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1.1 Motivation

Currently, research on bipedal robots is one of the mostiagcnd fascinating topic in the field
of robotics. The field of application is large both for indigtas well as every day life use, and
lots of hard scientific problems are still open. Significaorkvhas been done to generate bipedal
walking gait trajectories that are anthropomorphicallglase as possible to human walking
while energetically ficient and dynamically stabl&], 88, 128. Researchers in the field of
robotics especially humanoid robotic, are inspired by humalking and try to reproduce human
walking gait for bipeds. Research in Biomechanigs [L21, 2] shows that human walking is a
process of locomotion in which the erect, moving body is sufga by first one leg and then the
other. As the moving body passes over the supporting legttrex leg swings forward in
preparation for its next support phase. One foot or the athavays on the ground, and during
that period when the support of the body is transferred fiogrttailing to the leading leg, there is
a brief period called "double support phase" when both feeba the groundd5]. As a person
walks faster, these periods of double support become snfi@tgions of the walking cycle until,
eventually, as a person starts to run, they disappear étteigand are replaced by brief periods
called "flight phase" when neither foot is on the ground. Ty@ic alternations of the support
function of each leg and the existence of a double supposgegtvhien both feet are on the ground
are essential features of the walking. A cyclic human wajlgtep is composed of two major
phasesstance phasandswing phase

Generally, robot locomotion is referred to various methth@s robots use to geographically move
from one place to another. It can be divided into two maingaties,wheeled locomotioand
legged locomotionWheeled robots are commonly used for payload carrying agdbatrolBot
[104] and PowerBot$3] and exploration purposes such as planet Rovél [n present, legged
robots are generally used for research purpose in labarator for entertainment purposes in the
entertainment industry. Typical examples of legged robutside HRP seriesp, 68, HONDA
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Asimo [97], Aldebran robotics NAO%1], Boston dynamics BidDoglp], RISE [17], and RHex
[16] etc.

In terms of energyf@ciency on flat surfaces, wheeled robots are the miéisient. This is due to
the fact that an ideal rolling (but not slipping) wheel losesenergy (ignoring frictional losses).
This is in contrast to legged robots, whichfewm an impact with the ground at heel strike and lose
energy as a result. Although wheeled robots are typicalitegnergy €icient and simple to
control, legged locomotion may be more appropriate for almemof reasons (e.g. traversing
rough terrain, moving and interacting in human environraeriturthermore, studying bipedal
robots may beneficially impact on bio-mechanics and impthealesign and performance of
orthosis and prosthesis. The scope of this study is the gaoeof energeticallyf@cient walking
gaits for a biped. Its scope is limited to planar bipeds bseaagittal motion has a dominant
contribution to energetic consumption.

Ongoing research on bipedal walking in the past decadeledsn legged robots with
impressive versatility. Bipeds such as Asin®d][(Figure2.9(a) or HRP-2 8] (Figure 2.9(b)
can walk, climb stairs, and even run. Apart from versatitigsirable properties of a humanoid
robot are low energy consumption and human-like walkingiomotin comparison to human
walking, energy #iciency of todays walking robots is mostly inferior. Moregugalking gaits of
most bipedal robots only loosely resemble human §ait [

In the past two decades, the studies on the passive rob@stgaificantly attracted the attention
of researchers to solve the problem of energy optimizatnehrauman like walking. A robot is
called passive when no external energy (actuator) is reddiar walking. In 1990 McGeeB[)]

had first presented his work on passive dynamic walking antbdetrated that it is possible to
exploit the mass distribution of the robot to make it walk ashallow slope without actuation
[48].

Based on the McGeer’s work on passive walkers, research cotyrof humanoid robots has
developed passive dynamic walkers with minimal actuatiomake them walk on flat surfaces
[31, 32). These robots are capable of walking on flat surfaces anel éagrgy cost almost equal
to that of the human. The three most famous level ground pedweralking robots based on the
ramp-walking design are the Cornell biped, the Delft bip@dr(ise) B, 124 and the MIT
learning biped32]. These powered bipeds have motions close to those of taip+walking
counterparts32]. Gini et all [48] extended this idea to fully actuated robots and constduitteir
robot with joint compliance and special knee design to inapnealking dficiency.

Humanoid robots are biologically inspired robots. Theyitike a human having two legs, a
torso, and two hands, although several types of bipedatsahay model only part of the body.
For example, most of the active dynamic walking bipeds ieaesh laboratories have only two
legs and a torsolf00, 107, 44] such as Rabbitq5] having no feet or punctual feet. However, the
number of humanoid robots having arms, head and feet areasiciy and researchers are
concentrating on the energetiffexts of arms, feet and compliance in the walking gaits byragldi
springs to the bipeds. Most of the researchers includigg9, 100, 86] are motivated by the
hypothesis that bipeds with compliant ankles may be ablghd#& more natural-looking gaits
with better energeticfciency and walking stability as compared to bipeds withaumpliant
joints. Several researchers studied that the design ofrtée joint can help to improve the
walking dficiency b3, 79] and others concentrated on the addition of passive elasgiobers in
the knee and hip joints. The compliant swinging leg can redenergetic cost by producing
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anti-gravity torques that lower the amount of actuator wexduired for leg swingingd1].

One of the most important and critical issue in the field ofotods especially in the humanoid
robot’s gait generation is the consumption of energy duwatking. Studies show that the legs of
the humanoid robots consume more energy in the stance grasatthe swing phas&§|. This
difference in energy consumption is because of the demand ofdrigihes to support the robot
weight on the ground. Therefore, there is room for signifi¢g@aprovement in optimizing the
energy consumption of the support leg. FG3g][studied that the most ifigcient (energy
consuming) joint is the support knee joint.

Recently linear elastic members (springs) have been useddwoer the lost energy, decrease the
energy consumption, and to stabilize the walking gait. Irshad the cases, springs are added to
the ankle of the biped to store energy and to use it when neddesistored energy is mainly
used during ankle pushigust before heel strike of free leg. Geyer et dl7][introduced the idea
of compliant legs with compression springs for walking amadning. They showed that compliant
legs are essential to explain walking mechanics. They atuaibipedal spring-mass model,
which includes the double support as an essential part ofotson and reproduced the
characteristics dynamics of walking. Their model combithesbasic dynamics of walking and
running in one mechanical system. In another study, comipti@ntroller is used to tune the
stiffness of the adaptable compliant actuator to reduce energpuogotion of the biped Lucy
during walking [L19. Lucy is powered by pleated pneumatic artificial musclesiarable to walk
up to a speed of 0.15 %

Another method of reducing energy consumption is to medadigilock the support knee just
before impact and release the lock at the end of double stippase. The knee-lock with active
release mechanism is found to be technologically simplessedgetically ficient [L14].

However, neither the combinecfects of knee locking and addition of springs have been egglor
nor the éfects of compliance on energy consumption have been presasit&function of

walking speed. Present study will explore both these aneasvél preset detailed simulation
results and comparison offterent techniques to improve walkingfieiency.

To have dicient walking gaits, significant work has been done on thevexy of lost energy
during each ste8p, 73, 31, 76]. However, energeticfeects of torsional springs in parallel to the
existing actuator, have not beerfistiently explored. The first part of this study concentrates o
two different strategies to improve the energefticeency of a planar bipedal robot. In the first
method torsional springs will be added tdtdrent joints of the robot in parallel to the existing
actuators, and energetitfects will be studied. Secondly, support knee of the bipethbeil
mechanically locked during the entire swing phase to reéneggy consumption. Both
techniques will be applied to filerent bipedal walking gaits from a most simple to relatively
complex and more natural looking gait with finite double sopphase for a planar biped.

In the field of humanoid robotics, an other most important emallenging issue is the design and
selection of its actuating system. High performances inatain are required to enhance
energetic #iciency and stability of these systems. In the future, hunthrabots are expected to
be integrated in human environment to perform human tak&gpkersonal assistance, where they
should be able to assist the sick and elderly people, and migetdaus jobs that cannot be done by
humans or too risky for them. To integrate robots into hunrarirenment, they should be safe
and human friendly. For instance, in the field of humanoidtms, essential and desirable
properties for actuators are: (1) high power to mass ratjoakility to produce high torque at low



4 Chapter 1. General Introduction

speed; (3) highly integratable (reduction of occupied wwd); (4) able to generate smooth joint
motions resulting in human-like walking movements.

Robotics systems such as humanoid robots are generallgtadtily two main types of actuation
Electric and Hydraulic (including pneumatic). Some welblinexamples of humanoid robots
using electric actuators are HONDA ASIMGq], WABIAN-2 [ 89], and HRP-2 §§] etc and
those using hydraulic actuation are HYDROIE),[and the University of Tokyo humanoid
(UT-Theta 2) B7]. It is worth mentioning that electric actuators have theaadages of reduced
cost, ease of use, and are easy to program in the control lewever, a number of disadvantages
appear when electric motors are used with mechanical redugear box. First of all, due to the
guasi-rigid connection between the motor and its payldasl difficult to produce compliance in
the joint required for safety. Secondly, electric actusittaive to be sized for the worst case
scenario, defined by satisfying the instantaneous higbesii¢ required. This leads to a
non-optimal over-sized electric actuator, which will netised all the time at its full capacity.

Based on the analysis of already existing solutions, andireapents of bipedal robots, a high
performance Integrated Electro-Hydraulic Actuator (IEHAs been developed by S. Alfayad et
al. [6, 7], which uses displacement of a micro valve to control hyticauotor. The newly
developed hydraulic actuator is a light weight solutions$ging all the performances needed for
actuating a humanoid robat]] Advantages of IEHA include, but not limited to, 1) Light igét,

2) complete actuator including micro hydraulic pump, 3)rggestorage function, and 4) no
central pumping system required. This actuator is capdtdeoang energy which can be used
when needed. The biped HYDROID equipped with new IEHA acisas developed under the
project called "R2A2" sponsored by the French National ReteAgency (ANR). The present
study will explore the ffects of energy storage onfidirent walking gaits.

1.2 Thesis Organization

The objective of this thesis is to explordigrent techniques to improve energetic performance of
a bipedal robot during walking, and to propose the best o@ti@ilable depending on the type of
gait the biped. The energy optimization strategies stuii¢kis manuscript include, mechanical
locking of the support knee, addition of springs téfelient joint of the biped, and integration of
hydraulic actuators capable of storing energy. These tquba will be applied on dierent

walking gaits from simple to more and more complex and clodauiman walking. Parametric
optimization algorithms38] will be used to generate walking gait trajectories for thgaits.
Selected optimization criterion will be calculated aftpplying the above mentioned techniques,
and then compared with that of the basic robot without knekita or adding springs.

This manuscript is composed of six major chapters excludivapter 1, which gives general
introduction of the work and chapter 8, which presents amiohs and perspectives of the present
study. In chapter 2, human walking will be explained anftiedéent statistics about human walking
will be presented. Dierent phases and events occurring during a complete cyblenoén

walking gait will be discussed and terminologies used t@dles human gait will be presented.
The two major phasestance phasandswing phasgand their sub-phases will be explained in
detail. Moreover, robot locomotion will be discussed arehtthe discussion will be narrowed
down to bipedal walking. Human walking will be compared tpddal walking and relationship
between these two will be establishedfiBient characteristics required for a biped to be able to
efficiently walk will be enlisted. Furthermore, a criterion twnepare energeticiciency of
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different machines will be presented filrent energy recovery approaches used to improve
energetic #iciency of a biped during walking will be presented and disedsn detail. Eects of
springs, knee locking, and knee joint design on energéiiency and stability of walking gait
will be discussed. Finally, efierent methods used in present study to improve energetic
performance of bipedal walking will be presented and thetdrawill be then concluded.

After having an overview of human and bipedal walking, thergetric and inertial parameters of
the studied biped will be presented in chafer hree diterent types of walking gaits studied in
this work will be introduced and their flerent phases during a walking step will be explained.
The dynamic model will then be formulated for a seven linknglabipedal robot using the
Lagrange formulation for all three walking gaits. The dymamodel in general case, single
support, and double support will be developed dependingetype of gait. The impact model
for a bipedal robot will be developed, andfdrent possible solutions of foot contact with the
ground just after impact will be discussed. Moreover, theashgic model will be extended to
incorporate theféects of springs added in parallel with the existing actugator

In chapterd, reference trajectory generation and optimization foneeséink planar biped will be
discussed. Moreover, fiierent functions to generate reference walking gait trajexs for a
bipedal robot will be presented. Trajectory optimizatidmlbthree types of walking gaits
presented in previous chapter will be explained and theropdition parameters required for each
gait in different cases will be presented. The optimization consgaiiik be introduced for the
cyclic walking gait of the bipedal robot under study. Twdéfeient optimization criteria one for
electric actuators and other for hydraulic actuators vélpibesented and fierent non-linear
constrained optimization tools will be explained. Finadymulation results for optimization
functionsfminconandfgoalattainwill be compared.

After presenting the biped under study, developing the dyoand impact models, and
explaining diferent trajectory generation techniques, simulation tesildifferent types of
walking gait trajectories for a bipedal robot will be pretsghin chapteb. A number of strategies
will be presented to reduce the defined criterion of perfarceaduring walking. The objective of
this chapter is to compare the performance of these tecasigu diferent walking gaits. For this
purpose, three types of walking gaits has been defined intet&apnd optimal walking gait
trajectories for each gait will be generated and cost of inglkvill be calculated in chaptés.
Simulation results obtained for each type of gait will beggrgted for dierent walking speeds.
Effects of springs and knee locking will then be compared on #sestof selected performance
criterion of diferent cyclic walking gaits.

Chapter6 of this thesis is dedicated to introduction of hydraulicuatbrs. In this chapter, the
working principle of a classical hydraulic actuator will peesented with mathematical
expressions. A newly designed high performance Integiakectro-Hydraulic Actuator (IEHA)
[6, 7] will be presented and its advantages over its counterpalftbe enlisted. The simplified
model of the said actuator will be presented and workingsodifterent parts will be explained in
detail. The exploded CAD schematic of the actuator will degresented to have an overview of
different parts of the actuator. Moreoveffeient working modes of IEHA will be elaborated,
and its energy storage function, which is one of the main aidgge of this actuator will be
presented. Mathematical expressions for energy balartogdiraulic actuators will be developed,
and the stored energy and energy available to the actuatiogdiifferent working stages will be
calculated. Finally, dferent cases of power consumption of an actuator during itkimgcycle
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will be explained and generalized storage function will beaeloped followed by the conclusion
of the chapter.

Energetic &ects of hydraulic actuators and energy storage will be stligi chapteZ on
different walking gaits of a bipedal robot. A number of methodae will be presented to
improve the energetidiciency of a humanoid robot during walking. Optimal walkirgjtg
trajectories will be generated for two types of walking gaihd the criterion based on the energy
consumption of the biped will be defined to compare the paréorce of diferent gaits. An
Optimization algorithm will be developed, and parametergiired to define a reference gait
trajectory will also be presented for each gait. SimulatEsults obtained from optimization
algorithm for each type of gait will be presented foffdirent walking speeds.flects of knee
locking and energy storage on consumption of energy duraiging of different cyclic walking
gaits will then be compared. Similarlyffects of walking speed on step length, time, center of
gravity (CoG) of the biped, ground reaction forces, and iopla@ameters will also be discussed.

Finally, the work will be concluded in chapter 8 presentinguanber of conclusions drawn from
the study. Recommendations for future work in continuitytog work will also be presented.
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2.1 Introduction

In this chapter, human walking will be explained anffelient statistics about human walking will
be presented. The human muscle responsible for walking @ued motions will be introduced,

and its diferent parts will be presented. Moreoveffelient phases during which a human muscle
does some work will also be presented. The phases and ewentising during a complete cycle
of human walking gait will be discussed and terminologie=iu® describe human gait will be
presented. The two major phasgance phasandswing phasgand their sub-phases will be
explained in detail. Gait timing and foot placement of a d&d human walking cycle will be
presented.
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In the second part of this chapter, robot locomotion will iEedssed and then the discussion will
be narrowed down to bipedal walking. Humanoid walking wéldompared to bipedal walking
and relationship between these two will be establisheffeint bipedal walking gaits will be
introduced and events occurring during a gait cycle of eaatwvgll be presented.

Different characteristics required for a biped to be abldficiently walk will be enlisted.
Furthermore, a criterion to compare energefiiceency of diferent machines will be explained,
and two of the famous humanoid robots will be introducedfddeént energy recovery approaches
used to improve energeti¢heiency of a biped during walking will be presented and disedsn
detail. Hfects of springs, knee locking, and knee joint design on etiergficiency and stability

of walking gait will be discussed. Finally, fierent methods used in present study to improve
energetic performance of bipedal walking will be preserated the chapter will be then
concluded.

