eKTTANpWwvEl €vav
TTPOCOETO POAO: CUYXPOVIlel TIG KVAHES TOU €EWTEPIKOU {eUyoug TTodIWY. Na va emTeuxOei
auTo, 0 dgovag eival eCOTTAICPEVOG e 0O0VTWTEG TPOXOAieG. Katd OUVETTEIQ, N TTEPIOTPOYN)
TOU dgova eival idia Ye TNV TTEPIOTPOPN TWV KVNPWY yupw atrd Ta yovara, dedouévou OTl
OAeg ol TpoxaAieg £xouv avaAoyia 1:1.

O TTpWTaPXIKOG OTOX0G OXEOIOONOU yia TO JIiTTod0 POMTTIOT gival va HPEYICTOTTOINCEI TN
XPron EUTTOPIKA BIOBECINWY EEQPTNUATWY.

MNa évav TTepitTAoko oxedlacud TTou BagifeTal oTnv apxn Tou TadnTikou Badiouartog, n
Karavonon Twyv adpavelakwy IBIOTATWY TOU CUCTAUATOG €ival TTPWTAPXIKNG onuaciog. Kard
ouvétela, diegnxbnoav Astrrouepeic petTproclg nalag KaBe €CapTAUATOS XPNOIUOTTOIVTOG
MIa (uyapid PE akpiBEIa EKOTOOTO TOU YPAUMapiou. AUTEG OI JETPHOEIG EVOWNATWONKAV 0Tn
ouvéxela oTo AoyIoHIKO oxedlaopou. Méoa oe autd 10 TTEpIBAANOV, OTav cuvdUACTNKAV WE
Ta TTOAUMEPR, TO KEVTPA PACaG TTPOCdIOPIOTNKAV YE OKPIBEIA KOl UTTOAOYIOTNKAV Ol OXETIKEG
potTég adpaveiag. Auth n Tpooéyyion Olaoc@alifel 611 0 OXedIOOPOG TOu diTTodou
eubuypappicetal e 10 BewpnTIKO POVTEAO, Blac@aAifovTag To TTabnTIKG BAdioua.

Katd T1n ouvappgoAdynon, 10 POUTTOT ep@avifel EekdBapa 1o OXEOI0 TTAONTIKOU
duvapikoU cucoThPaTog. Ta dUo OeT TTOdIWV BIAKPIVOVTAl, VW Eival EPPAVAG O PONOG TWV
TPOXAAIWYV YIA TIG EEWTEPIKES KVAMEG.
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ZxAua 4-5. Tpiodidotarn & wAdyia 6yn cuvapuOAOYHHATOG.

4.3 KaraokeguaoTikl A§iloAdynon

H avdAuon mremmepacuévwy otoixeiwv (FEA) gival pia pébodog yia Tnv TpdRAswn Tou TpOTTOU
OUMTTEPIPOPAG EVOG EEAPTANATOG UTTO TNV €TTIOPacn SUVANEWYV, BOVACEWYV KAl GAAA QUOIKWV
Qaivouévwy. Eivar éva kpioigo pépog tng Sladikaciag oxedlaopou, KaBwg eTTITPETTEI TNV
016pBwaon mMavwyv TTPORANUATWY, TTPIV KATOOKEUAOTE KAl OOKIUAOTEI TO TTPWTOTUTTO.

270 TTETTEPACUEVA OTOIXEIQ, TO OXEDIO TTOU TTPOKEITAI VA UTTOBANBEI og €Aeyx0 XwpileTal
O€ MEYAAO QpPIOUO MIKPWYV, OTTAWYV OXNHATWY - Ta «TTETTEPACHEVA aToIXEia». AUTE PTTOpEi va
€ival JIKPOOKOTTIKOI KUBoI, TETPAEdpa | GAAa atTAG oxrjpata. O1 1d16TnNTEG TOu UAIKOU, OTTWG N
TTUKVOTNTA, O OUVTEAEOTAG EPEAKUOUOU, N aVTOX EPEAKUCUOU £QAPPOlOVTAl OTN CUVEXEID
o€ auTa.

H oupttepipopd KABe aToixeiou TTEPIYPAPETAI XPNOIPOTTOIWVTAG £Va OUVOAO £E10WOEWV.
AuTéC o1 €CIOWOEIC CUYKEVTPWVOVTAI O €va  PeyAAo oUCTNUO TTOU  TTEPIYPAQPEl TN
OUMTTEPIPOPA OAOKANPNG TNG dounG. AuTO TO CUCTNMHO EEICWOEWY OTN CUVEXEIQ AUVETAI,
ouvnRBwg XPNOILOTTOIWVTAG apIBUNTIKEG HEBSBOUG, yia va TTPORAEWEI TN CUPTTEPIPOPA TNG
O0oWNG UTTO TIG OeBOPEVEG OUVONKEG.

H texvikr auth uTropei va TTpoBAEWEl Kal va avaAuoel Eva eupU @ATUA XapPaKTNPIOTIKWY,
OUUTTEPIAQUBAVONEVWV TWV XOPOKTNPIOTIKWY KATATIOVNONG, KPOBAOHWYV Kal AAAwv. AuTd Tn
KaBI0TA éva TTOAU €UENIKTO Kal I0XUPO €pyaAgio oTn pnxavikh. Biopynxavieg mou KupaivovTal
a1rd TNV aEPOBIOCTNMIKA Kal TNV AUTOKIVATORIOUNXavia £€wg Tn BIoOiaTpIKn Kal TNV NAEKTPOVIKN
XPNOIUOTTOIoUV TN HEBOBO auTh yia va oxedIdoouv ao@AAECTEPA, ATTOTEAEOUATIKOTEPA Kal
M0 agIOTTIOTA CUCTAUATA.

Bdaoel mmponyoupevng PEAETNG [23], N uéyioTn dUvaun TTOU AOKETal 0€ €va oUoTNUa
AapBavel xwpa katd Tn O1dpkeia piog avegéAeyktng Trwong. Katd €va Tétolo yeyovog, n
ouvaun TTPOOKPOUCNG UTTOPEI va TTPOCEYYIOTEN OTI PTAVEI £WG Kal TPEIG OPES TO BAPOG Tou
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POMTTOT. Aedopévou 6Tl N pada eivan 3.7 kg, utropei va BewpnBei 611 o1 duvdpeig eBdvouv oTa
110 N.

Me autd utToWIv, dIEEAyETal YIa OTATIKI avAAuon yia va dOKIJAOTOUV eXwpIloTd OAa Ta
eCapTAMATO TOU POUTTOT. Z€ auTh Tn dladikaaoia, To éva Akpo KABe PEPOUG gival TTAKTWUEVO,
EVW N EKTIHWHEVN MEYIOTN OdUvaun €Qapuoletal oTo GAO AKpo. AUTO ETITPETTEI TNV
agloAdynon TnNG SOUIKNAG OKEPAIOTNTAG KAl TNG avOeKTIKOTNTAG KABE e€apTAUATOG UTTO TIG TTIO
OQOdPEG CUVONKEG.

H avdAuon trepiAapBavel OAa Ta KPICING KOUPATIA TOU POUTTOT, CUMTTEPIAQUBAVOUEVWV
TWV JINPWY, TWV KVAPWY KAl TWV agovwy.

210 €EwTePIKO Celyog TOdIWYV, TO AVWTEPO TUAMO TOUu MPnpou £xel oxedlaoTel va
EKTUTTWVETAI, XPNOIYOTTOIVTAG TO TTOAUpEpéG PETG. Aidgopeg TTapaAAayég autou Tou
UAIKOU eival eutTopikd 81a0€0iueg, TTapoucidloviag ouvhnBwg HIa avioxr o€ eQPEAKUOHO
mepimou 55 N/mm? . Ze aut TNV avaAucn, To AOYIOPIKO OXediaong pPuBuioTnKe
xpnoipotroiwvtag PET, Trou Xapaktnpiletal ammd 57.3 N/mm?. Eival onuavTiké va avapepOsi
OTI oplouéveg ouvBéoeligc PETG, evioxupéveg He iveg avBpaka, TTapoucidlouv BeATIwUEvVa
XOPOAKTNPIOTIKA XWPIG onUavTIKES aAAayEG oTnv TTUKVOTNTA. AuTO dlac@alilel OTI N pada Kai
N POTTH adpPAvEIOG TTAPAUEVOUY OE PHEYAAO BaBUO apeTdBANTEG.

XpnaoiygotrolwvTtag To Kpitpio Von Mises, n Yéyiotn Taon 1Tou TTapatnperiinke yia To avw
TUAMA Tou e€wTepikoU unpou Bpédnke va eival 0,834 N/mm?, OTIWG ATIOTUTTWVETAI OTO
ZxAua 4-6. Autl n TR €ivar aioBntd KatwTEPn Ao TNV IKAvOTNTa TOU UAIKOU,
€MOEIKVUOVTAG OTI UTTOPEI VA avTEEE! TIG OUVAEIG TTOU OOKOUVTAI O aUTO XWwpPIiG aoToxXid.

ZxAua 4-6. Katavopn TACEwV oTA AVW TUAPOTA TOU £§WTEPIKOU Unpou.

O oxedlaoudg Tou €EWTEPIKOU PNPOU EVOWHATWVEI £vav KABeTo agova urikoug 200 mm,
atmé avogeidwTo XaAuBa. Xapaktnpiletalr ammé avroxn g TaEng Twv 530 N/mm? kai €ivai
KATAAANAOG va avTéxel TIG OTATIKEG QOoPTIoEIG TTou Tou emIRAAAovTal, OTTWG QaiveTal atmd Ta
arroTeAéoPaTa TNG avaAuong oTo ZXAua 4-7.

To KOTWTEPO TUAMA TOU E€EWTEPIKOU (eUyoug pNpwv gival oxXedlaouévo €TTiong yia
TpIodIAoTATN eKTUTTWON. KaTtd Tnv avdAuon, oto Zxnua 4-8, eugaviel péyiotn 1édon 0,975
N/mm?, n omoia gival onuavtikd KatwTtepn Tou UAIKoU, s€ao@aAilovtag £Tal TNV IKavoTnTa
VO QVTEXEL.
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IxAMa 4-7. Katavourn TAoewv 0ToUg AEoVEG TOU eEWTEPIKOU puNpou.

ZxAua 4-8. Karavour TAoEwV oTA KATW TUAHMATO TOU ESWTEPIKOU Mnpou.

AvaQOpPIKA PE TO Avw TUAPA TWV EEWTEPIKWV KVNUWY, TTou TTEpIAaUBAvel Tnv dpBpwon
TOU yOvATOoU, ATTO Ta OTTOTEAEOUATA OTO ZXNUA 4-9 @aiveTal 6T ep@aviCeTal uEyIoTn Tdon TG
TAeWS Twv 1.670 N/mm?. Q¢ €k TOUTOU, €ival ETTAPKWGS AVOEKTIKO YIO VO BIAXEIPIOTE TIC
OUVAEIG TTOU aoKOoUVTal O€ aUTO.

Ouola pe Toug PNpPoUg, oI KVAPEG EvOowPaTwVvouv évav déova atmd avoéeidwTo XaAuBa
pEe pnkog 300 mm. Ta avaAutik@ artroteAéopaTta oto ZxAua 4-10 yia autd 10 €¢apTnua
deixvouv péyiotn 1don 3.409 N/mm?, yia Tiur) TTou €ival onuavtikd Katw amo 1o dpio Tou
UAIKOU.