2.2 Human Walking

There are two main means of locomotion in humans, walkingranding. Walking is one of the
main gaits of human locomotion and is typically slower thanning. Generally, in
bio-mechanics and humanoid robotics, walking is definedroynaerted pendulum’ gait in

which the body vaults over the fitlimb with each step78]. Walking is generally distinguished
from running in that only one foot at a time leaves contachutliie ground and there is a period of
double-support. In contrast, running begins when thergt exilight phase during which both feet
are df the ground during each step. The present study will focusaking gaits only, and
different phases of human walking gait are present@dan

The most é&ective method to distinguish walking from running is to meashe height of a
person’s center of mass using motion capture or a force ptated-stance. During walking, the
center of mass reaches a maximum altitude at mid-stance dtilng running, it is at minimum.
Definitions based on the percent of the stride, during whifdoais in contact with the ground
for greater than 50% contact are indicative of walking fanaais with any number of limbslf3].
However, running humans and animals may have contact [segiedter than 50% of a gait cycle
when rounding corners, running uphill or carrying loads.

Although walking speeds can vary greatly depending on factoch as height, weight, age,
terrain, surface, load, cultureffert, and fitness, the average human walking speed is about 5.0
kilometers per hour (kyh). Specific studies have found pedestrian walking speeugng from
4.51 kmh to 4.75 knjh for older individuals, and from 5.32 kimto 5.43 knjh for younger
individuals [72, 34]. These are the average comfortable walking speeds at winétabolic cost
[52] is minimum; a brisk walking speed can be around 6.5tkm

2.2.1 Human Muscle

A driving force is required to take a walking step or undergd activity, and this force is
produced by dterent muscles. The human muscular system is comprisedesf tliferent types

of muscle tissue: cardiac, smooth and skeletal muscle.thiegthese three types of muscle make
up about half of the body’s mass, and skeletal muscle alokesng about 80% of the muscular
system {11]. Skeletal muscle falls under the categories of striatethartuntary muscle. The
principal driving element in human walking is skeletal mesevhich is a form of striated muscle
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tissue existing throughout the human bod$][ As their name suggests, most skeletal muscles
are attached to bones by bundles of collagen fibers knowmedsre. Most of the space within
muscle fibers is generally occupied by myofibrils (see Figuig which are composed of protein
elements a few millimeters long, lined up parallel to eadteotand to the long axis of the fiber
[2]. Certain unicellular organisms also use protein simipathiose found in skeletal muscle of
humans as motors to alter their shape and move.
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Figure 2.1 —Skeletal muscle anatomy

In general muscle generate energy for movement by doing imarkder to function as biological
motor. Therefore, it can be said that human muscles aredicabequivalents of robotic

actuators. Muscles produce energy by exerting féreehile contracting, and this phenomenon is
called muscle contraction. Work dok¢ by a muscle during contraction can be obtained from the
product of force applieéF and change in lengthL. By definition muscles produce positive work
when they shorten. However, muscles may also function tergea force with little or no change

in length [L3]. In this case, the contraction is referred to as bésagnetric During ideal

isometric contraction the joint velocity is null, which téts in zero energy and power.

Based on the isometric phase of human muscle, the presegtwiiliintroduce this phase in
bipedal walking using an integrated electro-hydrauliciatir. Energy produced during this phase
will be stored and then reused when needed. The working eétaetuators will be explained in
chapter6 and the simulation results will be presented in chajpter

2.3 Phases of Human Walking Gait

Before proceeding to describdfidirent phases of the human walking, it is important to explain
the anatomical terms use in bio-mechanics to study humakinvgalThe anatomical terms
describing the relationships betweeffelient parts of the body are based on the anatomical
position, in which a person is standing upright, with thet tegether and the arms by the sides of
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the body, with the palms forward. This position, togethdhwtine reference planes and the terms
describing relationships betweerffdrent parts of the body, is illustrated in Fig@€. Six terms

are used to describe directions, with relation to the cesftdre body. These are best defined by:

1. The umbilicus isnterior
2. The buttocks arposterior
3. The head isuperior

4. The feet arénferior

5. Leftis left of the subject

6. Rightis right of the subject

Right

Anterior

Sagittal plane

ISumﬁﬁr

Posterior

Transverse plane
[

Left

Frontal plane

‘|’lnfen'ﬂr

Figure 2.2 —The anatomical position, with three reference planes anflisdamental directionsLp1]

The anterior surface of the bodyvsntraland the posterior surfaced®rsal The worddorsumis
used for both the back of the hand and the upper surface obtlte The termsephalad(towards
the head) andaudad(towards the "tail") are sometimes used in place of supamarinferior.
Further details about fierent representations used to study human walking can Inel foy121].

To study walking gait, the motion of the limbs is describethgseference planes:
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— A sagittalplane is any plane which divides part of the body into righd kit portions;
themedianplane is the midline sagittal plane, which divides the whamdy into right
and left halves.

— A frontal plane divides a body part into front and back portions

— A transverseolane divides a body part into upper and lower portions.

Human walking is a process of locomotion in which the bodgster of gravity moves forward

in sagittal plane, osculates left-right in transversahplanoves up-down in frontal plane. These
cyclic pattern of body movements are repeated over and siegr after step. The moving body is
supported by first one leg and then the other, and as it pageethe supporting leg, the other leg
swings forward in preparation for its next support phasealAtimes, at least one foot remains on
the ground 1 g]. There is a brief period called double support phase" wtah feet are on the
ground. As a person walks faster, these periods of doublesstipecome smaller fractions of the
walking cycle until, eventually, as a person starts to rhaytdisappear altogether and are
replaced by brief periods called "flight phase" when neithet is on the groundd5]. In the act

of walking there are two basic requisites: first the contiguyround reaction forces that support
the body, and second the periodic movement of each foot froeposition of support to the next
in the direction of progression. A cyclic human walking isrgqmosed of two major phasesance
phaseandswing phasésingle support phase).

Thegait cycle(walking cycle) is defined as the time interval between twacsgsive occurrences
of one of the repetitive events of walking. Although any eévasuld be chosen to define the gait
cycle, it is generally convenient to use the instant at whicl foot contacts the ground (initial
contact or heel strike). If it is decided to start with initt@ntact of the right foot, as shown in
Figure2.3, then the cycle will continue until the right foot contadte ground again. The left
foot, of course, goes through exactly the same series ot®aarthe right, but displaced in time
by half a cycle.

The following terms are used to identify major events dutimggait cycle:
1. Initial contact

Opposite toefd

Heel rise

Opposite initial contact

Toe df

Feet adjacent

o 0k wDd

7. Tibia vertical

The above seven events subdivide the gait cycle (see Fg8rato seven periods, four of which
occur in the stance phase, and three in the swing phase.

2.3.1 Stance Phase

The stance phase of a foot starts with its contact on the grand ends when it takestdhe
ground. It is also called theupport phaser contact phaselt lasts from initial contact to toefb
Stance phase also contains a brief period calmeble support phasguring which both feet are
in contact on the ground. Following are the sub-phases ntstphase as shown in Figuzes.
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Swing | Stance | stance

phasy

e

“~~gona

Figure 2.3 —Paositions of the legs during a single gait cycle by the rigt(gray) [21].

Loading response: starts when the foot comes in contact with the ground for tisetiime. It lasts
from initial contact (heel strike) to flat foot contact or @gite toe &. This phase is also called
double support phase (or "Initial double limb support”)idgmwhich both feet are in contact on
the ground. It is characterized by a very rapid loading onhé&fbrward limb with shock
absorption and slowing of the body’s forward momentum. Tdw tisually progresses to foot flat,
and the knee acts as a shock absorber @gddr more discussion).

Mid-stance: starts when toe of the stance foot touches the ground andftbaposite foot takes
off the ground. Mid-stance ends when heel of the stance foat aisé it starts rotating on its toe.
The start of the Mid-stance is also the start of single supgguase where only one foot is in
contact on the ground. During this phase, the body passeshm/éxed foot (stance foot), the
center of mass rises to its peak while both forward and \&nielocity decrease. Forward shear
then reverses to aft shear, the center of mass falls, anéifdrand vertical velocity increase.

Terminal stance: is also called "Mid-stance through Hedt'o This sub-phase starts at heel rise
and ends at opposite initial contact. At the end of this phsisgle support phase ends and
second double support phase of the gait cycle starts. Orqeetlik in elevation of the center of
mass is achieved in previous phase, the center of mass faillshe end of single limb stance
(single support phase) at opposite foot strike.

Pre-swing: lasts from opposite initial contact to to&0At the end of this phase, second double
support phase ends and second single support starts. Atshasice, the initial support leg
becomes swing leg and vice versa. During pre-swing, thertiiates on its toe and prepares for
take df. As weight is transferred rapidly to the forward limb, thailing limb is ending its
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extension movement in preparation to swing forward in fafrthe body.

2.3.2 Swing Phase

During the swing phase, only one foot is in contact on the gdout lasts from toe fb to the next
initial contact. There are two single support phases onedoh leg during a complete gait cycle.
The critical event of foot clearance occurs around 75% ofjeiecycle p5] when the swinging
limb passes the standing limb (feet adjustment). The swirage is subdivided into:

Initial swing: starts at toe fi and ends at foot adjustment. As discussed before, the ssouyld
support phase starts at tof which is also the start of initial swing. This phase is alsltech
acceleration phase during which the swing foot accelerdtes instance of feet adjustment is
almost the middle of single support phase.

Mid-swing: lasts from feet adjustment to tibia vertical. During thisph, the foot decelerates and
prepares for initial contact on the ground.

Terminal swing: is the phase between tibia vertical and initial contact.h&ténd of this phase,
single support phase ends and double support phase of a itewyda starts.

The duration of a complete gait cycle is known asdiele time which is divided intcstance time
andswing time The average cycle consists of 62% stance phase and 38% glasg §5, 121].

In some other studies, the cycle time is divided into singlge®rt time and double support time.
In normal human walking, the double support time is about 20%e cycle time.

2.4 Gait Cycle Timing

Unfortunately, the nomenclature used to describe the geli¢ waries considerably from one
publication to another. The present text uses the termgyalsed in L21] which will be
understood by most people working in the field. Moreoveerakitive terminology is given where
appropriate. Significant work has been done by the researofitnternational Society of
Biomechanics (ISB) for the standardization and homogeisizaf body landmarks, local frames
positions and orientationg 25 11, 124.

Figure2.4 shows the timings of initial contact and tof tor both feet during a little more than
one gait cycle. The walking cycle starts when right initiahtact (at 0% of cycle time) occurs
while the left foot is still on the ground. At this instanceperiod of double support (also known
as double limb stance) starts and lasts from initial cordadhe right to toe fi on the left. At left
toe df (12% of cycle time), swing phase of the left leg begins. Dgitime swing phase on the left
side, only the right foot is on the ground, giving a periodight single support (or single limb
stance), which ends with initial contact by the left foot¥b0f cycle time). There is then another
period of double support, until todfamn the right side (62% of cycle time). Left single support
corresponds to the right swing phase and the cycle ends légthext initial contact on the right
(100% of cycle time). For a cyclic walking, the step is supgab® be repeated for any number of
times.

The distance between two successive placements of the sairis talled %tride length.
Different terminologies used to describe the placement of #tefethe ground are shown in
Figure2.5. The stride length consists of two step lengths, left ankitrigach of which is the
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12% 50%
Left Left initial Left
toe off contact Cycle Time toe off
—_

Double . Double . .
Left single support Right single support

Left leg

Double
support

Right leg

Right initial Right Right initial
contact toe off contact
0% 62% 100%

Figure 2.4 —Timing of single and double support during a little more tlozve gait cycle, starting with right
initial contact [L21].

distance by which the named foot moves forward in front ofdtieer one. During walking in a
straight line, the stride length, measured between suieegsssitions of the left foot, must

always be the same as the stride length measured betweassivegositions of the right foot. If
the left foot is moved forward to take a step and the right sri@ought up beside it, rather than
in front of it, the right step length will be zero. It is evengsible for the step length on one side to
be negative, if that foot never catches up with the other one.

Right step length Left step length

! Stride length !

Figure 2.5 —Terms used to describe foot placement on the grotd] [

The side-to-side distance between the line of the two feslled thewalking basd121] (also
known as the "stride width'g5] or "base of support"). It is usually measured at the midpoin
the back of the heel but sometimes below the center of theegoikit. The preferred units for
stride length and step length are meters and for the wallasg millimeters. Theoe out(or, less
commonly, toe in) is the angle in degrees between the dimecti progression and a reference
line on the sole of the foot. The reference line varies from study to another; it may be defined
anatomically but is commonly the mid-line of the foot.



2.5. Robot Locomotion 15

2.5 Robot Locomotion

Before establishing relationship between human walkirggtdpedal walking, it is worthy to
understand robotics locomotion. The various method tHadtsouse to geographically move from
one place to another are callexbot locomotion It can be divided into two main categories,
wheeled locomotioandlegged locomotionLegged locomotion mechanisms are often inspired
by biological systems, which are very successful in movimgugh a wide area of harsh
environments.

In terms of energyf@ciency on flat surfaces, wheeled robots are the miéisient. This is due to
the fact that an ideal rolling (but not slipping) wheel losesenergy (ignoring frictional losses).
Therefore, wheel rolling at a given velocity needs neglgihput to maintain its motion. This is

in contrast to legged robots, whichfer an impact with the ground at heel strike and lose energy
as a result. Although wheeled robots are typically quitegneficient and simple to control,
legged locomotion may be more appropriate for a number comes(e.g. traversing rough

terrain, cross gaps which are as large as its stride, movidgraieracting in human

environments). Furthermore, studying bipedal robots memehcially impact on bio-mechanics
and improve the design and performance of orthosis andisist

2.6 Bipedal Walking

The bipeds are mimicking the human walking and other motigesunning, dancing, gestures
and face expressions. For this purpose, some humanoidsrotagt also have a 'face’, with 'eyes’
and 'mouth’ like HRP-4C §2, 69, however the main objective is to generate balanced cyclic
walking patterns. The primary objective of the recent redess to develop #ective locomotion
systems, capable of walking and or running that are eneaibtiefficient in addition to stability
and robustness to disturbancég][ The bipeds are generally designed in such a way to fulil th
stable motion (walking) requirements as well as light wetglconsume less energ§d, 90, 48].
These have to be dynamically and statically balanced tadatling while walking or standing

or even climbing and descending stairs.

In common with other gaits, walking involves progressioraltgrnating periods of loading and
unloading. In walking, as distinct from running, at leasedoot is always in contact with the
ground. In bipedal locomotion, this results in periods af$e support in which only one foot is

in contact on the ground and periods of double support, itvhoth feet make contact for some
time during the gait cycle. The present study only deals @drbipedal walking gaits. Dierent
types of walking gaits will be studied and their performangeeria will be calculated, and then
compared with that calculated after usingfelient techniques to improve energetic performance
during walking.

The number of humanoid robots having feet has significantlyeiased in recent years and is still
increasing very rapidly. Figur2.9 presents two of the most popular humanoid robots Asimo
2.9(a)and HRP-22.9(b), Asimo is a child size while HRP-2 is an adult size biped. Agaip
having at least two feet, two knees and a torso will be assumestablish relationship of bipedal
walking and present fferent events occurring during a walking step.

The number of events during a gait cycle depends upon thedfyyalking gait the biped is
following. One of the most commonly used type is the one hgeinly single support phases



16 Chapter 2. Human Walking vs Bipedal Walking

0% 100%
Left 50% Left
take off Left contact  Cycle Time take off
EE—
Left leg
I |
Left single support Right single support
Right leg
i Right contact
Right contact Right &
0% take off 100%

50%

Figure 2.6 —Timing of gait type 2 during a walking cycle, starting witlghit contact

separated by impulsive impacts, and having flat foot coma¢he ground at the time of impact.
In present study, this gait is named "gait type 2" and is arpthin detail in3.3.2 Different
events occurring during a walking cycle are graphicallyrespnted in Figur.6. Gait type 1 is
similar to type 2 but has no impact. The swing foot touchegtioend with zero velocity.

50%

Left Left Left heel Left toe

heel off toe off impact  impact Left Left

heel off  toe off

fi singl Double | ht singl 1t
Left single support support 1ght single suppo

Double
support

Double
support

Right leg

Right heel ~Right toe Right — Right Right heel Right toe
impact impact heel off  toc off impact impact
0% Cycle Time 100%
et AL S

Figure 2.7 —Timing of gait type 3 during a walking cycle, starting witlglnit contact

The third type of studied gait has finite double support ph@tiefeet rotation, and has two
impacts. It will be called gait type 3 and is presente@.i8.3 Different events of gait type 3 are
detailed in Figure.7. While it is not possible for the studied robot to have flattfimapact on the
ground with the foot already in contact to remain in flat cabtan the ground, it is possible to
have flat foot impact with the foot already in contact to remiaicontact but with rotation on its
toe as the heel takest@t impact. Walking gait type 3 is more close to human walking will

be studied in sectiof.6 for a biped with electric actuators and in sectibd for a biped with
hydraulic actuators.

The fourth type of bipedal walking gait is the most compler alosest to human walking having
all the phases of a human walk presented.iB During a walking cycle of this gait, the stance
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foot starts rotating on its toe (heef@r heel rise) a little before the end of single support phase
[113 117] as shown in Figur@.8. This type of gait is not very common in bipedal walking due to
the limitation of mechanical structure of the biped paftacly because of the design of feet
without toes. Study of this gait is beyond the scope of thegmework, and is only presented for
the purpose of explaining fierent events during a cycle.

Left Left heel Left toe

Left
toe off impact  impact Left

heel off toe off

Left leg

Double Double

Double . .
support Right single support support

support

Left single support

Right leg Right stance phase Right swing phase
| I I
Right heel  Right toe | nglghtﬂ‘ Right Ri.ght heel Right toe
impact impact ieeto toe off impact impact

Cycle Time
—

Figure 2.8 —Timing of gait type 4 during a walking cycle, starting witlglnit contact

2.7 Energy Optimization

The focus of the today’s work is to develop a low consumptiigi imobility biped robot with
suitable utilization of actuators and control techniqui#s £8]. In order to have ficient,
dynamically balanced and human like gait characteristizghe purpose to manufacture a biped
walking robot, one should constraint itself to a system,ollshould have more or less the
following characteristics.

— Light weight

— Statically and dynamically balanced
— Smooth and cyclic walking

— Robust and #&icient mechanical design
— Redundant structure etc.

These characteristics put limitations on the researchet€anstrain them to a defined path in
order to achieve the desired bio-mimetic results. Thus @hamd due to its wide spread
application areas, these types of robots have greatly gdatbe attention of the researchers in the
field of walking robotics. However, on the other hand theyehput a great challenge in front of
the researchers to well design and control the dynamics diiman like walking100, 42].

2.8 Energy Recovery Approaches

One of the most important and critical issue in the field ofotods especially in humanoid robots
gait generation, is the consumption of energy during walkResearch is being done to generate
dynamically stable and energeticallffieient bipedal gaits as close as possible to human walk
[31, 88,129
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Ongoing research on bipedal walking in the past decadeledsn legged robots with
impressive versatility. Bipeds such as Asin®d][(Figure2.9(a) or HRP-2 8] (Figure 2.9(b)

can walk, climb stairs, and even run. A multi-degree of fimadiped prototype with flexible feet
called ROBIAN (Figure2.9(c) has been developed to provide a test-bed of gpassive
prosthesis devices enhancing research on the human beomgdtion apparatusp5 107].

Apart from versatility, desirable properties of a humanaiblot are low energy consumption and
human-like walking motion. In comparison to human walkiaegergy &iciency of todays
walking robots is mostly inferior. Moreover, walking gadtémost bipedal robots only loosely
resemble human gai®§].

3

(a) ASIMO (b) HRP-2 (c) ROBIAN

Figure 2.9 —Humanoid Robots

In the recent years, significant improvements have been matle mechanical design, actuators
and control strategies of the bipedal robots to achieve &éiseclyoal of energeticallyfigcient,
dynamically stable and robust human like walking gaits. Ké&gissue in locomotion is the
consumption of energy. To recover and minimize the enetgygssential to measure the energy
efficiency of locomotion. The energyfiiency of level locomotion is usually measured by the
specific cost of transpo@.;, which is the total energy consumed by the system, and isgiiyne
used to compare fierent walkers or locomotive machine&| 36]. A related measure tGy; is

the mechanical energyteiencyC,,, which only considers the positive mechanical work of the
actuators 31, 32]. Table2.1 present£; andC,, values for diferent robots and machines. In
presentCe; for the biped HYDROID could not be calculated due to unavmiiy of the biped

and a number of technical details of the motors and actuators

3 energy used
~ weightx distance traveled

2.1)

Cet

To have dicient walking gaits, significant work has been done on thevexy of lost energy
during each step. However energetiteets of torsional springs in parallel to the existing
actuator, and that of hydraulic actuators have not begficgntly explored. The mechanical
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energy consumption of such a mechanism is due primarilyd@ttergy lost as the swing leg
impacts with ground at heel strikéJ, 31]. In case of level ground walking, this loss may be
compensated by two general methods of actuatéh One is to apply an impulsive push along
the trailing leg (toe-& impulse method), preferably immediately before heel stfde minimal
energetic cost. The second method is to apply a hip torquesidhe stance leg, using the torso
as a base7[3, 74].

Table 2.1 —Estimated Specific Cost of Transp@t; and Mechanical Energyficiency Cy; of Several
Locomotive Devices3]]

RobofMachine Cet Cnt
Walking | Honda’s ASIMO 3.2 1.6
Robots | TU Delf’s Denise 5.3 | 0.08
MIT’s Spring Flamingo| 2.8 | 0.07
Collin’s Cornell 0.20 | 0.055
McGeer’s Dynamite - 0.04
Humans | Walking 0.20 | 0.05
Flying Modern Helicopter 1.6 0.4
Machines| Wright Flyer 0.72 | 0.18
Boing 747 0.12 | 0.05
Modern Glider - 0.02
Other Efficient Auto 0.06 | 0.015
Cyclist 0.04 | 0.01
Freight Train 0.012| 0.003
Freighter 0.004| 0.001

The second reason for lost energy is the actuation of thegs\ghduring swing phase, which is
obvious from the passive nature of leg swing in McGee&#® nodel. However, studies on
human walking show that leg swing is not a passive movemehtequire actuation for stable
walking [116, 127]. Following are some of the approaches that have been sfatgs
implemented to minimize the energy consumption of a bipethduwalking:

— Passive dynamic walking

— Addition of springs

— Design of knee joint

— Introducing compliance in the gait

2.8.1 Passive Dynamic Bipedal Walking

Passive dynamics is an approach to robotic movement cdespécially walking), based on
utilizing the momentum of swinging limbs for greatdfieiency. This method is based on using
the morphology of a mechanical system as a basis for negessatrols. Passive dynamics are
used to create robotic and prosthetic limbs that move mitui@ently by conserving momentum
and reducing the number of actuators required for motion.

In 1990 McGeer §0] has first presented his work on passive dynamic walking @mdahstrated
the possibility to exploit the mass distribution of the rotmmake it walk on a shallow slope
without actuation. The prototype was exploiting the grafdtrce to swing the leg forward,
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exactly as a double pendulum would do. The only power needede one necessary to shorten
the leg in order to create foot clearance during the swingiogon [48]. Tehrani Safall1q
extended this work by replacing the ramp with stairs to sHesimilarities and dierences
between these two kinds of passive walking to specify the obsurface profile in walking
stability.

A number of passive dynamic walking bipeds has been develbased on the McGeer’s work
on passive walkers. These bipeds have minimal actuatiomlioown flat surfacesdl, 32]. These
bipedal robots are capable of walking on flat surfaces, amnd éaergy cost almost equal to that
of the human. Figur@.10shows the three most famous level ground powered walkingtsob
based on the ramp-walking designs,the Cornell biped (Eigur0(a), the Delft biped (Figure
2.10(b), and the MIT learning biped (Figui10(c). These powered robots have motions close
to those of their ramp-walking counterpar&]. However, these bipeds are less adaptable to
different walking gaits, less robust, and less adaptable tegoatation of objects and performing
assistance jobs.

e ___

(a) Cornell biped (b) Delft biped (c) MIT learning biped

Figure 2.10 —Passive Dynamic Walkers

2.8.2 Addition of Springs

Springs have been recently used in the field of humanoid rbfuir a number of reasons, which
include, 1) to recover the lost energy, 2) to decrease theygmensumption, 3) to stabilize the
walking gait. Generally, springs are added to the ankld pithe biped to store energy and use it
when needed mainly during the ankle pughpast before heel strike. Studies indicate that there
is a direct trade-d between the toefbimpulse from the trailing leg and the rotational torque
between the legs’f]. Using the toe-& impulse alone to power gait is four times less
energetically expensive then using the hip torque al@Bg76)].
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Studies also show that humanoid robots consume more energgdhe stance phase than during
the swing phase of the legGf]. This difference in energy consumption is because of the demand
of high torques to support the robot weight on the ground rdfoee, there is a room for energy
optimization in the support leg. For§§] studied that the most ifigcient (energy consuming) is
the support knee joint, and linear springs can be introdtmeeduce the energy consumption.

Energetic efects of springs

Farrell et all 2] have studied the energetiffects of adding springs at the passive ankle of a
biped. After arbitrarily choosing the springf$tiess, and optimizing the motion, they found that
the cost of standing with springs is mor@aent while walking is more costly as compared to
that of the same action without springs. However, the coetbemergeticfect of standing and
walking with springs was mordfigcient than exhibiting the same motion without springs.
Numerical results obtained by ] are reproduced here in tale2.

Table 2.2 —Optimized motion with arbitrarily chosen springs for antage velocity of 1.25 s [42].

Stiffness| - | Walking | Standing| Cost Change Cost Changg Cost Change
- - Cost Cost Walking 2m | Standing 2s| Walking 2m and
Standing 2s
K Jo Cw Cs 6C 6C oC
Nmy/rad | rad Jm Js J J J
0 - 184 563 - - -
25 3.3 187 460 6 -205 -199
50 3.3 223 359 78 -407 -329
75 3.3 257 278 145 -570 -425
50 3.2 295 307 223 -511 -288
50 3.3 223 359 78 -407 -329
50 3.4 208 409 48 -308 -261

Collins [31] has added springs at the ankle of their well know walkingptatalled Cornell (see
Figure2.10(a) to study the energetidiects of spring addition. Specific cost of transport and
mechanical energyfigciency values for Cornell robot in comparison with otherdimtive
machines are given in tabkl Schematic of the ankle spring mechanism along with working
procedure is shown in Figu211 In powered walking, adding energy with a “pusfizampulse
from the stance leg just before heel strike is four timesfitve as restoring energy after the
collision has occurred3[L, 73] because it simultaneously restores energy and reduces the
subsequent collision.

Daniela Forg B6] has investigated the influence of linear elastic element®ohnical bipedal
locomotion, with a special emphasis on energy consumpliba.experiments were conducted on
the humanoid robot called JOHNNIE. They have studies 129dsix joints per leg) of the robot
and then selected the one consuming more energy compaireel athier jointgactuators. The
energy comparison was based on the current drawn by thet@ctlibe support knee joint was
found to be the most energy consuming joint and so was asstomiexthe one having great
potential for energy saving, hence selected for furthedystind experiments. They found that
current drawn by the knee joint actuator is negligible dgitime swing phase and significantly
high during the support phase. After carefully selectireggbipport knee joint for further analysis,
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Figure 2.11 —Ankle Spring Drive Train of Cornell Robot3[l]: Just after push4b, a DC motor (A), in
series with a one-way rotary clutch, drives a motor crank @Yable attached to the end of the motor
crank via a bearing pulls up an over-center latch (C) untddks in place against an adjustable stop (D). A
cable (E) running from the over-center latch through theekaied to the foot (F) pulls the foot into ready
position,stretching a large spring, (G). At pudfi:@ solenoid at (D) moves the over-center latch back past
its equilibrium point and the ankle extends, torqued by titeng. The motor crank is pulled along passively
as the one-way clutch is rotated in its free direction.

a torsional spring parallel to the knee actuator was inttedwand then cost of transport was
calculated at dferent values of spring $ihess. They found that up to 29% of energy can be
saved by introducing identical torsional springs in pa&lat the existing actuator at both knees
joint with a stitness of 21.5 Nrinad.

Another study conducted by Migliore and colleagu&y Ehows, that the energetic cost of leg
swinging in dynamic robots can be reduced without signifigaattfecting the stability by
emulating the physiological use of passive joinffagss. They suggest that simildfieiency
improvements could be realized in dynamic walking robotse $tudy was conducted on an
experimental model of two segment robotic swinging leg withand knee joint. They have
studied their model for fixed and variable sprindgtstss and found that same results as that of
variable stithess can be achieved while using fixedfs@ss spring. The results shows that
energetic cost reduction of about 25% can be achieved ugigjifiness and energetic cost
reduction of approximately 66% can be achieved using knfaests alone.

Stability effects of springs

Wisse [L24] has successfully used ankle springs to replace the rigiteat by flat feet while
having the same stability. The authors conclude tiag‘rigid arc feet, well known from passive
dynamic walking literature, can equally well be replacedlay feet mounted on ankles with a
torsional spring. The arc radius has a positivgeet on the disturbance behavior, and the spring
stiffness has a similarfect’. Sensitivity to disturbances is decreased with incregsjpring
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constank so as with foot radius.

2.8.3 Design of Knee Joint

Addition of knee joint plays an important role in human likatggeneration as well as energy
consumption. Using dtilegs could actually simplify the motion and robot structie in

practice, it has several important functions in the wallkdggamics £8]. In case of a robot with
straight legs, the foot clearance have to be created by aticadd pelvic tilt. This means a
reduced step length and a bigger energy consumption bettaupelvis is the heaviest part of the
body while knee stretching just lift the foot].

Human gait studies show that during swing phase of the legkniee joint is unlocked and can
swing freely, and during stance phase the knee joint hassrea}l angular velocity and the
variation in joint angle is very small. Therefore, it is pit®s to lock the support knee joint
without significantly &ecting the gait trajectory. Based on this assumption, koie¢sj have been
designed with locking mechanism that could be engaged athgaged when needed. Cornell
robot (see fig2.10(a) has a knee joint, which can rotate freely when not lockedekihe knee
reaches full extension midway through swig, so called "kstee”, the locking mechanism
engages, and the knee remains locked in full extension ¢ima@ut the remainder of the swing and
during stance. Thus the knee motion is largely unactua&éd [

Many studies were conducted on legged robot in order to ingotioeir dficiency and stability.
Several modern robots are designed to walk and behave likahsi (Figure.9), but until now

the dficiency of the human gait is still far from being reached (saleld2.1for comparison).
However, some robots based on the passive dynamic walkisigaaen in figure2.10have
comparable energyfiéciency to the human gait. In this sense, the work of McGe@€érdan be
considered exemplar. His passive dynamic walker made segjali without close loop control,
considering the walking motion as a natural oscillation dbable pendulum; and this is actually
how humans seem to walk§]. The comparison of specific cost of transport foifelient robots
and machines is given in tabkl

Gini [48] manufactured the robot called LARP (Light Adaptive-R@sebiPed), a humanoid
legged system with anthropomorphic feet, knees and a msisgdtion similar to the human
limb. It has twelve active degrees of freedom and the rangeation of each joint is similar to
that of the humans during walking. They have designed a aplewee joint composed of two
circular surfaces rolling on each other as shown in figuie They found that energetic
efficiency of the biped is improved by implementing rolling cacttknee joint. A comprehensive
study on rolling contact knee joint has been done by Mathiehdth in [79]. He compared a
selected performance criteria during walking of a bipedraelassical knee joints with that of
rolling contact joints using dierent optimization techniques.

To obtain the rolling motion of one link on another of the kipa@at, Hamon and Aousting3, 54]
have studied a new cross four-bar linkage mechanism forrtke Joint, which replaces the
traditional revolute joint. Significant reduction in knegdque and hence energy consumption has
been presented by the authors.

Advantages of rolling contact knee joint
This kind of joint for the knee articulation has several atages respect to a pin joint.
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Figure 2.13 —Representation of cross four bar knee job][

1. Itis energy #icient because of reduced friction of the joint.

2. Using elastic actuators or even a passive knee, the lelgechant exploiting inertial forces
due to hip actuation. In this sense, dhatent knee joint is fundamental to reduce the

demand of high hip torque.

3. The center of rotatiorc() is not fixed, as in a pin joint, but moves upward and backward
during rotation (Fig2.14). This motion increases the foot clearance necessary toysve
leg, and the shank active rotation can thus be reduced.

4. The knee could be passive during swing phase in some rabdtwill reduce energy
consumption.
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o

Figure 2.14 —Schematic of rolling contact knee jointd)

2.8.4 Introducing Compliance in the Gait

Compliance is the inverse of ftiess. Therefore, something with more compliance will bs les
stiff and will act like a spring. Compliance could be in bendingnpoession or torsion. In the
field of bipedal robotics, compliance is introduced in thé arestore the lost energy and to have
the damping ffect to minimize the impulsive losses of heel strike. For pugpose a large

number of researchers have installed springs at the aék|éf] and they call it the compliant
ankle P9, 73]. To add compliance to the gait Gird§] have designed a compliant human-like
knee instead of a classical pin-joint.