Katd tnv a&iohdéynon tou TTéApaTog, oto ZxAUa 4-11, o1 duvdauelg emAéxBnkav va
€QAPPOCTOUV OTO TTIO ATTOMOKPUCPEVO OnuEio eTTang ammd Tov dgova, Kard Tnv €ragr Tou
modIoU pe 10 £dagog. Katd tnv avdluon Bpédnke Tiur Tdong 11.742 N/mm?, onuavTika
KATWTEPN, KATA OXeDOV TTEVTE QPOPEG, ATTO TO OpIo TOU UAIKOU. ETTouévwg, TO €TTIAEYHEVO
TTOAUPEPEG BewpeiTal KATAAANAO yIa QUTAV TNV €QAPUOYH.
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ZxAHa 4-9. Karavoun TACEWY GTO AVW THAMA TWV £EWTEPIKWY KVNHWV.

ven Wiszs (Nimm 2 (MPa)

ZxApa 4-10. Karavour TAGEwWV GTOUG AEOVEG TWV EEWTEPIKWV KVNHWV.

ZxAua 4-11. Karavour TACEWV oTA TTEAJATA TWV EEWTEPIKWV KVNHWV.
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Opola e TO €EWTEPIKO TTEAPA, TO £0WTEPIKO euavilel péyiotn tédon 11.221 N/mm?,
OTTWG QaiveTal oTo ZxAua 4-12. ETTouévwg gival KAaTaAANAo yia TNV eQapuoyr.

IxAMa 4-12. KaTtavoun TACEWY OTA TTEANATA TWV ECWTEPIKWY KVNHWV.

YtmoBd&ANovTag 1O AGvw TTAACTIKO TUAMA TNG EOWTEPIKAG KVAPNG HE QOPTIo, auTo
eupavilel péyiotn tdon 1.494 N/mm? oto IxAua 4-13. Aut n TIYA PPIiOKeTal €vTOg
QTTOOEKTOU €UPOUG, KATW a1t TO OpI0 TOU UAIKOU, £TTIBERAIWVOVTAG TN DOUIKN aKEPAIOTNTA
TOU £€apTrMATOG.

ZxAua 4-13. Karavoun TAoEwV 6TO Avw THANA TNG EOWTEPIKAG KVAHNG.

Katd tnv agioAdéynon Twv davw Kal KATW TTOAUPEPWY TOU €0WTEPIKOU HNpPoU, OTa
xnuata 4-14 kai 4-15 avtioToixa, ol YEyIoTeG TAOEIG TTou UTToAoyioTnKav eival 0.885 N /mm?
kai 0.933 N/mm?, avrigTtoixa. AeSOUEVWY QUTWY TWV TIHWY, Ta dUo autd eapTiuara eivai
KatdAAnAa yia xpAon.

MNa tnv oAokArfjpwon avdAuong, KpIiveTal atTapaitnTo va agioAoynBei n akepaidtnta Twv
agOvVwV Twv apBpWOEwWV yia va emTEUXOEi pIa TTIO OAOKANPWUEVN KaTtavonon TnG avtoxng
TOU OUOTAMUATOG. ZUYKEKPIUEVA, Ol GEoveg TTou UTTOKEIVIAI Of €&étaon TTEPIAaUPAvVOUY
€KEIVOUG Twv apBpwoewv yovatwy Tou egwTepIkoU TTOdIoU, TNG Gpbpwaong yovatou Tou
eowTepIkoU TT0dI0U Kal TNG ApBpwang 1oxiou. MapouaidfovTal Ta ammoTEAETPATA QUTAG TNG
d1adIKaaiag.
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ZxAHa 4-14. Karavourn TAoEwV OTO dvw TUAHMA TOU ECWTEPIKOU Unpou.

ZxAua 4-15. Karavoun TAoEwV OTO KATW TUAHA TOU ECWTEPIKOU UnpPodu.

lMNa Toug Agoveg TWV aPBPWOEWV TWV YOVATWY TOU eEWTEPIKOU TTOBIOU, UTTOAOYIOTNKE N
140N 24.177 N/mm?, dTw¢ QmoTUTIWVETAI OTO ZXAUa 4-16. Acdouévou OTI auToi o1 AEoveg
gival karaokeuaopévol amd avogeidwTto AGAuBa, yvwoTog yia Tnv avtoxf Tou, autd To
eTmiTTed0 TAONG PBPIOKETAI EVTOG TWV ATTOOEKTWV OPiWV.

2XETIKA ME TOV Ggova TNG apBpwaong ToUu YOVATOU TOU E0WTEPIKOU TTOBIOU, OTO ZXNHA 4-
17, n avdAuon Trapouaiace Tdon 10.515 N/mm?, n otoia BpiokeTal KATW Ao T0 6PIO TOU
UAIKOU.

MNa Tov d&ova 1oxiou Tou PouTTOT, avaAuBnkav dUo aevapia emMBOANG duvduewy, oTa
2xAuata 4-18 kai 4-19. To TTPWTO CEVAPIO TTPOCOUOIWVEI OUVOAKEG UTTO TIG OTTOIEG TO
E0WTEPIKO TTODI BpiokeTal o€ aiwpnon, dnNAadr xwpig emaer he 1o £dagog. Katd autd To
ogvaplo, n Taon Bpédnke va cival 99.81 N/mm?. MapdAo TTou auth n TIPA €ival EPPAvEC
uwnAOTEPN ATTO TIG TTPONYOUUEVWG UTTOAOYIOUEVEG TIMEG, TTAPAUEVEI JE AOQPAAEID HEOA OTO
€0UPOG avTOXNG Tou XAAuRa.
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ZxAHa 4-16. Karavour TAoEwV O0TOuG A§oVveG TwV YOVATWY Tou £§wTePIKOU TTOS100.

on Misee iN/mmA? (WP3)

"
p..
can
736
’
w05
2155
I 2100
e
— P Vield stramgt: 530330

ZyxAua 4-17. Katavoun Tdoewv 01OV A{OVa TOU YOVATOU TOU ECWTEPIKOU TTOS100.