Apart from using ankle or knee springs, NakaBé][proposed a dynamic biped walking robot
with flexible beams. This robot has two legs, which is a paftefible beams instead of a pair of
rigid crura and femurs. The flexible beams are expected mglariight weight robot, and also act
as joints at knees, which have been operated by electri¢gldvaulic motors. The flexible beams
robot and its walking cycle at the stance phase is shown indi@d5 Figure2.15(b)shows that
the percentage of body weight force on the stance leg duraikimg cycle, resembles the human
walk cycle with some dferences during knee flexion.

Percentage of body weight force

sirike foot flex sirike  -off
Walking cycle at the stance phase

(a) Flexible Beams Robot (b) Percentage of body weight force on
the stance leg

Figure 2.15 —Flexible Beams Robot and its Walking Cyckd]
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As a result from the flexible beams robot, following featunase been found. (1) The weight of
the proposed robot can be reduced to half as compared witkestanal rigid body robots. (2)
Rapid and stable walking can be attained by the milt moveriethte flexible legs.(3) Energy
consumption for dynamic walking is reduced to 70% as congpaith rigid body robots §6].

2.8.5 Other Methods of Energy Recovery

Instead of using springs, artificial muscle actuators aeel tig have compliance in articulations
and reduce weight and energy consumption of the rai@t A number of studies have been
carried out to study behavior of Pneumatic Artificial Mus@h&M) for humanoid applications
[123 and rehabilitation application®f]. Vanderborght 117, 118 developed the bipedal

walking robot called Lucy shown in figuiz16(a) Special about it is that the biped is not
actuated with the classical electrical drives but with f#dgpneumatic artificial muscles (Fig:
2.16(b). In an antagonistic setup of such muscles, both the torqdelee compliance are
controllable. From human walking there is evidence thattjoompliance plays an important role
in energy dicient walking and running. Moreover pneumatic artificialgoles have a high power
to weight ratio and can be coupled directly without compleamng mechanism, which can be
beneficial towards legged mechanisms. Additionally, theyetthe capability of absorbing impact
shocks, and store or release motion energy.

(&) CAD drawing of robot (b) Three contraction levels of Pneumatic Muscle
Lucky

Figure 2.16 —CAD drawing and pneumatic muscle of the biped Lut¥{

Recently, the use of hydraulic actuators has significanttygased in field of robotics particularly
humanoid robotic systems. These actuators have excelpieriarmance and high power to
weight ratio. A central pumping or pressure unit called tcarhydraulic block™ is used to
provide required pressure to each actuator to produceediasiotion. One huge motor-pump is
usually used to produce the pressure and the flow necessacjutate several joints. This solution
was able to demonstrate high performances, for large otdpees as well as for generation of
smooth movements. Based on the characteristics of hydrmactiiators, a high performance
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Integrated Electro-Hydraulic Actuator (IEHA) is develaday S. Alfayad et al. §, 7]. The newly
developed hydraulic actuator is a light weight solutions$ging all the performances needed for
actuating a humanoid robat]] Advantages of IEHA include, but not limited to, 1) Light igét,

2) complete actuator including micro hydraulic pump, 3)rggestorage function, and 4) no
central pumping system is required.

The new Integrated Electro-Hydraulic Actuator (IEHA) hasiategrated reservoir in which
energy can be stored in the form of hydraulic pressure inrdadeptimize the power
consumption of the joint. It is based on the use of the dutyecgybhenomenon to store energy
whenever no motion is needed on the joiit{]. This energy will be used when it is needed
resulting in a smaller actuating system. Hence, the enarggumption can be considered as
optimal during walking or performing manipulating task$elscope of the present study is to
explore energeticfiects of the energy storage capabilities of IEHA offetent types walking
gaits. This actuator is briefly explained in chapgieand simulation results of energy storage on
different bipedal walking gaits are presented in chapter

Another important technique to improve energefitceency of a bipedal robot during walking is
to lock the knee joint of the stance foot. As already discdskeee joint of the stance leg is one
of the most energy consuming, therefore, significant amofiehergy can be saved by
mechanically locking the knee joint. The knee locking mexdsmm has to be light weight and less
energy consuming. The IEHA can be used to lock knee jointyatasired angle without
consuming energy, hence reducing cost of walkinge&s of knee locking on 2D bipedal
walking in case of electric actuators are explained in airdptand in case of hydraulic actuators
are presented in chaptér

2.9 Conclusion

In this chapter, a detailed overview of human walking was@néed. Moreover, tlerent phases
of human walking were explained and terminologies used sorilge human walking were
introduced. Anatomy of skeletal muscle, which is respdesib walking and other motions was
presented, and expression of work done by a muscle was dizxdRobot locomotion and
different types of gaits of bipedal walking were presented aa@Wents occurring during a gait
cycle of these gait were explained.

The factors #ecting the energetic cost of a biped during walking werewdised. The factors
include, mechanical design, mass distribution, actuati@csion etc. Moreover, fierent
approaches used to improve energefitceency of a biped, and generate d@hiaent and stable
human like gait were presented.

Keeping in mind and benefiting from all the existing methond gechniques for energyfeeient
bipedal gait generation and searching for new energy reg@red optimization methods.
Furthermore, several energy minimization strategiestfertipedal robot HYDROID were
presented, which include:

— Adding torsional springs to ffierent joints in parallel to existing actuators.

— Mechanically locking the support knee during entire séaplease.

— Installing the new integrated hydro-electrical actuai@pable of storing energy and
release the store energy when needed.
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All the techniques presented above will be explored in tatad their éfects on bipedal walking
will be presented in the following chapters.
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3.1 Introduction

This chapter is devoted to presentation of the biped, diefindf the walking gaits to be studied,
and modeling of the biped. A simplified model of the biped&labHYDROID will be presented.
The biped is developed under the project called "R2A2" spaatsby the French National
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Research Agency (ANR). The geometric and inertial pararaéte2D of the HYDROID will be
presented. Three flierent types of walking gaits for the studied biped will belekped. The
dynamic model will then be formulated for a seven link plabigedal robot using the Lagrange
formulation in general case, in single support phase, addutle support phase depending on
the type of gait. The impact model for a bipedal robot will B¥eloped, and dierent possible
solutions of foot contact with the ground just after impadt be discussed.

Dynamic model with torsional springs in parallel to the &xig actuators will be developed to
calculate the #ects of springs on energetic consumption during walkingrédaer, éects of
support knee locking on the impact model will be presentexse on these modelsfldirent
methods used to generated reference gait trajectoriebevgtesented in chaptérand selected
performance criteria will be introduced for the comparisbenergetic performance during
walking. These models will then be used to design bipedatiwglgait trajectories with dierent
types of walking gaits to calculate energetic cost of wajkinchaptels and?.

3.2 Presentation of the Biped

The planar biped, presented in figurd, is composed of two identical legs and a torso. Each leg
consists of a thigh, a shin, and a rigid foot. All joints arealate, frictionless and can only move
in the sagittal plane. Right (foot 1) and left (foot 2) feet aupposed to be the stance and swing
foot respectively.

Figure 3.1 —Planar biped, generalized coordinates representatioagpiced torques

3.2.1 Geometric Parameters of the Biped

The geometric and inertial parameters of the biped are giveable3.1 These parameters are
derived from the humanoid robot named "HYDROIDB] having body mass and length similar to
those of a human based on geometric human body model dedigri¢ahavan$7]. The link



3.3. Definition of Studied Walking Gaits 31

inertia presented is calculated with respect to the cerfiterags of the respective link around the
axis z perpendicular to the sagittal plane. The HYDROID t@&so has arms but in this study, the
mass of arms is merged into the torso mass. The center otgead inertia of the torso is
recalculated to take into account thiéeets of arms by considering that the arms are fixed in
stretched position along the torso. The geometry of theifoptesented in Figurg.11which
explains diterent terms used in tab&1

Table 3.1 —Geometric and inertial parameters of the biped

Link | Description| Mass Length Gravity Center| Inertia

(Kg) (m) (m) (Kg.n¥)

0 Foot 0.678| L,=0.20700| S p=0.01350| 0.00175
h,=0.06425| S p=0.03213

1 | Shin 2.188 0.392 0.16856 0.02765

2 | Thigh 5.025 0.392 0.16856 0.06645

3 | Torso 29.27 0.5428 0.192065 | 0.81496

3.3 Definition of Studied Walking Gaits

Different types of walking gaits can be considered to test tHenpeance of a bipedal robot
walking. Optimal walking gait trajectories will be genegdtfor the robot using the algorithm of
parametric optimization presented in chapteihe goal is to generate walking gait trajectories
that closely resemble human walking. In addition, all gajectories are assumed to be cyclic.
Joint limits and torque constraints of the biped robot HYDR@re given in table3.2 below.

Table 3.2 —Joint and Torque Limits of HYDROID Robot

Joint Joint angles Joint velocities Joint torques
(deg) (degsec) (Nm)
g Min Max Min Max Min Max
1 -30 30 -245 245 -157 157
2 -90 90 -401 401 -108 108
3 -90 90 -155 155 -150 150
4 -90 90 -155 155 -150 150
5 -90 90 -401 401 -108 108
6 -30 30 -245 245 -157 157

3.3.1 Walking Gait without Impact

In present study, the simplest studied walking gait is theaatless gait having only simple
support phases separated by instantaneous impactlessitraphases. This walking gait will be
calledgait type 1for simplicity. In gait type 1, the velocity of the swing fopist before touching
the ground is null. Foot 1 is the stance and foot 2 is the swong fStance foot is considered as
the base link of the biped. The walking step begins with alsisgpport phase and ends with
impactless flat foot contact on the ground where the feetan@ their role.e. the stance foot
becomes swing foot and vice versa. The stance foot remaitet itontact on the ground during
the entire single support phase. At transition phase, eéifapof the joints is done such that the
stance foot is always foot 1. This permits one to use the saouels for the second step when
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the swing foot becomes stance foot. There is no change ingewafion, velocities and
accelerations of the joints during transition phase, oelgbreling is done. Figurg.2 presents
walking gait type 1 for a biped. This gait has the minimum nemtif optimization parameters
among all other walking gaits studied in present thesis.tAeoadvantage of this gait is that it
has no impact and therefore, the mechanical structure amd juf the biped are preserved.

AdhA

Figure 3.2 —Representation of walking gait type 1

sssp [ Walking \ ESSP

Transition Transition

essp \  Cycle | sssp

Figure 3.3 —Representation of walking cycle of gait type 1. SSSP: sfasingle support phase, SSP: single
support phase, ESSP: end of single support phase

3.3.2 Walking Gait with Impact

The walking trajectory of this gait is composed of only seagupport phases separated by
impulsive impacts. This gait will be callaghit type 2 The walking step of gait type 2 begins
with a single support phase and ends with an impact on thegswot. At impact, the feet
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exchange their rolee. the stance foot becomes the swing foot and vice versa. Thadnggcurs
with flat foot contact on the ground. There is no rotation anlieel or toe of stance foot during
the entire single support phase. Stance foot is considaerdtedase link of the biped. This gait is
depicted in Figur&.4. The advantage of this gait is that it has relatively low nenf

parameters to optimize resulting in fast convergence anitild calculation cost. Furthermore, it
is more energeticallyfgcient than gait type 1.

MDA

Figure 3.4 —Representaion of walking gait type 2

Figure 3.5 —Representation of walking cycle for gait type 2. SSSP: sihigtingle support phase, SSP:
single support phase, ESSP: end of single support phase

3.3.3 Walking Gait with Double Support

The introduction of an impact may result infidrent behaviors after impact. For example, the
foot already in contact with the ground can takBar remain on the ground. In the context of
obtaining an optimized movement, certain conditions aftgract are imposed and it is verified
that the constraints associated to these conditions asfieat Initially, walking trajectories
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having double support without takéf@f the foot already in contact were studied by Hobd4] [
but without success. However, it was found that a walking lg@ing finite double support phase
can be achieved by allowing partial tak&-of the heel and rotation around toe of the rear foot
and heel of the front foot. In this study, partial takié-af heel of rear foot at impact on heel of
front foot is authorized to obtain a gait trajectory closétwnan walking.

The walking gait with double support phase caltgt type 3is the more realistic and close to
human walking amongst the all studied gaits. It is compo$athgle support phases and double
support phases separated by instantaneous impulsivetsnpashown in Figurg.6. There are
two impulsive impacts during each walking step, one on thet sigike and second when the toe
of the front foot touches the ground. These impacts will Heedaheel impact” and "toe impact"
respectively. The walking step starts with first impact oallod the swing foot. At this instance,
both feet must stay on the ground to have double support plaseheel of the front foot and toe
of the rear foot remain on the ground while the heel of the feairis allowed to take . This is
the beginning of the double support phase and during thisggtiae front foot rotates around its
heel while the back foot rotates around its toe.

AEAA

Figure 3.6 —Representation of walking gait type 3

Double support phase ends when the second impact occurs ohttee front foot. This is the end
of double and beginning of single support phase. At thisaimst, the toe of rear foot takef the
ground and the front foot achieves flat contact on the grotihd.front (stance) foot remains in
flat contact with the ground during the entire single suppb#gse. For cyclic gaits, this process is
repeated every walking step. FiguB€ represents the position of feet of the biped during
different phase of the walking cycle.

Depending on the type of walking gait, the trajectory optation problem has afiierent number
of parameters to optimize and constraints to satisfy. Iptdra, the number of parameters
required will be determined to generate walking gait trijees for each type of walking gait
presented.

3.4 Dynamic Modeling of the Biped

Thedynamic modeis used to express and model the behavior of the system aver bn case of
a biped, the biped dynamics is concerned with the forces@ades acting on it, and the
accelerations they produce. The inverse dynamic modelgee\he joint torques and forces in
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EDSP
Impact 2

SSSP

Walking \ SDSP

Impact 1
Cycle ) "essp

Impact 2
SSSP

Figure 3.7 —Representation of walking cycle for gait type 3. SDSP: sthdouble support phase, DSP:
double support phase, EDSP: end of double support phas®,: S&#& of single support phase, SSP: single
support phase, ESSP: end of single support phase

terms of the joint positions, velocities, and acceleratiaile the direct dynamic model
describes the joint accelerations in terms of the jointtwss, velocities and torquesg .

3.4.1 Methods of Formulating Dynamic Model

Several formulations have been used to obtain the dynamiehad robots. However, the
following two are commonly used in robotics community foe flormulation of the dynamic
model:

— The Lagrange formulation
— The Newton-Euler formulation

The Lagrange formulation gives simple results for robotsaismall number of degrees of
freedom while Newton-Euler formulation is suitable for eypedundant robots with a large
number of degrees of freedom. Since present work is base@bribgpedal robot having only six
degrees of freedom (dof), therefore, the Lagrange methtbéevused for the formulation of the
dynamic model. The following section briefly describes therfulation of dynamic model using
Lagrange method.

3.4.1.1 Lagrange formulation

The Lagrange formulation describes the behavior of a dyaagstem in terms of work and
energy stored in the system. The Lagrange function is corynvanitten in the form:

L=E-U (3.1)

wherelL is the Lagrangian of the robot defined as th@edence between the kinetic enefgyand
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the potential energy of the system. Finally, in presence of resultant externaheh, the
Lagrange equation becomesl]:

d (%) _ot Bl + J'A fori =1ton (3.2)
dt c’)qi aqi

wherer is the vector of joint torqued; is thei™ row of actuation matrixg; represents the
absolute velocity of the link andA is the vector of Lagrange multipliers. The components of
vectora represents a set of forces and moments to be applied to thégieending on their type

of contact on the ground to maintain them in contact posgissigned by the constraint equations

[29]. For a robot system, the kinetic energy is a quadratic fondh the joint velocities is given
by [71]:

E = 2aA®@) (33)

whereA(q) € R™" is the symmetric and positive definite inertia matrix of tbbat. Its elements
are functions of the joint positions. The kinetic energy guation 8.3) can be re-written as:

E= %Z(mvf F1wd) (3.4)

wherem is the mass of the link V; is the linear velocity of the center of mass of the link; is
the angular velocity defined in the center of mass of theil@kdl; is the inertia about center of
mass of the link.

The potential energy of the robot can be calculated as:

U=>"(mgh) (3.5)
i=1

whereg is the gravitational acceleratioh, is the position of the center of mass of the lirdkdong
the vertical axis, and is the number of links of the robot.