— P Vied stength 530690

ZxAua 4-18. Karavourn Tdoewv oTov dfova I10xXiou 6Tav TO €0WTEPIKO TTODI €ival oe pdon
aiwpnong.
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210 OeUTEPO OEVAPIO, OTTOU TO €CWTEPIKO TTODI Oev €xel €TTAP PE TO €0AQOG Kal TO
E0WTEPIKO TTODI avalapBavel To @opTio, N Tdon uttoAoyioTnke ota 178.073 N/mm?. Mapoho
TTOU QUTA N TIKNA €ival apkeTA augnuévn, TTapapével KATw atro 1o 6plo avToXAG Tou UAIKOU.

ZxAua 4-19. Karavop Tdogwv oTov Gova 1oXiou OTav To eSwTEPIKO TTOdI €ival og @don
aiwpnong.
Ev kartakAeidl, TTpaypaTotroiiOnke ATITopEPNG dOKIUA KABE £EapTAPATOS KATW aATTo TIG
TAéOV IO auoTnpPég ouvlnikeg TTou avapévovral. Ta atmoTeAéoparta Ocixvouv OTI OAa
TTOPOUCIACOUV IKAVOTTOINTIKI avToXA Kal €ival KATAAANAQ yia TV TTPORAETTOUEVN EQAPHOYH.

4.4 PAuTreEg

O KUpIog OTOXOG OTNV Q&IOAGYNCN Tou TTaBNTIKOU OuvauIKoU POJTIOT €ival va UTTApXEl
€UOTAONAG BNUATIOPOG O€ pIa eupeia YKAua kKAiogwv. Eival 1diaitepng onuaciag va avaAuBei n
CUUTTEPIPOPA TOU Mnxaviopyou oOtav uetaPaivel amd pia kAion otnv emouevn. MNa va
emTeuxOei autd, oxedidoTnkav TPeIg SIaKPITOI TUTTOI PANTIOG, O KABEVAG PE OUYKEKPIMEVO
XOPAKTNEIOTIKA, OTTWG TTapoucidfovral ota xAuata 4-20, 4-21, 4-22 kai 4-23.

O TpwTOog TUTTOG PAUTTAG EEKIVA WE KAIoN -1° Kal TTPo0deUTIKG peTapaivel oTig -5°. Oi
aAAayég TNG kKAiong TTpayuaToTroiouvTal e BAMa -0.1°, pe KABE TUAPO va €xEl KOG 5 PETPQ.

_

ZxAua 4-20. KoiAn pautra.

ZxAua 4-21. KdBe Tuipa otaBeprig kKAiong éxel pRkog 5 pétpa.
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O delTEPOG TUTTOG PAUTTAG, &eKIVA PE KAion -1° kai kaTaAryel oe 0°, pe 10 idI0 BAua
OTTWG TTPONYOUMEVWG.

Kal otou¢ OUO autoUg OxedlaOPoUG, €TTIAEXBNKE TO OUYKEKPIUEVO BAua WOoTE va
TapaxBei TAABOG TTANpo@opiag OXeTIK& HE TNV IKAvOTNTa TOUu pPopTToT va Padilel o€
OIaPOPETIKEG KAIOEIG.

ZxAua 4-22. KuptA pautra.

MNa va geAeTnBel TTEpAITEPW N PETABATIKA OTTOKPION TOU POUTTOT KATA TIG METABOAEG TNG
KAioNg, n TpIiTN pauTTa £xel oxedlaoTel WOoTe va Eekiva atTd -1° £wg -5°, Ye TTIo amdTOMOo Brua
-0.5°. MapdAAnAa, 1o K&Be TURUa £xel uAKoG 10 YETpa.

IxAua 4-23. KoiAn pdptra pe mo amétoues HETABOAEG KAioNG.
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5 MNpooouoiwon

Baoioyévo oT10 paBnuatikd  poviého Tou KegaAlaiou 3, 1O pOUTTOT OXeDIAOTNKE
XPNOIUOTTOIWVTAG TIG TTAPAPETPOUG TTOU KABopioTNKaV yia TNV €6ac@AANIOn TNG TTaBNTIKAG
ouvapikng. Xpnoigotroindnkav 1600 £Toiua 600 kal 3D-ekTuTtwpéva eCaptipara. MNpiv atrd
TNV KOTAOKEUN, TO aUCTNUA TTPETTEI va OOKINOOTEI 0€ TTPOCOodoiwaon TTou Aaupavel uttoyn
QpXIKEG OUVONKEG, TN BapuTnTa Kal TIG aAANAETTIOPAOCEIG UE TO £DAPOC.

2€ auTO TO KEQPAAAIO, TTOPOUCIAZETAI TO AOYIOUIKO TTPOCOMOIWOoNG. TO HOVTEAO TOU
POUTTOT €lodyeTal padi ue TIC PAPTTIEG Kal TTapoucidalovTal T OTTOTEAéCHOTA  TWV
TTPOCONOIWCEWV.

To MSC Adams (Automatic Dynamic Analysis of Mechanical Systems) givail éva eupéwg
XPNOIUOTTOIOUUEVO £PYAALIO AOYIOMIKOU YIa TAV TTPOCOMOIWOoN TNG OUVOUIKAG CUVOETWY
MNXAVIKWY CUCTNHUATWV.

‘Eva atmd 1a facikd TTAEoveKTAUOTA Tou Adams €ival n IKavoTnTd ToUu va avatrapioTd T
QUOIKA TWV PNXAVIKWY CUCTAMATWY PE OKPiBEIa, CUPTTEPIAAUBAVOUEVWY TWV ETTIOPACEWV
TWV OUVAUEWY, POTTWV KAl GAAWV TTapayoviwyv. AuTO ETITPETTEI OTOUG HNXAVIKOUG va
TpoBAéWouV Kal va KAatavoAoouv TTwG Ba cuutrepipepBei éva ouoTnua utrd dIAQOopPES
OUVONKEG, XWPIG va XPEIAZETal VO KATAOKEUAOOUV KAl VA SOKIJACOUV QUOIKE TTPWTOTUTTA.

5.1 MovTéAo

To MSC Adams ocuvepydaletai ye 10 SolidWorks utroaTtnpifovtag Tnv Gueon €iIcaywyr Twv
oxediwv, 6TTwg @aivetal oto ZxAua 5-1. Katd cuvémeia giodyetal 1o ditrodo, hadi ye tnv
OXETIKA KEKAIEVN pAuTTa. AUTO €€ac@ahilel OTI O TTPOCONOIWCEIS UTTOPOUV Va EEKIVAOOUV
MOAIG KaBopIOTOUV o1 adPaVEIOKES TTAPAUETPOI TOU CUCTAUATOG KOl O apPXIKEG OUVORKEG.
AuTA n pon epyaciag augavel TRV akpiBeia kar €ao@alifel cuvETTEIQ PETALU TwV PACEWV
oxediaong Kal TTPOCOUoIWoNG.

&

File Type | SolidWorks (*_sldprt:*.sldasm) -

File ToRead |
Part Name j |

Scale 1.0 Location
Ref. Markers Local | Orientation 0.0,00,0.0
Relative To _pdw_10

¥ Clean on Import
l"_ Blanked Entities |_ Consolidate To Shells |"_ Display Summary

Geometry Options oK | Apply | Cancel

xApa 5-1. Eilcaywyn oxediwv.

210 TTEPIBAANOV TTPOCONOIWONG, KABE WEAOG TOU POUTTOT €XEl DIAPOPETIKO XPWHA YIO
ocagnveia. O1 Tapduetpol yia KéBe éva, cuptrepIAaufavouévng NG PAlag Tou, TNG POTTAG
adpavelag kal NG B€ong Tou KEVTPOU PACag Tou, KabBopifovTtal PE AETTTOUEPEIO PECA OTO
Aoyiouiké. O1 apBpwaoelg TTou Ta cuvdéouv opiovTal, JeE TTPOCOXNA OTIG ETTAPEG, 1IB1IAITEPA TIG
OANAETIOPACEIG PETOEU TwWV OKEAWV Kal TNG pautrag. Kabiepwpéveg peBodoloyieg ammd
TIPONYOUUEVEG EPEUVNTIKEG EPYOCIEC OTO EPYACTHPIO TTapPEixav pia dounuévn diadikacia yia
auTEG TIG puBuioelg. To ZxAua 5-2 aTTeikovidel TO POPTTOT £TOIUO YIO TTPOCOUOIWON.

137/146



ZxAua 5-2. MovtéAo poputroT oto TePIBaAAoOV TTpocopoiwoNng.

5.2 AtroteAéopara

ZEKIVWOVTAG PE TNV TTPWTN PAPTTA, n otroia €xel KAion atmo -1° €wg kal -5° e BAua 11 -0.1°,
oTa ZXAMaTa 5-3 Kal 5-4 arreikovidovTal N ywvia Kal n ywviokA Taxutnta Tou Pnpou Kal g
KVAMNG ME TO TTEPAoUa Tou Xpovou. H k&Be aAAayh KAiong gival onueiwpévn Pe Jia gaupn
KABeTn ypauun. Kabwg n kAion yiveral o amiéToun, n ywvia kar n ywviakr taxitnrta
augavovTal. lNa 1N ywvia, 1o dvw O0pI0 QUEAVETAI JE TTIO CUYKPATNHEVO pUBPO aTTd TO KATW,
EVW YIO TN ywVIoKn TaxutnTa, n Tdon eival avreoTpappévn. H ikavotnta Badiong KupaiveTal
atd -1° €wg -4.7°, pye v aotdbeia va eugavifetalr aTig -4.8°. @aivetal kabapd 1600 n
MeTéRaon Tou cuoThuaTog Ot véo OTaBepd onueio oe kKABe aAAayng kKAiong, 600 Kal n
aoTaBEI0 KATA TIG TEAIKEG QAOEIG.

Thigh Angle Over Time Tl
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xApa 5-3. Twvia pnpou katd euoTadn Badion & epPavifOUEVEG CUXVOTNTES TIPIV TV TITWON.
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210 XXAuUa 5-3 TTAPOUCIAZETAlI N CUUTTEPIPOPA TOU CUCTANATOG PETA attd aAAayr) oTnv
KAion. MapaTtnpeital 0TI TO POPTTOT oTABEPOTIOIEITAI PETA ATTO Tpia £wg Téooegpa BAuaTta, e
OAa Ta eTéPEVA BANATA OE QUTAV TN OUYKEKPIKEVN KAION va TTapouciddouv otabepd TTAATOC.

KaBwg n kAion yiveral o amdéTtoun, n euoTtddela Tou cuaTriuatog diatapdacoetal. MMpiv
TNV ATTWAEIQ I00PPOTTIAG TOU POUTTIOT, TTapATnEOUVTAl aAAayEG OTov TPOTTO BAdIoNG, TTou
epavifovtal wg EMTTAEOV oUXVOTNTEG OTO SIAYPAUUA TOU UNPEOU UE ToV XpOvo.

Katd tnv av@Auon Tng ywviakrg taxutnTag Tou Pnpeou, gueavidetal 1o idlo yotifo. To
oloTnua XpeladetTal Tpia BAMATa yia va mMTUXEl TN vEQ TOU I00ppOoTTia PTG atrd uia alAayn
oTnVv KAion. Opoiwg, kKaBwg TTANCIAlel To onueio aoTdBelag, TTapaTnEROnkav atTokKAICEIS OTIG
TAAQVTWOEIC TOU OUOCTAMATOG, TIOU XapakTnpiovrar amdé Tnv TTApoucia  ETITTAEOV
OUXVOTHTWV.

Thigh Anglular Velocity Over Time 250 ¢ Thigh Anglular Velocity Over Time
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ZxAMa 5-4. Twviaki TaxiTnTa pnPou Katd guotadn BAadion & eu@avi{OUEVEG CUXVOTNTES TTPIV
TNV TITWON.