3.4.2 Dynamic Model: Double Support Phase with Explicit Cotact

To define a planar biped having 6 dof, 9 parameters are rebtarexpress the joint motion and
the position and orientation of one link in a plane. Thus tbeegalized coordinate vector for the
studied biped is represented §y= [qp1 Op2 01 02 O3 G4 Gs X Yh]'. The biped in general case is
represented in Figur@ 1 The dynamic model is developed by using the equatidri3 ( (3.3)

and @.5) of the Lagrange formulation such as:

A(@)d + C(a, )3 + G(q) = B + J;R; + 3R, (3.6)

whereA(q) € R is the positive definitive inertia matrix(q, ) € R*® represents the vector of
Coriolis and centrifugal force€(q) € R%* contains the gravity force® € R is the actuation
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matrix consisting of zeros and ong$,andJ;, are the Jacobian matrices of foot 1 and 2
respectively, an@R; andR, are the vectors of groundferts on foot 1 and 2 respectively.

To ensure contact of feet on the ground, dynamic constrafrdentact needs to be added. The
constraint equations can be expressed as:

3§ +31g=0 (3.7)
G +3,0=0 (3.8)

The biped’s feet can have three types of contacts on the drdirilat foot contact, 2) contact on
the heel, and 3) contact on the toe or no contact at all. Themsons of Jacobian matrix and
ground reactions wrendR; depends on the type of contact of the foonh the ground. If the foot

i is in flat foot contact thed; € R*°, R; € R¥! with R; = [Ry«, Ry, Mi]', and the contact equation
adds 3 constraints for foot Similarly, if the footi makes contact on the ground with its heel or
toe, thenJ; € R>°, R; € R*! with R; = [Ry, Ry]", and the contact equation adds 2 constraints for
footi.

3.4.3 Dynamic Model in Single Support

During single support phase, all the studied walking g&ytsg 1, 2, 3) have flat foot contact on
the ground. In single support phase, an implicit liaisorhef $tance foot (foot 1) with the ground
is considered (see figuB8). The stance foot does not tak or slip during single support
phase. The biped configuration can be expressed by a redanedatjzed coordinate vectqgs
such that:

Oss = [Op2 G1 G2 03 Ga Os)"

Using Lagrange’s formulation, the dynamic model can betemit

As{0s9lss + Cso(Uss, Uss)lss + Gss(0ss) = Bsdl (3.9)

whereAs(qss € R is the positive definitive inertia matriGs{Qgss Jss) € R®® contains the

Coriolis and centrifugal force6s4qss) € R®! is the vector of gravity forcedss € R®® is the

invertible actuation matrix composed of zeros and ones ifigrdrom identity since absolute
joint angles are used, adte R®! is the joint torques vector.

3.4.3.1 Reaction Forces and Moment

The model presented in equatidh9) is only valid for the single support phase with flat foot
contact on the ground. The ground reaction forces must loelleédd to verify if the hypothesis

of the contact on the ground is satisfied. It is also importaensure that the foot does not slip on
the ground during walking. It is therefore required to eedine validity of the following two
constraints during the complete single support phase.

Rly >0
{ 4Ry > Ry (3.10)
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Figure 3.8 —Planar biped, generalized coordinates representatiangiessupport

whereR, andR, are the vertical and horizontal components respectivetg@feaction force of
the ground on the support foot, ands the codicient of friction of the foot with the ground.

These ground reaction forceR (andRy) acting on the stance foot can be calculated by the
balance equation at the center of mass of the biped. The Sptsevill be used for the support
foot, and subscript 2 will be used for the swing foot hergkf@nward. In single support phase,
the ground reaction ford&, on the swing foot is zero, therefore, the reaction fdkg®n the
stance foot can be calculated such that:

R1x Xg
=m| .
[ Ry ] [ Yo
Heremis the biped’s massg ‘andyy are the horizontal and vertical components of the biped’s

center of mass respectivels, andR,y, are the horizontal and vertical components respectively of
the ground reaction force on foot 1.

+m

0
g ] (3.11)

Let S(xs, Ys) be the point of application of resultant ground reactioifsus the dynamic moment
Yg at center of gravity of the biped (see figu#®) can be written as:

Yg = Rlx(ys + yg) + R1y(xs - Xg) + My (3-12)

3.4.3.2 The Zero Moment Point

The ZMP criterion is widely accepted as a stability measardipedal locomotion. The position
of the ZMP is the point on the feet in contact with the grounatsthat the sum of all moments
due to inertia and active forces equals zero along the temse\axis 106. To avoid the rotation
of the support foot, the Zero Moment Point (ZMP) of the bipadstbe located in the supporting
foot area. The supporting area is defined by the extremifideedeet in contact with the ground,
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Figure 3.9 —Balance of forces at CoG during single support phase

and is often called the support polygdrOf]. During single support phase with flat foot contact
on the ground, the support polygon corresponds to the areanvex hull of the support foot.
Similarly, during double support phase, it is the convexgoh inscribing the feet43].

Wi

i

Figure 3.10 —Biped’s support polygon

Figure3.10is the representation of support polygon for a typical bgdedbot with feet. The

filled rectangles represents support polygon during sisgpgort phase while the shaded area is
the support polygon during double support phase. This septation is valid only when flat
contact of the feet on the ground is verified.

The term "ZMP" was first introduced by M. Vukobratovitd( in 1972. When the biped is in
equilibrium on its foot, the ZMP also corresponds to the eeaf pressure. In case where the
ZMP is outside the support polygon, the biped is no more irethelibrium state, and will rotate
around the one extremity of the foot. Therefore, for walliragectory to be physically possible
with the assumed flat foot contact, the ZMP must remain inidesupport polygon.

For multi-body systems in the form of kinematic chains, thd”Zcan be computed using the
D’Alambert’s Principle f10, 12]. In our simplified case, the position of ZMP is obtained frtre
balance of forces on the ankle axis. The foot of the bipedppssed to be an isolated body
(figure3.11) and the &ects of rest of the biped on the ankle axis are representearbg Yector
fo and moment vectang applied at poinO of ankle of the support foot. The vector of ground
reaction forces is represented Ryand moment at poirf is represented byl. Let m, be the
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Figure 3.11 —Biped’s foot geometry

mass ands¢ be the position vector of center of mas of the foot. The elgailim equation about
the ankle axis can be written as:

Mo+ O Afo+0Gs AmMg+OPAR+M =0 (3.13)

whereO is the origin of the coordinate system. In case of the plaiged) the coordinates of the
ZMP can be obtained by calculating the global equilibriunthef bipedal robot around the
vertical axis, which gives:

I't + S pimyg — hpRy

ZMP, =
Ry

(3.14)

whereR, andR, are the tangential and normal components of the groundioe&atrce on the
stance foot[; is the applied torque on the ankle joi#tM Py is the position of ZMPm, is the

foot mass, g is the gravitational forc® pis the position of center of mass of the foot with respect
to ankle and, is the height of the foot.

3.4.4 Dynamic Model in Double Support

Walking gait type 3 consist of single and double support phagparated by impulsive impacts.
During double support phase, the biped is in contact on tbergt with heel of the front foot and
toe of the back foot as shown in Figusel2 Thus, it is possible to consider perfect pivot contact
between heel of the front foot and the ground. The reducedrgéred coordinate vector during
double support is given byys = [p1, Gp2, 91, 02, Gs, a, Gs]*. Therefore, the dynamic model in
double support phase can be written to take into accounttietion forces applied by ground on
the rear foot as:
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Ads(Qas)tds + Cas(Aas, Gas)tas + Gas(dds) = Basl + J54sR2ds (3.15)

whereAys(dqs) € R™ is the positive definitive inertia matrixGqs(dgs, as) € R contains the
Coriolis and centrifugal force§y4(dqs) € R™! is the vector of gravity force®ys € R™® is the
actuation matrix composed of 1 and 0, dhd R®! is the joints torque vector. The ground
reaction forces on rear fo®,4s € R>! are taken into account through the Jacobian matrix
Jags € RZ. The Jacobian matrix at toe of foot 2 is given I6.7) (see AnnexC). The reaction
force R, has no &ect on this dynamic model. Since an implicit pivot conta@ssumed on the
heel of leg 1 thus this reaction force has no virtual work.

To ensure contact on the ground, following dynamic constreguations is to be added.

Jzastlas + J2dsas = O (3.16)

& o
qu,: QPl

Figure 3.12 —Planar biped, generalized coordinates representatioauhld support

3.4.4.1 Reaction Forces and Moment

During double support phase, the inverse dynamic m@l&b( has 7 equations and 8 unknowns
(6 joint torques and 2 ground reactions). The addition otacrequations of rear foot on the
ground add two constraints which leads to 1 degree of oveiation. Therefore, infinite
solutions of this dynamic model exist. Performing the beéaaof forces on the center of gravity of
the biped (see Figurg. 13, following system of equations is obtained:
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Figure 3.13 —Balance of forces at CoG

mxg = Rixds+ Roxds (3-17)

{ Yg = (Rixds+ R2xds)yg + RZyds(Xg —-d) + RiydsXg
mygy = Rlyds+ R2yds_ mg

Where,y, is the dynamic moment at center of gravity of the bipgoaridyy represents tangential
and horizontal components of acceleration of CoG of thedippbe system of equations i.(7)
has 3 equations and 4 unknowns. Therefore, to solve thigiequane unknown should be
calculated or fixed, and after analyzing the system, it isifbilnat only horizontal components of
the ground reaction force either on footR(4s) or on foot 1 Ry« 4s) Of the biped can be fixed. In
the present studf’,, 4sis selected to be predefined.

The tangential reaction force on rear f&®} 4s during double support phase is calculated
depending on the type of criterion used. If the criterionfgrection of square of joint torques
(seed.14), Ry g4sis calculated to minimize the criterion as explained in di@aAnnex D. For the
criterion based on actuators mechanical energy4sE®, R,y qsiS expressed as a function of time
by a third order polynomial during double support phase.

Now, supposing tha®,, 45 is known, joint torques as well as the vertical componentrotigd
reaction force on rear foot can be calculated by decompesingtion 8.15 such that:

r -1 N .
e | 1B s [ Arlsdto+ Col s + Goleod =Sy | (339)
S

The ground reaction forces on front foot can be calculatedtityng the force balance equations
on center of mass of the biped as:
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R1xds = mxg - R2xds
. 3.19
{ R1yds = NMyg — R2yds+ mg ( )

Thus, after solving the dynamic equatidhX§ and calculatindr,,, components of the ground
reaction forces can easily be calculated By19). These reaction forces will be used to calculate
and impose constraints of no-slipping and no-take-o

3.4.4.2 The Zero Moment Point

The Zero Moment Point (ZMP) in double support phase can biemrthrough the center of
pressure of each foot such that:

Iclelyds + Icp2R2yds

ZMPys = (3.20)

R1yds + R2yds

Where |l andl; are the center of pressure (CoP) of foot 1 and 2 respecti¥elygait type 3
during double support phase, the center of pressure of feobtated in its heel while that of
foot 2 is in its toe. If the biped is dynamically stable and ZMside the support polygon, CoP
coincides with ZMP 98]. The position of CoP can be calculated using equations oPZdf
example equatior3(14) in case of flat foot contact on the ground.

3.4.5 Dynamic Model with Springs

Addition of springs in parallel to an actuator or in seriesadimk, allows one to store certain
amount of energy and release the stored energy when redpyirtbe@ system. The goal of present
study is to improve the energetiffieiency of the bipedal robot under study. For this purpose,
torsional springs are added to the biped structure in ghnaith the existing actuators. To
incorporate theféects of springs on the dynamics of the bipedal robot, modifinaf the

dynamic model of the biped is needed. The inverse dynamiehiomn equation 3.6) of the
bipedal robot having torsional spring in parallel of theuator can be writtenl[0Q:

A@)§ + C(a.9)q + G(q) + I's = BT + JiR; + 3R, (3.21)

Wherel's is the vector of spring torque and is obtained from equation:

m
o= ) T (3.22)
=1

Wherej is the joint on which spring is installedis the total number of joints having springs in
parallel with the existing actuator, aiig; is the spring torque provided by joint

The spring torque is obtained from derivative of the sprinteptial energy. The potential energy
of the spring is given by:

1
U= éK,-(@,- — 6p)? (3.23)
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WhereU; andK; are the spring potential energy and springfistiss respectively at joint 6; is
the angle between linkand j — 1 (see figure3.8) andé, is the spring @set or bias angle at joint

According to Lagrange formulation, the spring torque vegtg on j joint can be calculated as:

sU,

(3.24)

3.5 Calculation of matrices A, B, C and G

The elements of matriA are functions of the joint positions. An () element ofA is denoted by
Aj;. To compute the elements of matix the symbolic expression of kinetic energy of all the
joints of the robot is calculated. Then the derivative ofreggion of total kinetic energy of the
robot gives the inertia matrii:

0°E

The matrixB is obtained from the concept of virtual work of actuatorsjiee. The virtual work
oW (i = 1,...,n) of each torquéd, applied to the corresponding joint varialolg, can be written
as:

oW, = 66, T;

3.26
= Blt oqrl; ( )
Then the matrix of torques B = [B4, ..., By, ..., By] with [ 71]:
9 [ISW
=T (%) (3.27)

Here,6; is thei'" joint variable andW is the virtual work associated to actuation. The actuated
joint anglesy, for each joint in double support phase can be calculated as:

591 = 5q1 - 5qp1
06, = 602 — 6Q1
063 = 60s — 00

3.28
064 = 603 — 605 ( )
065 = 604 — 603
666 = 60, — 604

Thus, the actuation matrgys is obtained from equatior8(28 and is presented below:
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-1 0 0 0 0 O]
0O 0 0 0 0 1
1 -1 0 0 0 O
Bs=| 0 1 -1 0 0 O (3.29)
0 0 0 1 -1 0
0 0 0 0 1 -1
0 0 1 -1 0 O

Similarly, during single support phase whéig, = 0, the actuation matriBssis the last six rows
Of Bds.

The matrixC(q, ) can be calculated by using tristgfell symbols ci. An (i, j) element of
the matrixC(q, q) is calculated from equatior3(30, wherei is the row andj is the column of the
matrix C(q, q).

n
GCj = Z Ci,jk Ok
k=1
1 [5A|] 6Aik _ 5Ajk

Cui=—
T 2] o0 " 0q;  0q;

(3.30)

Finally, the elements of gravity vect@ are calculated by derivation of the potential energy of the
robot. HereG; represents thié" element of the matris.

U

G = —
' g

(3.31)

3.6 The Impact Model

The ground and foot of the biped is supposed to be rigid, therethe impact is modeled
between two rigid bodies which can produce discontinuitieglocities. The discontinuities
produced as a result of impulsive impact could be problenespecially in case of gait type 3
where both feet are supposed to remain on the ground aftexcimphe impact is modeled
through algebraic equations of the passive imp8ctlThe word "passive” means that no
impulsive torques are applied during this impact. In folllegvsections, impact model for gait
type 2 and 3 will be developed.

3.6.1 Dfferent Possible Solutions of Impulsive Impact

During impact, the biped has an abrupt change in instanteneglocity. The accelerations and
reaction forces are therefore considered to be infiniteridnfinitesimally small period of time.

A number of hypotheses can be applied to the biped behasbajter impact. For the swing foot
(foot coming in contact with the ground), the possibilitege, contact on the ground, bouncing
back, slipping and rotation of the foat12. The behavioral possibilities for support foot (foot on
the ground) are, takeflp stay on the ground, slipping and rotation. For every hypsithapplied,
there are a number of constraints to be satisfied on the ddotaes [L12]. The swing foot will

be named "foot 2", and parameters relative to it will be repnéed by a subscript 2, while that of
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support foot will be represented by a subscript 1. Follovargsome of the possible behaviors of
the biped just after impact:

— The swing foot (foot 2), bounce back just after having intp&atthis case, an impulsive
force will apply on the stance foot (foot 1), which is alreadyontact on the ground.
This case has no utility for bipedal walking. Since singlpsart on the new foot is not
possible, therefore, a number of kinematic constraintsheiimposed to ensure that foot
2 will remain in contact on the ground.

— Supposing that foot 2 remains on the ground after the impact foot 1 takesfd just
after the impact. In this case, an impulsive force is obskatdoot 2. The validity of
this kind of impact must be verified by ensuring the unildtecastraints on foot 2
which remains on the ground. It is also important to verifgttthe behavior of foot 1,
which leaves the ground is physically possible. It shouléhsured that all corners of
foot 1 take-dr just after impact. During the impact phase, no finite duratouble
support exist, the feet change their role, and the standdmmmes the swing foot.