H ToAavTwTIKr Kivnon TNG KVAUNG QVTIKATOTITPICEI TN SUVAMIKA TTOU TTapaTnerénke oTov
MNPO, OTTWG QaiveTal OTO ZXN A 5-5.
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ZxAMa 5-5. Twvia kvApng kard euoTadn Badion & eP@aAvI{ONEVEG CUXVOTNTES TIPIV TRV TITWOT.
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Ta dlaypduuara NG YWVIOKNAG TaxUTNTAG TG KVAUNG, oTo ZXAMA 5-6, TTapoucidfouv
MOTiBa GUVETTA WE TIC TTPONYOUUEVEG WETARANTEG KATAOTAONG. ATTQITEITAI £€VOG 1I000UVANOG
apIOuOGS BNUdTWY yIa va IC0PPOTTACEI TO CUCTNHA.
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ZxAMa 5-6. Fwviaki TaxuTnTa KVAENG Katd euoTtadn Badion & eu@avi{OpEVEG OCUXVOTNTEG TTPIV

TNV TTWON.

O1 TaxuTnTeg TNG I10Xiou oTIg diguBuvoelg X Kal Y TTapoucialouv evdiagEpov. Kabwgs n
KAion TG pAPTTOG MEIWVETAI, TTOPATNPEITAI PIA EUPAVIG aUlnon OTo PEYEBOG TWV TAXUTATWY,

UTTOOEIKVUOVTAG OTI TO POPTIOT TIPOXWPA HPE TTIO YPIYOPO PUBUO.

Katd mnv €&étaon tng TaxUTNTOG TOU I0Xiou Katd Tov dgova X kai Y, TTaparnpouvtal
EEXWPIOTEG KOPUPEG OTO BIAypapa, OTTwG BlokpiveTal 0To ZXAMA 5-7. AUTEG Ol KOPUPEG
UTTOOEIKVUOUV IO ACUP@WVIa OTIG adpavelokES 1I01I0TNTEG Twv TTodiwy, TTapd Ta idia pRkn
TOUG. AUTO TO QaIvOuEVO, dev eTTnPEAlel TN duvATOTNTA TOU CUCTHUATOG VA TTEPTTATHOEL.
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IxApa 5-7. Tax0TnTeg 1I0Xiou KaTtd Toug afoveg X kan Y.
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Q¢ TWwpa, To oloTnua €xel UTTOOTEl eAeyxBei o€ KAion TTou &ekivd atmd -1° Kal QTAVEI
MEXPI TIC -4.7°. Tha va Tnv TTEPAITEPW KaTavonon TOU CUCTAMATOG, €ival amrapaitnTo va
aglohoynBei n amoédoor) Tou o€ pia o ATA KAion. Katd cuvértela, n delTepn PAMTIQ,
Kupaiveral atréd -1° yéxpr 0° kal Ta ammoteAéouara TapoucidalovTal ota ZxfuaTta 5-8, 5-9 kai

5-10.
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ZxAua 5-8. Twvia & ywviakA TaxuTnTa unpou o€ NIrioTePeg KAIoEIG.

2UPQWVA JE TIG TTPONYOUUEVEG TTAPATNPNOCEIS, Ol YPOQPIKEG AVATTAPACTACEIS VIO TN
ywviok 6€on kal ywviak Taxutnta Tou unpeou dcixvouv Trapéuola  poTtifa. Tpeig
ETTAVAANWYEIC aTTaITOUVTAI yIa TO oUCTNHA yia va oTaBepoTroinBei To guoTnua.

Me Tov ouvduaouO TWV ATTOTEAECUATWY, BIATTIOTWONKE OTI TO POPTTOT diaTnpei oTaBEPO
BnuaTIoOPO evTOg €vog eupoug KAiong atod -0.9° €wg -4.7°, ye ammokAIOEIG EKTOG auTou Tou
€UPOUG va 0dNyouv 0€ aoTABEIa KAl TENIKA OTNnV TITWon.

Ta dlaypAuuaTa ywviag Kal ywVIAKNG TaxuTnTag yia Tn Kviun dgixvouy gival opola.
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ZyxAua 5-9. Twvia & ywviaki Tax0TnTa KVAPNG o€ NTTIoTEPES KAIOEIG.

O1 TaxutnTeg TOU 10YKIOU KOTA TOUuG Ggoveg X kal Y Trapoucidfouv poTifa Trou
OUM®WVOUV PE auTd TTOU TTOPATNPERBNKAV OTNV TTPONYoUUEVN PAUTTA.
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e @ c
= <

-0.8°

0.6} i ol

051 T LT I TT

0.4

dx, /dtfmis]
dy, /dtfmys]
o

0.2

011

10 15 20 25 30 35 0 5 10 15 20 25 30 35
1[s] t[s]

[=}
o

ZxAua 5-10. TaxiTnTeg 1I0XioU KATA TOUug dgoveg X kai Y.

MNa mv e€étaon TG SUVAMIKAG TOU CUCTAMATOG, N TPITN PAUTTa OXEOIAOTNKE ME TTIO
aTTOTOMEG KAIOEIG. AUTA N PAUTTa Cekivd pe KAion -2° kal TTpoxwpd pe BAMa Twv -0.5°,
KOPUQWVOVTAG OTIG -5°.

2€ QUTA TNV TTPOCOUOIWGN, EKTOG aTTd TO Briud, oI ApPXIKEG OUVOAKEG TOU OUCTAUATOG
eTTiong dla@Epouv atrd TNV apxIkr BAaon TTou TEBnKe oToug -2°.

2UPOWvVa Pe TTponyouueva eupfjpoTa, aképa kal otav utToBARBNKE O€ TTIO €VTOVEG
aAAayEg KAIaNG, TO POUTTOT ETTITUYXAVEI 0TABEPO Badioua o€ 3 £wg 4 BruaTa.

H ywviokq 6éon kKal n ywviokA Taxutnta Tou pnpou Taipidlouv pe Ta HOTIBA TTou
TTapatnenénkav katd Tn diIdpKeIa TNG OOKIUAG TNG TTPWTNG PAUTTAG, OTTWG aTtreikovifovTal oTa
2xAuarta 5-11 kai 5-12.