— Finally, both feet remain in contact on the ground justraftgact. In this case, an
impulsive force exerted by the ground on both feet is obgkr¥ae normal component
of ground reaction forces must be unilateral to verify thatfieet will not take-& the
ground. Similarly, the no-slipping constraint must be fred to ensure that the contact
foot will not slip. A double support phase is achieved whethldeet remain on the
ground just after impact at least partially. For examplees mpact of gait type 3, heel
of the front foot and toe of the rear foot remain on the grouhdenvheel of the rear foot
is allowed to take fi.

3.6.2 Resolving Impulsive Impact

3.6.2.1 Assumptions of impact

Following assumptions are made to develop the impact model:

— The impact is absolutely inelastic and instantaneous

— The biped configuration is constant during impact

— The velocities, accelerations and torques are discomtisat impact
— The foot does not slip during impact

3.6.2.2 Impact model for gait type 2

For a walking gait with instantaneous double support phgat {ype 2), when foot 2 (swing
foot) comes in contact on the ground, foot 1 (support foothediately leaves the ground. The
duration of the double support phase is infinitesimally $naald the walking gait can be treated
as walking without double support phase.

The impact model is deduced from the dynamic model by assythat the acceleration and the
reaction forces are Dirac delta-functions. The impact rhizdebtained by integrating the
dynamic model presented i.6) with respect to infinitesimally small interval of timle to T+.
The joint torqued”, Coriolis forcesC(q, q), and gravity force$5(q) have finite values, and
therefore, do not appear in the impact model. Thus, the ilmpadel can be written as:
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A@M)G" -G7) =312 (3.32)

Hereq(T) denotes the configuration of the biped at instaatT, g~ andq* are the joint velocity
vectors just before and after impact respectively. Vebtar R3** represents the impulsive ground
reaction forces and moment on the support foot.

The velocity of the support foof (= 1) just before impact is zero. This kinematic constraint of
velocity is expressed as:

Jiq =0 (3.33)

To ensure flat foot contact on the ground, the velocity of thimg foot (j = 2) just after impact
must be zero. This constraint is expressed as:

Jqt =0 (3.34)

Assuming that the stance foot liftsfdhe ground just after impact, the vertical component of
velocity of the taking-€ foot must be directed upwards. This constraint is ensureatloyng a
constraint (see4(20) in the optimization algorithm.

The matrix equations3(32 and 3.34) are simultaneously solved to find the velocity veabr
just after impact, and the impact impulsive forces and mdmectorl, € R3*. The solution of
the matrix equation3;35 depends on the velocity vectqr just before impact.

A —Jt2 a | _| Aq-
oL 639
3.6.2.3 Impact model for gait type 3

The walking gait type 3 is composed of single support phasearated by double support phases
and two impacts. One at the start of double support phassdcdieel impact” and second at the
end of double support phase called "toe impact” (see Figuje After the first impact at heel of
the front foot, double support phase starts, and at thiamest, heel of front foot and toe of rear
foot must remain on the ground. To ensure that the above ttonds satisfied, the impact model
can be written as:

A(Q)(q+ - q_) = Jtztoel 2toe T Jtlhee|| 1lheel (3.36)

Hereq denotes the configuration of the biped at the end of the sswgport phasd) andq* are
the joint velocity vectors just before and after heel impaspectively. Vectol, .. € R?! and

| 1heel € R?*! represents the impulsive ground reaction forces on toeanffomt and heel of front
foot respectively.

The velocity of heel of front foot and toe of rear foot must leeazjust after impact. These
constraints can be written as:
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Jinee” =0 (3.37)
Jated” =0 (3.38)

By simultaneously solving equation3.86), (3.37) and 3.39, we have:

A _‘]EL heel ‘]t2toe q+ Aq_
theel 0 0 I1hee| = 0 (3-39)
'J2t0e 0 0 I 2toe 0

Where the Jacobian matricég.e € R?*° at heel of the front foot andbx.. € R at toe of the
rear foot are given by@.10 and (C.11) respectively in sectio.3 of AnnexC.

The second impact occurs when toe of the front foot touchegithund. At this instance, double
support phase ends and single support phase starts. Thédwoois in flat contact on the ground
and must remain on the ground. The velocity of the foot jugrampact must be zero and the
foot must not rotate. The impact model is given By36 and can be re-written for foot 1 such
that:

A@@ -g) =i (3.40)

Hereq denotes the configuration of the biped at the end of doublpatiphaseq™ andq* are
the joint velocity vectors just before and after impact exgvely. Vector ; € R®! represents the
impulsive ground reaction wrench on the stance foot at tgait) andl, € R*>? is the Jacobian
at the point on the ground just below the ankle of stance fogiven by C.13).

To ensure flat foot contact on the ground, the velocity oftffoot just after impact must be zero
and there should be no rotation. This constraint is expcease

gt =0 (3.41)

Finally, to calculate joint velocities just after impactdaimpulsive wrench on front foot, we have:

A =3 a ] | Ag
5 o[ 042
3.6.3 Impact Model with Knee Locked

To express impact model with knee locked, the support knéeedbiped is assumed to be locked
mechanically at any desired or pre-selected position. Tiee kocking mechanism is assumed to
be weightless, and its energy consumption is negligible [dbking is bilateral and the torque at
knee joint is provided by the mechanical lock. The knee ikédcat the instance of impact, and
remains locked until the other foot (swing) comes in contdth the ground. At this point, the
previously locked knee is released and the new support lerleeked. The knee locking at
impact modifies the impact model in equati@32), and can be written as:



3.6. The Impact Model 49

A@MN@" - ) = Jl2+ Jlk (3.43)

wherel is the impulsive reaction on the locked knee, dpe R™° represents the Jacobian of the
locked knee and contains ones and zeros. The velocity ofrtee joint after impact must be zero,
and to satisfy this constraint, following equation is to bmposed:

3G =0 (3.44)

The matrix equations3(34), (3.43 and (3.44) are simultaneously solved to find the velocity
vector* just after impact, the impulsive impact forces, and momestorl, € R®>! of the
support foot and the knee impulke For example for gait type 1 and 2, the system of equation
can be written as:

A =3 -3 A
b 0 o0 |l1,|=]| o (3.45)
J 0 0 || I 0

In case of walking gait with double support phase (gait typel® stance knee joint is locked at
second impact (toe impact). The knee stays locked duringeesingle support phase, and is
unlocked at heel impact of the next step. During double stgg@se, the knee joint is not
locked and can move freely. The impact model with knee logkdde impact can be written as:

A =30 -3 a Al
J oo o ||l1L]=] o (3.46)
J 0 0 || 1 0

3.6.4 Exchange of Feet Role

When the swing phase is completed and the velocity vecter mftpactq™ (initial velocity of

next step) of the biped has been calculated, the changessérefe framé, needs to be done. At
this point the previous stance foot takéstbe ground and the swing foot becomes the stance
foot. Therefore, the geometric parameters of the biped tebd redefined with respect to foot 2
fixed to the ground. The new stance foot need to the basé&}ink

The redefinition of the geometric parameters is a drawbadthkeofmplicit liaison and is a

complex task. To avoid the redefinition of geometric paramseand use a uniqgue model for each
single support phase, it is assumed that foot 1 is alwaysémes foot. The position and velocity
vectors of the feet are exchanged at impact, which meanghbaiosition and velocity of the
stance foot becomes the position and velocity of the swingdad vice versa.

To accomplish the task of exchanging position and velodithe legs, a permutation matriis
defined. Letg andq* be the final position and velocity after impact of the bipespextively and
Qini @andQin; be the initial position and velocity of the biped for the netép. Thus using
symmetry of the legs and the predefined maljxve have:
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dini = Eq (3.47)
Qi = EQ" (3.48)

Whereq;, andq, are the new position and velocity vectors. The permutatiatrimE is defined
depending on the robot structure and walking gait type. és@nt study, the robot structure does
not change but the gait type changes. The m&rdepends on generalized coordinate vector and
is given for gait types 1 and 2 i (5) and for gait type 3 in4.13).

3.7 Conclusion

In this chapter, a seven link planar bipedal robot was ptesehe geometric and inertial
parameters derived from the actual biped called HYDROiDev#so detailed. The body mass
and link lengths of the biped HYDROID are based on Hanavanehdlifferent walking gaits to
be studied were presented with the schematics of foot plaseduring diferent phases of the
walking cycle. The dynamic model of the bipedal robot wasettgyed for diferent walking
phases. The impulsive impact model for the bipedal robotaiss deduced from the dynamic
model. Moreover, dferent possible solutions of the foot contact on the groustigtier
impulsive impact were discussed.

Finally, the possibility of adding springs in parallel teetaxisting joint actuator was explored,
and the dynamic model was modified accordingly to take intmaot the &ects of springs. The
option of mechanically locking the support knee was alsdaepl, and the change was
incorporated in the impact model. Moreover, ZMP was ex@diwith the help of the foot
geometry and expressions to calculated ZMP during singip@ti as well as double support
phase were developed. In following chapters, optimal wajlgait trajectories will be generated
for different types of walking gaits using parametric optimizatieethod. The fects of spring
addition and knee locking on consumption of energy durintikivg will be studied using
different models presented in this chapter.
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4.1 Introduction

The design of walking cyclic gaits for legged robots pafacly the bipeds has attracted the
interest of many researchers for several decades. Sigrtifiak has been done on the trajectory
planning of planer bipedal robotg7, 27, 37] and these days extensive work is in progress on 3D
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bipedal robotsZ8, 39]. Apart from the walking gait trajectory generation, resbers are also
working on generating stable running trajectories for hnoad robots 2, 66]. The scope of our
work is to generate optimal walking gait trajectories faanr biped for dierent types of
walking gaits.

Walking is a periodical phenomenon, and the objective of thiapter is to design a cyclic
walking gait for the studied biped. The cyclic walking gaithich are presented in secti8rB,
consists of a single support phase, finite or instantaneouwislé support phase, and passive
impact. For the biped under study, optimal reference ttajes for diferent types of walking
gaits having instantaneous and finite double support phdiseergenerated. Moreover, fierent
functions to generate reference walking gait trajectdoes bipedal robot will be defined.
Dynamic and impact model of each gait will be recalled froraputler3 and additional
information required to solve the model will be explainedorgover, optimization parameters
required to generate an optimal walking gait trajectory &l enlisted for each gait with and
without stance knee locked.

Furthermore, two dierent optimization criteria, one for electric actuatord aacond for

hydraulic actuators will be presented and the optimizgpi@blem will be formulated. A set of
optimization constraints required to generate a valid déggait trajectory will be introduced for
a cyclic walking gait. Diferent non-linear constrained optimization tools will béistad and two
of them used in present study will be detailed. Finally, datian results for selected optimization
functions will be compared, and then the conclusion of thegbdr will be provided.

4.2 Reference Trajectory

In the past couple of decades, a lot of work has been done druthan like trajectory generation
and optimization. A number of fierent optimization techniques are used in the field of ralsoti
to generate reference gait trajectories. The aim is to ologtimal and stable bipedal walking
trajectories as close as possible to human walking. SHif work is based on generating
biped’s trajectory by optimizing ZMP position, Hao Ch&8] worked on on-line walking pattern
generation using ZMP criterion for optimization and TsaTLee ['5] concentrated on the path
planing with minimum energy consumption of a planar bipedcéntly, Genetic Algorithms
(GAs) are also widely used for the optimization of walkingtdmajectories. Cardenas Maciel
Selene L. P1] used GAs to formulated a constrained optimization probdémeriodic motion
generation by minimizing the energy criterion and incogtimig the ZMP as an indicator of
stability.

One of the prerequisite condition for bipedal walking istttie reference trajectory must satisfy
the constraint of ZMP. For stable walking, the conditionsaftact with the ground have to be
satisfied. Therefore, the zero moment point (ZMP), must batéxl inside the support polygon of
the stance footl[15 1]. Two different ZMP based methods are used to define reference trgjecto
In the first method, the ZMP of the robot is predefined and kegitle the support polygon of the
stance foot during the step. The robot’s center of mass (GadyBctory is then calculated from
this predefined ZMP109. Finally, the robot joint’s motion is calculated to follo@oM

trajectory with the help of Linear Inverted Pendulum ModdMP) [ 74, 109. Second method is
to generate joints motion as a function of times from itgah#énd final conditions using
polynomial or spline function. In the second method, ZMPakulated from robot’s dynamics
and then verified to keep it inside the support polygef) [L17. The gait trajectory is accepted if
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ZMP is inside the supporting area and rejected if its outdidesupport polygon.

For bipedal walking gait trajectory generation, polynolaiad spline functions are commonly
used to approximate the motion of the joints as a functiomaeé {112, 20]. The definition of the
reference trajectory is important for the design of the wegkobot, the choice of the actuators
and the definition of the control law. This work is carried oata French bipedal robot called
HYDROID and is based on the second method (calculate ZMP faiat’'s dynamics) of
trajectory generation for the studied biped. Cubic splitig functions are used to define the
reference trajectory for the biped under study. Walking tyajectories are generated using joint
variables. Compared to Cartesian variables, joint vaembtquire reduce cost of calculations by
avoiding the solution of inverse geometric model at evenptpaf the trajectory. It also avoid
singularities, which may arise if Cartesian variables a&ou

Parametric optimization techniques are commonly usednergeée optimal gait trajectories. The
pre-requisite for these techniques is the definition ofrezfee trajectory by parametric functions.
These functions depend on the choice of optimization patensieThese parameters could be the
joint variables as ing4, 60] or could be the Cartesian coordinates like26,[85]. In present

study, joint variables are used as optimization parameters

4.3 The Cubic Spline Function

Cubic spline functionsl4, 101] are commonly used to define the trajectory of each joint ef th
biped from an initial to a final configuration as a functioniofi¢ [24]. To generate walking gait
trajectories of type 1, a cubic spline function of time withokvn end points and only one passage
point is used. The end and passage points are part of theipgtiom parameters and are selected
by the optimization algorithm to minimize the criterion. &meral expression of cubic spline
function can be written as:

gia(t) if to<t<ty
‘pi,Z(t) |f t]_ <t< t2

g = ¢i(t) = (4.1)

einM) I tha<t<t,

Here,nis the number of selected knots apd(t), . . ., ¢in(t) are time functions of third order such
that:

3
eu® = Y a (t-t) for k=1,..n (4.2)
j=0

where the coﬂjcientsai”k are calculated such that the joint’s configuration, vejoaitd
acceleration are continuoustij..., t,. The cubic spline functions are defined by specifying an
initial configurationg;(0), an initial angular velocity;(0), a final configuratiom;(T), and a final
velocity gi(T), with n — 2 intermediate configurations aidthe duration of the phase. In present
study,t; is uniformly distributed over the duration of the step tifneSince present study has only
two knots during single support phase, thus the passageipai@lected at the middle of the
duration of single support.
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4.4 Optimization of Walking Gait without Impact

The walking gait without impact (gait type 1) has only singlgport phases separated by
transition phases. At transition, the feet exchange tloéax iTo generate walking gait trajectories
of type 1, the evolution of dlierent articulations are described as a function of time bygles
function between the beginning and the end of single suggb@s$e. To avoid the problem of
oscillation, which arises by using a higher order functiontfajectory generation, cubic spline
functions are used, which allow to select one or severatnmdiate passage points on the
trajectory while keeping the order of the function low. S#ileg passage points on the trajectory
improves the convergence of the optimization algorithme €bntinuity of joints velocity is
ensured by piecewise polynomials of third order. FigRu&represents the position of feet of the
biped during diferent phase of the walking cycle of gait type 1.

4.4.1 Model of the Biped

The dynamic model in single support phase, presented irtiegu&.9) and with springs given in
chapter3 are valid for gait type 1. The walking gait type 1 consists ifysswing phases, and
there are no impacts. The velocities and configuration amstaat during impactless phase.
During this phase, the feet exchange their role and the sfeimigoecome stance foot. The vector
of joint configurations and velocities after the exchangteet role can be found by:

Qiniss = quin ss (43)
c.liniss = Einn ss (4-4)

Whereq;ni ss andqsin ss are the position vectors before and after the exchange ofdke G ss
andqsi, ss represents the velocity vectors before and after the exghafifeet role,

Oss = [Op2 01 G2 Gs G Gs)' is the reduced generalized coordinate vector. The exchafrfget
allows that the joints of the support foot are alwaysq, andqgz, and therefore a single dynamic
model can be used for both single support phases. The paromutaatrix E for gait type 1 can
be written as:

(4.5)

OFrLr OO0OO0OOo
OO PFrOOoOOo

OO OO0
oNoNol _lelNo)
oNoNoNoN o)

In the case where trajectory optimization is carried ouhwitee locked, the impact model is
used to calculate the joints velocity vector just after igtpdhis is because the knee joint
velocity is not zero just before impact, and as a result &f tlon-zero velocity, impact occurs on
the knee joint. This produces discontinuities in all th@jaielocities, and the velocity vector
resulting from the knee impact can be calculated fr8m%).

To generate walking gait trajectory during single suppbege, it is required to find the
codficients of cubic spline functions defined in sectibB. To determine these cfiients, five
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boundary conditions are required, which are the initiatj@ionfiguratiorg, ss, velocitiesqin; ss at
t = 0, the intermediate configuratiap,ssatt = T/2, the final joint configuration¢j, ss, and
velocitiesQsin ssatt = T.

The joint configuration during double support phase withffiat contact on the ground is
calculated as a function of hip positiom(hy), orientation of the torso, and step lengthThe
step lengthd is the distance between axis of ankles of the feet. The joigkes of both legs are
calculated by solving the IGM (see AnnBY, which ensures flat foot contact on the ground
during double support phase. This configuration repregeimtisangles at the end of the single
support phase as well as at the start of the next single supipase.

In the case, where the knee is locked, the two legs are in kided configuration at double
support. The joint configuration is calculated from thre#eipendent variables, which are the
knee locking anglg, angle of the torso and step lengthThus, 4 parameters are needed to
calculate the biped configuration in double support phase fleit foot contact and 3 parameters
are required in case the knee is locked.

The cyclic nature and impaclessness of gait trajectorles/dab reduce the number of
optimization parameters. If there is no impact, the joirlbegies do not change at transition and
the joint velocitieg)inss(t = 0) at the beginning of single support phase can be calculsted
multiplying the joint velocitiesy i, st = T) at the end of single support phase with permutation
matrix E explained in sectiod.4.1 In case the support knee is locked, there is an impact at the
knee joint and the velocities after impact are calculatedgthe impact model3.45. For both
case, joints configuration vectqiss(t = 0) at the beginning of single support phase can be
obtained from joints positiogsi, st = T) at the end of single support phase by solving the
equation 4.3). The permutation matrik for gait type 1 is presented in equatiah¥).

Another characteristic of impactless walking gait is tlading velocity of the swing fodf, just
before transition is null. Final velocities of one leg (sayirgy leg) can be calculated as a function
of final velocities of the other leg (say stance leg) by s@wf = 0 such that:

{ Vax = hpCoSQlpa)pz — L1€OSE )0 — L2COSEL) 02 + L3COSEs)ds + LacOSE) s (4.6)

Vay = hpsin(@p2)pz — L1Sin(@1)Gr — L2Sin@)0 + Lssin(@s)ds + Lasin(0la)da

Since, for impactless walking gait, the linear velodityand angular velocityp, of the swing foot
is null just before touching the ground, therefore, thisdiban can be applied to equatio.f) to
obtain:

0= —L1c0s0n)0 — L2C0SE)Ge + L3C0SQs)0s + LaCOS4) 0l @.7)
0 = —Lssin(@u)a — L2sin(@2)Gz + Lssin(@z)ds + L4sin(@s)da '
By re-arranging and separating the know terms, we have:
Lscos@:)0s + L4C0sS@4)gs = L1c0s@r)dr + Locos@p) (4.8)
Lssin(@s)ds + Lasin(@)ds = L1Sin(@1)a1 + L2SiN(@2)02 '

For gait type 1, joint velocities of swing leg4, 4) are calculated as a function of joint velocities
of stance leg. The above system of equations can be writterairix form and solved for swing
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leg joint velocities as under:

Lscos@is) LaCOS(l) H O l _[ Licos@n)du + LoCos(r)dp (4.9)
Lssin@s) LaSin@s) || Qs | | LiSin@a) + LoSin@g)a2 '

Thus the number of variables of joint velocities is reduced we have only three independent
variables, which are torso velocity and velocities of stance legy(anddgy). To avoid
singularities, a constraint impositg # d4 is added in the optimization algorithm.

4.4.1.1 Optimization parameters

The optimization parameters are optimized using the paraaptimization procedure to find
the optimal walking gait trajectories by minimizing the gedined criterion presented in equation
(4.14). The set of optimization parameters used in present studydit type 1 is:

— 4 parameters at the end of the step just before impact pecdmifiguration iy, hy), torso
orientation, and step length

— 3 parameters of final velocities at the end of the step.

— 6 parameters of intermediate configuration.

Thus, 13 optimization variables are required to generatkimgagait trajectory of type 1. The
walking speed is manually selected and the step Tfinsecalculated from distance traveldd
(step length) and selected speed.

Optimization parameters with knee locked

The number of optimization parameters to generate a walkaiigrajectory of type 1, are further
reduced to 10 or 9 when knee is locked depending on whgtisesin optimization variable or not.
These parameters are:

— 3 or 2 (3 optimized or constant) parameters at the end of the stepgtfiste impact i.e.
knee locking anglg, torso orientation, and step length

— 2 parameters of final velocities at the end of the step justrbempact.

— 5 parameters of intermediate configuration of the biped.

In the case, where spring is added to the biped structurejditianal parameter of spring
constanK is required to be optimized.

4.5 Optimization of Walking Gait with Impact

As explained in sectio.3, the walking gait with impact (type 2) is composed of singlport
phases separated by impulsive impacts. It is identical itdtyze 1 except that there is an
impulsive impact at the end of single support phase whenwiggsfoot touches the ground. At
each impact, three filerent events occur, which are 1) end of double support pBasechange
of feet role, and 3) start of single support phase.

4.5.1 Model and Gait Trajectory Optimization

Due to the presence of impact, discontinuities in joint eiles exist. Therefore, joint velocities
just after impactfi* must be calculated by solving the impact modBg), which also gives the
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impulsive wrench on foot 2. Feet role is exchange at impathabstance foot is always foot 1
and a unique model during single support phase can be used/ethor of joints velocity at the
beginning of the single support phagg can be deduced from joint velocities just after impact
by equation4.10. The permutation matrik is given by equation4.5).

Qini = EQ" (4.10)

In the case of knee locked, the joints velocity vector justraimpactq* is calculated by solving
the impact model presented in equati@§. The impulsive wrench, on foot 2 and impulsive
reactionl, on the knee of leg 2 is also calculated by the same impact motelJacobian
matrices of foot 2 and knee 2 are given by equatiorg)and C.5) respectively.

Similar to gait type 1, cubic spline function is used to egrevolution of joint variables as a
function of time. General expression for cubic spline fimts is presented ird(1). Feet position
during double and single support phase is shown in Figusevhich represents a complete gait
cycle (two walking steps).

Procedure to find cdicients of the cubic spline and joint configuration during loleisupport
phase with or without knee locking is the same as explaineddt type 1 in sectiod.4.1 In

case of gait type 2, we have 6 independent variables of jeioicities while these were 3 for gait
type 1. Similarly, the joints position vectqy, (t = 0) at the start of the single support phase can
be found by 4.4).

45.1.1 Optimization Parameters
The optimization parameters used in present study for gaét 2 are:

— 4 parameters at the end of the step just before impact pecdmifiguration iy, hy), torso
orientation, and step length

— 6 parameters of final velocities at the end of the step justrbempact.

— 6 parameters of intermediate configuration of the biped.

Therefore, 16 parameters are required to generate andipptivalking gait trajectory of type 2.
The biped’s walking speed is a preselected parameter arslgpeimeT is calculated from
distance traveled (step length) and the selected walking speed.

Optimization parameters with knee locked

The number of optimization parameters to generate a walkaiigrajectory of type 2, are further
reduced to 13 or 12 when knee is locked depending on whgtisean optimization variable or
not. These parameters are:

— 3 or 2 (3 optimized or constant) parameters at the end of the stepgtfiste impact i.e.
knee locking angle, torso orientation, and step lergth

— 5 parameters of final velocities at the end of the step justrbempact.

— 5 parameters of intermediate configuration of the biped.

In case where spring is added to the biped structure, aniawmiaiparameter of spring constaft
is required to be optimized.



58 Chapter 4. Optimal Walking Gait Trajectory Generation

4.6 Optimization of Walking Gait with Double Support

The third type of studied walking gait (type 3) explained éctson3.3, is graphically represented
in Figure3.7 showing diferent phases of the gait cycle during a walking step. To gdaer
walking gait trajectory for optimization process, the gsitlivided into double support phase and
single support phase. Evolution offi@irent articulations for these two phases are defined as a
function of time by two diferent functions. During double support phase, the joiecttary is
defined by a spline function without intermediate point. f&anto gait type 1 and 2, the gait
trajectory during single support phase is generated usauipi spline function with one
intermediate passage point.

Feet position during double and single support phase isshwigure3.7, which represents a
complete walking cycle of gait type 3. At heel impact (impaktsingle support phase ends, feet
exchange their role, and double support phase begins.&iyn#t toe impact (impact 2), double
support phase ends and single support phase begins.

Considering that the biped is connected to the ground atebkdi the front foot by a perfect
pivot joint. The generalized coordinate vector is expré$8edqs = [Jp1, Op2, 01, G2, 03, G4, Gs)'
during double support phase, and the dynamic model of thedlbgpgiven in 8.15. The dynamic
model in double support has 7 equations while 8 unknownsif jorques and 2 reaction forces
on foot 2). To solve the dynamic mod&,, is selected to be predefined as explained in section
3.4.40f chapter3.

4.6.1 Calculating Ground Reaction Force Ry 4s0n Rear Foot

To solve the dynamic model in double support phase, and ledédcjoint torques as well as
ground reactions on both feet, it is required that horiziacaenponent of ground reactidRyy 4sOn
foot 2 is to be known. The ground reactiBp, 4s can be calculated either by locally minimize the
criterion based on joint torqued.(L4) or by expressing it using a polynomial function of time. If
the criterion optimized is a function of the square of thejtm, it is also function of the square of
Roxds thus an explicit solution can be found easily. Detaileadglations ofR;, 4s are provided in
annexD. On the other hand, if the criterion is based on the mechbaieagy product of torque
and velocity the optimal reaction force is not so easy towate. In this case the horizontal
reactionRy, 4siS expressed as a third order polynomial function of timethia case, the number
of optimization parameters are increase depending on thex of polynomial function (4
codficients in our case). After calculatifyy, 45, equation 8.18 and @.19 can be used to
calculateR,, gs andR; respectively.

4.6.2 Gait Trajectory Optimization

The walking gait trajectory for gait type 3 is generated aptimized in two part. In first part,
reference joint trajectory during double support phasersegated by a spline function with two
nodes.

To define the walking gait trajectory during double suppbidge, four boundary conditions are
needed, which are:

— Initial joint configurationqgsin at timet = 0
— Final joint configuratiorygs in at timet = Tys
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— Initial joint velocities(qsini at timet = 0
— Final joint velocitieqgs fin at timet = Tys

During single support phase with flat foot contact on the gthuhe biped has six degrees of
freedom. The single support phase of gait type 3 correspexatsly to that of gait type 1 and 2.
A cubic spline with one passage point is used to generateérgpattory during single support
phase. To determine the dteients of the spline, five boundary conditions are needed:

— Initial joint positionsgssin at timet = Tys

— Final joint positiongyss fin at timet = Tgs+ Tss
— Intermediate joint positiongssin: at timet = Tys +
— Initial joint velocities(ssni at timet = Tys

— Final joint velocitiesqss fin at timet = Tgs + Tss

Tss
2

Wheregss andqgs are the generalized coordinate vectors during singles andld support
phases respectively4s andTss are the durations of double and single support phases. Here
gp1 = 0 as foot 1 remains in flat contact on the ground during theestiing phase.

The continuity between double support phase and singleostippase has to be ensured. From
this condition of continuity, joint positiongssin(Tqs) at the beginning of single support phase are
deduced from joint positiongys fin(Tys) at the end of double support phase as:

Ossini( Tds) = ds fin:6)(Tds) (4.11)

Similarly, joint velocities at the beginning of single suppphase can be determined from
velocities at the end of double support phase (see Figirenpact 2) by applying the impact
model presented in equatiod.85.

The cyclic nature of gait trajectories allows to calculat@af velocities at the beginning of double
support phase & 0) from joint velocities at the end of single support phase Tqs + Tsg) by
solving the heel impact equatioB.B9 see Figure3.7 (impact 1). Similarly, the joints position
vector(qsini(t = 0) at the beginning of double support phase can be found fnerpasition vector
at the end of single support phagg in(t = Tgs + Tso) aSs:

Qasini(0) = E[0, Oss fin(Tas + Ts9)] (4.12)

WherekE is the permutation matrix for walking gait type 3, such that:

(4.13)
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During double support phase, the biped is in contact on tbergt with heel of the front foot and
toe of the back foot with a distanckbetween the feet. In this configuratiggsini(0) (beginning
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of the double support phase at heel impact), the biped hadepéndent variables. Thus, it is
possible to calculate two joint angles as a function of ativariables (see AnndX, sectionB.2).
The joint configuration at the end of single support phasésisthe joint configuration at the start
of double support phase after permutation.

Similarly, two angles of the joint configuratiaqs fin(Tqs) at the end of double support phase can
also be calculated from other joint angles. In present stin@yangles of shingg) and thigh (14)
of the swing foot is calculated as a function of other joingles and step length.

4.6.2.1 Optimization Parameters

To improve the convergence of optimization algorithm, titeimediate passage point during
single support is fixed except the orientation of the torssuhable value of the intermediate
pointQint = [Op2, O1, G, O3, 0a] Was found after carrying out a number of optimization, and
optimizingq; along with the gait at dierent walking speeds. The optimal values found are:

Oint = [-0.2749 0.006Q 0.0302 0.3103 —-0.4163]

Thus, the optimization parameters for gait type 3 for theedon based on square of the joint
torques (used in chapter 5) are:

— 4 joint positions at the end of double support phase

— 5 joint velocities at the end of double support phase

— 4 joint positions at the end of single support phase

— 6 joint velocities at the end of single support phase

— 1 orientation of torso at intermediate point of single supphase

— 1 step lengthd

— 1 duration of double support pha$gs,in percentage of total step tinfe

Thus, 22 parameters are required to generate optimal ggattories with double support phase.
In case, criterion based on product of torque and joint vglae used (used in chapter 7), 4
additional parameters of cfiients of polynomial to express tangential reaction on featr
during double support phase are required to be optimized.

Parameters with knee locked

For walking gait type 3, knee of the stance foot is locked atimopact (end of double support
phase) and released at heel impact (end of single suppa@¢phEhe stance knee remain locked
during entire single support phase. The number of optinungiarameters to generate a walking
gait trajectory of type 3, while knee is locked are:

— 3 joint positions at the end of double support phase

— 4 joint velocities at the end of double support phase

— 3joint positions at the end of single support phase

— 5 joint velocities at the end of single support phase

— 1 orientation of torso at intermediate point of single supphase

— 1 step lengthd

— 1 duration of double support pha$gs, in percentage of total step tinfe
— 1 knee locking anglg
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Therefore, 19 or 183 optimized or constant) optimization variables are needagkherate
walking gait trajectories of type 3 with stance knee lockddreover, in case where spring is
added to the biped structure, an additional parameter ofgponstanK is required to be
optimized. Similar to previous case, 4 additional paransedee required if criterion based on
mechanical work of actuators is used.

NOTE: By optimizing the walking gait trajectory of gait type 3, iwfound that the optimal
trajectory has negligible impulsive reactions at heel iot@ad that the heel of the front foot
touches the ground with zero velocity. It is therefore cadeld that the only possible optimal
trajectory for gait type 3 is the one without heel impact {finspact). Therefore, to improve the
convergence of the optimization algorithm, the gait is medevith null velocity of heel of the
front foot at first impact.

4.7 Optimization Tools

To enable numerical computation methods, a family of ttajees is specified in terms of a
parameter space as discussed in seeti@nThe optimization can then be viewed as an
incremental search in the parameter space while satis@fimgnstraints. The direction of search
of the optimal parameters in each step is determined by congpilne gradient of a cost
functional with respect to the parameters while constatoenove in a direction tangent to the
constraints. Hence, much of nonlinear programming can hsidered as an application of
Newton’s method or gradient descent. As in standard opéititia, second-order derivatives of
the cost functional can be used to indicate when the seanthlicsterminate. The numerical
issues associated with these methods are quite involvéldwiiog are some of the popular
optimization techniques available in Matlab:

— gaandgamultiobj Single and multi-objective Genetic Algorithms
— fminsearch unconstrained nonlinear optimization

— patternsearchPattern search

— simulannealbndSimulated annealing algorithm

— fmincon constrained nonlinear optimization

— fgoalattain Multi-objective goal attainment

In case of local minimization tools, one of the maiiffidulties with trajectory optimization
methods is that they can become stuck in a local minimum igplaee of trajectories. This means
that their behavior depends strongly on the initial guetss.denerally impossible for them to find
a trajectory that does not belongs to the family of initiajéctory, and cannot recover from a bad
initial guess. Thus it is required to initialize the optimin multiple times with dferent initial
variables to find possible global minimum. On the other hattipugh global optimization tools
can find global minimum but the calculation cost is high aredifticult to implement. In present
thesis fminconandfgoalattainwill be used for their simplicity and fast convergence.