Thigh Angle Over Time
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ZxApa 5-11. T'wvia & ywviaki TaxuTnTa unpou o€ atrdTopES KAIoEIG.

Ta mpo@iA ywviakAg Béong kal TaxUTNTAG TNG KVAPNG OTABEPOTTOIOUVTAl GUVETTWG,
QTTAITWVTOG TTEPITTOU Tpia BraTa yIa va EITEUXOET Jia vEa duvauIKr oTabepn KartdoTaon.

O1wg Kal OTIG TTPONYOUNEVES TTAPATNPACEIG, OI TaXUTNTES TNG I0Xiou aToug agoveg X Kal
Y QammOKOAUTITOUV TNV ETEPOYEVEIQ OTIG AOPAVEIAKES 1010TNTEG METALU TwV TTOOIWV. TO ZXAUaA
5-13 mapouaiddel TN CUPTTEPIPOPA aUTH.
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xAua 5-12. Twvia & ywvioki TaXUTnTa KVAPNG O€ ATTOTOUEG KAIOEIG.

ZxAMa 5-13. TaxuTnteg 1Io)Xiou Katd Toug dgoveg X kai Y.

Ta TTopTpaita QAcEwv XPNOIMEUOUV WG TTOAUTIHA €pyaAcia yia TNV avaluon Twv
OuVaUIKWY ouoTnUAaTwy. ATrelkovifouv pia ueTaBANTA oTov 0pICOVTIO AgovVa O€ avTIOTOIXiO JE
TN XPOVIKI TNG TTAPAYywYyo OTOV KABeTO d&ova.

210 ZXAua 5-14 ep@avifovial Ta TTOPTPAITA QACEWY, OTTOU TTAPOUCIAZETaI O OPIAKOG
KUKAOG 0Opiou Tou popTIOT o€ Hia KAion -2°, 1600 yia Tov unpd 600 Kal yia TNV KvAPn. Ta
yeyovoTta TTou AauBdvouv Xwpa, OTTwG Ol KPOUOEIG TOU YOVATWY, TWV QTEPVWV KAl TO TTEPAG
ETTAPWY, ONPEILVOVTAI XOPOKTNPIOTIKA.
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Phase Portrait Thigh Phase Portrait Shank
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ZxAHa 5-14. Oplakoi KUKAoI unpou & Kviung o€ KAion -2°.

Me uia ca@r katavonon KA TUAUATOG TOU OPIOKOU KUKAOU, Ta TTOPTPAITa QACEWY TOU
2xAuatog 5-15 Tmapéxouv MIad  OAOKANPpwHEVN  ETTIOKOTTNON TNG CUUTTEPIPOPAS TOU
OUCTNANATOG G€ DIAPOPETIKES KAIOEIG. AUTA Ta SlaypduuaTa KaAUTITouv atmod -2° £wg -4.5°, ue
augnoeig Twv -0.5°.

O1 kUkAoI dgixvouv va erTekTeivovTal, 101QITEPO YIA MIKPEG TIEG TNG ywviag TO00 Tou
pMNpoU 600 Kal TNG KVAUNG. 2€ KAioelg -4° kal -4.5°, T0 ouoTnua TANCIAlsl TNV aoTdbelq,
odnywvTag o€ atTOKAIOEIG OTOUC KUKAOUG O GUYKPIOT WE TTIO WIKPES KAIOEIG. ETTITTAEOV, OTN
KAion -4.5°, TTpOKUTITEl PIa TTITTPOCOETN SUVANIKY: TO yOvaTo Tou TTodIoU TTOU BpioKeETal OE
@Acn aIwpPNoNS atTEAEUBEPWVETAI KAl OTN OUVEXEIQ KAEIBWVEI TTAAI, €1I0GyovTag £TOl €va
EMTTPOOBETO YEYOVOGS HECT OTOV KUKAO.
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ZxApa 5-15. Oplakoi KUKAOI unpou & KVAUNG o€ B10QPOPETIKEG KAITEIG.
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6 Zuptrepaocpara & MeAAovTiki Epyacia

2e auth Tn epyacia, €€eT@leTal dIECOBIKA TO PABNUATIKG POVTEAO TTOU avaATITUXBNKE OTO
EpyaoTtApio Zuotnudtwyv EAéyxou kai atreikovifel Tn duvauik Bdadiong evég ditrodou
TTaBNTIKOU SUVAMIKOU POUTTOT EEOTTAICHEVOU HE yOvaTa. XPNOIUOTTOIWVTOS AUTO TO HOVTEAO,
TIPOKUTTTEI £V GUVOAO TTAPAUETPWY VIO TO OXEDIQOPO €VOG POUTTOT TTOU EVOWUATWVEI TOCO
OlaBéoipa oTo eUTTOPIO GO0 Kal €I0IKAG KATAOKEUNG £€apTAMATA, dIaTNPWVTAS TTApAAANAa Tn
QUVAMIKY TOU TTABNTIKOU TTEPTTATANATOG. O TTPOTEIVOUEVOG OXEDIAOHOG UPioTATAl ETTIKUPWOT)
Méoa o€ éva TTAQICIO TTPOCOUOIWGONG, ETTPETTOVTAG TNV £€aywyr aTTOTEAECHATWY TIPIV OTTd
OTTOIOdATTOTE TTPAYMATIKY KaTaoKeur). AuTh n dladikaoia kabopicel Tiong Tmlaveég 0doug yia
MEANOVTIKN €peuva Kal avaTTTuén.

6.1 Zuptrepdopara

EmTelxOnke pia oAokAnpwpévn karavonon Ttng OUVAMIKAG TToU Egival eyyevhng ot éva
TaONTIKO OUVAMIKO POMPTIOT e yovata, Baocifouevn apxika oOTIG BepeANIOEIC apxEC Twv
QVECTPAUMEVWY EKKPEPWY KAl TWV BITTAWV eKKpeUwv. H avBpwTrivn Kivnon utopei va
TTPOOEYYIOTEI hE Evav aguvduaOoud evOG KAEIDWHEVOU avECTPAUMEVOU OITTAOU EKKPEUOUG KAl
evOg dANou TTou BIaBETEl TTEPIOTPOPIKNA EAeUBEpPia TOOO OTNV APOBPWaN ToU I0XioU OGO Kal OTO
yovato. H duvauikil Tou CUCTAPATOG XapakTnpEiletal atrd Ta KUKAIKG Tou TTédId, HE TIG
adpavelakéS Tou 1I810TNTES Kal TNV KAIoN va TTaifouv KeVTPIKOUG pOAoUG.

To KaBiepwPEvo POBNUATIKG HOVTEAO XPNCIMOTTOINONKE yIA TNV KATAPTION XAPTWYV TWV
TTOPAMETPWY, TTPOCPEPOVTAG OTPATNYIKA €UENICia KATA TIG QACEIS TNG ETTIAOYAG £6APTNHATWY
Kal Tou oXedIaooU.

H emakdAouBn emkUpwon o€ éva TeEPIBANOV  TTPOCOPOIWONG UTTOYPAPMIOE Thv
TMOTOTNTA TOU HOVTEAOU OTOV AVTIKATOTITPIONS TNG QUVANIKAG TOU TTPAYUATIKOU KOOHUOU.

AuTh n €peuva €xel dnuioupynoel €101 éva PeBodoAoyikd TTAQiIcIO HeydAng onuaciag yia
TO OXEOIAONO PEAAOVTIKWV CUCTNHATWY, TTou duvnTikd Ba odnynaoel o€ BeATiwpévn amédoon
OTn POMTTOTIKI] JETAKIVNON.

AUo Baoikd péAn Tou pouTTOT, N WAala Tou loxiou kKal N pala Tou €0WTEPIKOU UNpPoU,
oxedidotnkav oe évav apnpnuévo Padud. Exel amodeixBei 611 o1 SlaKUPAVOEIS 0TR POTTA
adpavelag Tou Ioxiou dev eTTNEEAZOUV ONUAVTIKA TN duvapikr. O oXedIAOUOG TOU ECWTEPIKOU
MNpPou, atrd TNV GAAN TTAEupd, atraitei dIATAEEIS yIa TNV eVOWPATWOoN evég MCU kal piag
MTTOTaPIOG, atrapaitnTa yia Tnv amokmnon oedopévwy ammod T1ig IMU. Ommwg atrodeixbnke
TIPONYOUUEVWG, N OPXITEKTOVIKA €UEAIia TOU €0WTEPIKOU WPNEOU  ETTITPETTEl  PIKPEG
Tpooapuoyég B€éong yia Tn  BeATioToTroinON TNG TOTTOBETNONG TOU KEVIPOU WACAG,
dleukoAuvovTag Tn diadikaaoia.

2UVOTITIKA, O OXEDIAOUOG ETTITUYXAVEI ATTOTEAECUATIKA TOV OTOXO TOU, EVOWMNATWVOVTOG
évav  ouvbuacpo  dueca  OI0BE0Ipwy  €CapTNUATWyY  pE  €IOIKA  KATOOKEUQOWEVAQ,
dlaoc@aAifovrag TTPooapuooTIKOTATA. AUTA n €ueAigia OIEUKOAUVEI TTIBAVEG TPOTTOTTOINCEIG
aTTd EPEUVNTEG TTOU ETTIBILKOUV VO BEATIWWOOUV OUYKEKPIPEVA OTOIXEIQ.

6.2 MeAAovTikn Epyacia

H eméuevn @daon autrig TnG €peuvag TTEPIAAUBAVEI TNV OPIOTIKOTTOINON TwV OXESIWV TWV
eCapTnUdTWy TTOU oudnTHBNKAV TTPONYOUUEVWG KOl TNV KATOOKEUN TOU POUTTOT. MeTd TN
ouvappoAdynaon, dedopéva Ba TTPETTEI va OUYKEVTPWOOUV KAl va avTITTapaTeBouv HE TIG
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TTPORAEWEIS TOOO ATTO TO paBnuaTikd PovTéAo 600 Kal atrd Tn TTPooouoiwaon. H avtioToixia
Kal n akpifeia autwyv Ba TTPETTEl va agloAoynBouv AETTTOUEPWG.

H treipapaTiki d10dIKaoia avapéveTal €1TiONG va pigel wg o€ TTIBavAa oToIXEia TTou dev
€CETAOTNKAY TTPONYOUHEVWG KOl OE TUXOV PEOAIOTIKEG TTPOKAACEIS TTOU €VOEXETAI VO
TTPOKUYOUV KATA TNV EKTEAEDN.

Ald@opa eEapTAUATO TOU POUTTIOT TTPETTEI va epeuvnBolv. Oa TTpéTTel va afioAoynbouv
d1dpopa oxAuata Todiwv [15] Kal évag pnxaviopog ouvdeong Tecodpwy pdpdwy [16] Ba
TPETTEl va TTPOTABEl WG evOAAOKTIKI] AUCN OTnv TPEXOUCQ TTEPIOTPOYIKN ApBpwan yia To
yovaro.

Aedopévng TNG apBpwTrg YUONG Tou oXedIOoUoU, opIouéva eEAPTAMATA PTTOPOUV va
BeATioTotToiNBoOUV yia va evioxXuBei n amodoon. ZUyKeKpIYEva, Ba PTTopoucE Kaveig va
€UBUYpaMpioEl TO KEVTPO PAZag Tou TTARPWGS KAEIBwHEVOU TTOBIOU e Tn €uBtia ypauun TTou
&eKIva aTTo TO 10XI0 Kal gival KABETN OTO TTEAMQ.

Ev katakAeidl, uetd amrd pia oAokAnpwuévn avaAuon TNG dUVAUIKAG TOU CUCTHAUATOG, N
emméuevn @daon Ba meplAauBdvel TNV eVOWHATWON KIVNTAPWY, Yia Tn dIEUKOAUVON TNG
Badiong o€ em@AveIeg e INOEVIKN KAl BETIKA KAioN.
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