The optimization variables presented in respective sesiid each gait will be optimized using
the parametric optimization procedure to find the optimaltsan by minimizing the predefined
optimization criterion given by equatiod.(l4). The Matlab functionfmincont and "fgoalattair

will be used to optimize the selected criterion. These twwfions will be alternately used when
one falil to find a solutions the other one will be used to seledfé exist a better solution than that
already found by the first function.
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4.8 Optimization Criterion

The choice of the optimization criterion is important in thesign of optimal trajectory, in this
section, two diferent types of criteria commonly used for bipedal gait optation will be
discussed. The first criterion presented4rild), is a quantity proportional to the loss of energy in
the actuators. It is minimized for a motion on a half cycle ofationT. The general form of
minimal energy performance represents the losses by Jfiatdefor the electric motors for the
traveled distancd.

1 T
Cr== f I'T'dt (4.14)
d Jo

WhereCr is the objective function to be minimizeds the length of half stepy represents the
duration of half step anH is the vector of the applied joint torques.

The second criterion used in the optimization algorithmasdad on the actuators energy. This
criterion is used to minimizes the actuatoffoe to take one stepe. cover a distancd for a

motion on a half cycle of duration. It is to be noted that energy must be provided in both phases
of acceleration and braking (deceleration) that can noebewered, which justifies the presence

of the absolute values.

i
Ce =2 fo OO (4.15)

WhereCk is the objective function to minimize arggrepresents the joint velocity matrix.

The letterC without a subscript to represents both optimization datefhe objective is to
minimize the criteriorC by finding the optimal values of optimization parametersamd
non-linear constraints and cubic spline functions as ttsesha motion. The optimization
problem can formally be stated as follows.

{ Minimize C(Po)

Subjectto g(Po) <0  for j=12,...,1 (4.16)

WhereC(Py) is the objective function to minimize withconstraintg;(Po) < O to satisfy. These
constraints will be defined in the following section.

4.9 Optimization Constraints

To ensure that the biped will successfully walk, and thestitary is possible, a number of
constraints must be satisfied during walking step. Thesstrints are imposed in the
optimization algorithm to calculate optimal and realigiait trajectories. Generally, two types of
constraints are applied to ensure walking on level ground.
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4.9.1 Dynamic Constraints

These constraints are required for successful walkingeobtped and are imposed to ensure that
the optimized generated trajectory is valid. The dynamitst@ints are based on the biped’s feet
contact with the ground.

The vertical component of the Ground Reaction Forces (GREBtance foot must always be
positive so that the biped’s foot remains on the ground altitme during a walking step. This
constraint is also referred to "no-také*aconstraint. It must also be ensured that durinedent
phases of the walking step, the support foot must not sligatisfy no-slipping, a suitable value
of the codficient of frictionu between the foot and the ground is defined. The no-tékeral
no-slipping constraints are:

Rly >0
{ /lRly > Ry (4.17)

hereRy, andRy, are the vertical and horizontal components respectiveti@fround reaction
force on stance foot.

During single support phase, flat contact of the foot on tloeigd is assumed, which ensures that
the entire surface of the sol of the foot is in contact withgheund. It is therefore necessary to
ensure that there is no rotation of the foot during singlepsupphase. ZMP constraint is defined
to ensure no rotation of the foot. The ZMP of the biped mustisale the support polygon (see
section3.4.3.9. This constraint is defined as:

lp < ZMP, < Iq (4.18)

herel, is the foot length between heel and ankle &nd the length from toe to ankle (see figure
3.1D).

During double support phase, both feet rest on the grounekefbre, the constraints of
no-take-df and no slipping on foot 2 must be verified such as:

R2y >0
LR S (19

hereR,, andR,, are the vertical and horizontal components respectiveti@fround reaction
force on rear foot, which will become swing foot at the endhaf tlouble support phase.

During double support phase, the ZMP is always inside thp@tpolygon (between the contact
points of feet) as long as the contact constraints on botrafeeverified. Thus ZMP is not
calculated separately.

In addition to these constraints, it is also needed to add ef senstraints on the behavior of the
robot during swing phase. The extremities of the swing foostmot touch the ground during
entire swing phaske. the distance between swing foot’s heel and toe must be ypesithis
constraint can be written as:
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Y2 heel > 0
{ y2 toe > 0 (4.20)

hereynhees andyiee are the vertical distances heel and toe of the swing fooexsly during the
swing phase.

Another important phase of the bipedal walking is the impelsmpact phase. It is important to
verify that the solution of the impact model is compatibléhwvalking gait trajectory. Moreover,
a constraint on the impulsive reaction forces during impaagst be added to ensure no-slipping
and no-take-fi of the stance foot4.21) that is the foot coming in contact with ground must not
slip or bounce back during impact.

|2y> 0
PR (821

The ZMP of the biped during impact must also remain insidestigport polygon similar to that
explained in equationd(18. The ZMP at the time of impact (flat foot impact for gait typarad
toe impact for gait type 3) is given by:

—hyl
ZMP, = — P

(4.22)
|2y

Wherel andly are the impulsive reaction forces of the ground on the fotitetime of impact.

It is also important to verify velocity of the swing foot justter impact. It is to be ensured that the
foot do not enter into the ground. Therefore, heel and toecitiés of the foot leaving the ground
just after impact must be positive to ensure proper takéa@ase of gait type 2. This constraint
can be formulated as presented in equatib&3).

V2 heel = 0
4.23
{ Vatoe = 0 ( )

WhereVieei andViee are the linear velocities of heel and toe of the foot 1 justrafhpact.l, and
ly are the horizontal and tangential components of impulsiyesict force during impact.

In case of gait type 3, at the time of first impact (heel impawotel of the rear foot (foot 2) is
allowed to take-f while the toe must remain on the ground to ensure double stippase. The
constraint can be formulated such that:

{ Vaheet > 0 (4.24)

V2 toe = 0

At the moment of second impact, the toe of the rear foot mag tékhe ground and the velocity
should not be negative as presented in

V2 toe Z O (4.25)
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4.9.2 Technological Constraints

These constraints consist of physical limitations of thgeldis actuators and articulations. These
are necessary to ensure that the biped will be able to foh@mwptimized trajectory without
crossing the joints limitations. Depending on the seleetgdators, each actuator can produce a
limited torque and velocity.

{ |ri| - I‘i,max <0 (4.26)

|Q|| - Qi,max <0

Wherel'; max andgi max represents the maximum value of torque and velocity resghgfor each
actuator.

The upper and lower joint configuration limits must also biesfiad. These constraints on joint
limits ensure a valid joint trajectory and prevent the atttsafrom damage by touching the
mechanical limits.

Gi,min < Gi < Gi,max (4.27)

Whereq; min andgi max are the minimum and maximum joint position limits respesjv

4.9.3 Optimization usingfmincon

For single objective constrained nonlinear optimizatibamobjective functiorf (x), Matlab
provides the functiofmincon It attempts to find a constrained minimum of a scalar fumctib
several variables starting at an initial estiméi# [30]. This is generally referred to as constrained
nonlinear optimization or nonlinear programming. The peabis formulated to minimizd (x)

such that:

c(x) <0
cedx) =0
minf(x) = Ax<b (4.28)
Aeqx < beq
Ib<x<ub

Here,x is the vector of optimization parametecgx), andc(x) describes the nonlinear
equalities and inequalities receptively among paramefeasdb represents the linear
inequalities andheqandbeqdescribes the linear equalities among parameters. Thaxsghthe
function in Matlab programing is presented in equatié29).

[x fvall = fmincor(fun, X, A, b, Aeq beq Ib, ub, nonlcon optiong (4.29)

Wherex is the set of estimated parameters on minimum value fountdgptimization fval is
value of objective function at minimum pointunis the function to minimizefunis a function
that accepts a vectarand returns a scaldr, X is the initial guess of the parameteltsandub

are the lower and upper boundaries of the parameters ptioinsprovides diferent options to the
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solver.nonlconis the function that computes the nonlinear inequality trmstsc(x) < 0 and the
nonlinear equality constrainteqx) = 0.

4.9.4 Optimization usingfgoalattain

As evident from the namégoalattainsolves the goal attainment proble#®], which is one
formulation for minimizing a multi-objective optimizatngproblem. It attempts to find a
constrained minimum of a vector functiéi{x) of several variables starting at an initial estimate
X. fgoalattaincan also be used for single objective optimization. The jerks formulated to
minimizey such that:

F(X) — weighty < goal
c(x) <0

L ceqx) =0

miny = Ax<b

Aeqx < beq

Ib<x<ub

(4.30)

The Matlab command line syntax fgfoalattainis presented in equatich@1).

[x fvall = fmincor(fun, Xy, goal weight A, b, Aeq beq Ib, ub, nonlconoptiong  (4.31)

Wherefunis the function to be minimized. It is a function that acceptgectorx and returns a
vectorF, the objective functions evaluatedxatgoal is the vector of values that the objectives
attempt to attain. The vector is the same length as the nuailodjectivesk returned byfun.
weightrepresents the weighting vector to control the relativeemadtainment or over-attainment
of the objectives.

It is a multi-objective optimization tool, which minimizesset of objectives simultaneously. In
the implementation of this function, the slack variaplis used as a dummy argument to
minimize the vector of objectivels(x) simultaneously; goal is a set of values that the objectives
attain. Generally, prior to the optimization, it is unknowhether the objectives will reach the
goals (under attainment) or be minimized less than the doaés attainment). A weighting
vector,weight controls the relative under-attainment or over-attaininoé the objectives46, 56).

4.9.5 Comparison offmincon and fgoalattain

In this section, the simulation results for both optimiaatfunctions discussed above will be
presented. To comparé&ectiveness of these algorithms, five sets of initial paransetere
generated for dierent walking speeds with twoftierent number of parameters. Each
optimization function is then initialized with these datdssto observe the convergence toward
global solution, time to converge and number of iteratidrfseese simulation tests are done for
gait type 1.

Following are the specifications of the system on which thempation is done.

System Specifications:
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— Processor: Intel core i7 Q820 (Quad core 1.73GHz)
— Operating System: Windows 8 Professional

— System RAM: 4.0 Gb

— Matlab version: 2012b

Figure4.1shows the value of objective function found by both functian diferent walking
speeds. The optimization algorithm is initialized at theeanitial set of parameters. In Figure
4.1(a) criterion comparison for 16 parameters is presented. IRestwow that in 3 of 5 cases,
fgoalattainfinds the better solution. Although all the minima found ap¢ the same as the global
minimum, but still it gives solutions close to it. Compansaof criterion for 12 parameters is
shown in Figured.1(b) which shows that both functions are able to find the samemim when
initialized at same initial conditions. Therefor, basedtoa criterion fgoalattainis recommended
for 16 parameters while both function can equally be usedptimization problem with 12
parameters.
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Figure 4.2 —Comparison of simulation time fdminconandfgoalattain
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Figure4.2 shows the comparison of time taken by optimization to cayeéowards feasible
solution at diferent walking speeds. It is clear from figut€(a)thatfgoalattainconverges much
faster as compared fminconfor 16 parameters. On the other hand, for 12 optimization
parameterdminconproves its éiciency see figurd.2(b) Based on time of simulation, it can be
said thatfgoalattainis better choice for large number of parameters and for smuatiber of
parameterdminconis recommended.

Figure4.3presents the comparison of number of iterations for botbtfans at diferent walking
speeds. It is noted th&goalattaindo less iterations for 16 parameters and more iterationsZor
parameters comparedfimincon Therefore, it can be concluded on the basis of number of
iterations that fmincon is suitable for less parameterdexjpalattainis better option for
optimization with large number of parameters.
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Figure 4.3 —Comparison of number of iterations fiminconandfgoalattain

Simulation results for 12 parameters are presented in &sgui(b) 4.2(b) and4.3(b) which
show that in all test§minconis able to find the minimum much faster thigoalattain Moreover,
the solution found byminconcorresponds to the minimum found after multiple optimiaas,
which is possibly the global minimum. This minimum will belleal as"global minimum?

From all the three evaluation criteria selected for congmariof Matlab optimization functions, it
is observed thaminconprovides faster and better results for 12 parameters. distemconverge
quickly towards possible global minimum while for 16 paraers, the second optimization
functionfgoalattainhas the tendency to converge faster towards a minimum pearest to the
global minimum. Hence it is concluded tHatinconis a better choice for 12 parameters while
fgoalattainis a good options for 16 parameters. In the present study,fbattions will be used
to find an optimal walking gait trajectory by initializingetalgorithms using several initial
parameters for the same walking speed.

4.10 Conclusion

In this chapter, reference trajectory generation was éxgth and diferent functions to generate
joints reference trajectories as a function of time weres@néed. Trajectory generation procedure
for three types of walking gaits was explained. A set of optation parameters required to
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generate optimal gait trajectories for each gait was ptesdor knee locked case and without
knee locked cases. The process of parametric trajectompigption was discussed andidirent
criteria for bipedal walking gait optimization were presah The constraints required for
successful stable walking were also presented. The fitstieripresented is based on actuators
torque and will be used in chaptgto optimize gait trajectories of a biped with electric at¢tus.
The second is based on actuators energy and will be usedpitecfido optimize gait trajectories
of studied biped with hydraulic actuator.

Finally, two different non-linear constrained optimization tools of Mathare briefly explained
and then the simulation results were compared. It was cdedlfrom simulation results, that
fminconis the better solution for 12 optimization parameters wfglealattainprovides better
results for 16 parameters. In practice, in the followingpatkes, to avoid local minima, several
initializations will be used and both algorithms will be dge calculate the cost of walking of an
optimal gait trajectory.
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5.1 Introduction

In this chapter, simulation results offtéirent types of walking gait trajectories described in
previous chapter will be presented. A number of strategittoe/presented to reduce the
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energetic cost of walking of a biped. The objective of thiglstis to compare the performance of
these strategies onfterent walking gaits. For this purpose, three types of walkjaits were
defined along with dynamic and impact modeling in chaptéefhe procedure to generate optimal
walking gait trajectories for each gait and optimizationahles required were explained in
chapterd.

The simulation results presented in this chapter are fopadohaving electric actuators. The
criterion used is based on actuators torques, which is atiggiproportional to the losses by Joule
effects of the electric motors. This criterion is given4nl(4). Simulation results obtained for
each type of gait will be presented foffidirent walking speeds. Initially, cost of walking will be
calculated for a basic biped (biped without any modificagioe. knee locking or spring

addition). To improve the energetiffieiency of the biped during walking, twofterent strategies
will be used. First, torsional springs will be added in pladab the existing actuators. Secondly,
knee joint of the stance leg will be mechanically locked. Tdrgue required at knee joint is
provided by the locking system and not by the actuator.

The simulation results are based on the definition of cyelierence trajectory i.e. it is assumed
that the step will repeat for infinite number of time withoayahange in characteristics.
Therefore, only one cyclic step will be optimized and itsrgeéic cost will be studied. The gait
trajectory is re-optimized after adding springs or lockihg knee joint to take maximum
advantage of the springs or locking. Finally, the criterodrtained after adding springs or knee
locking will be compared with that of basic robot and peregetenergy savings will be presented
in each case. Theftects of walking speed on step length and time will also beudised.

5.2 Studies Carried out

Following different types of studies are carried out on the biped:

case A. Gait trajectories are optimized and energetic cost of wglks calculated without adding
springs or locking the knee.

case B. Springs are added to the hip, knee or ankle joints of the biped

case B1.Spring is added only to the support leg joints one at a fimesupport ankle,
knee or hip.

case B2.Identical springs are added to a pair of ankle joints, kneggpor hip joints.

In all cases where a spring is added to any of the joint, theggonstanK is optimized
along with the gait and the sprindfset or bias angle is zero.

case C. Support knee is mechanically locked at transition betw@sglessupport phases without
adding springs at any of the joint. The knee remains lockeohduhe entire single
support phase.

case C1.Knee locking anglef) is an optimization parameter for trajectory
optimization.

case C2.Based on the numerical values obtained in c@$ea constant value ¢f is
selected and then gait is optimized.

case D. Support knee is mechanically locked and identical sprimgsdded to both hip joints.
The knee locking angle and spring sfiness constari are optimized along with gait
trajectory.
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5.3 Simulation Results of Walking Gait without Impact

In this section, simulation results for an impactless wadkgait (type 1) presented in section
3.3.1will be presented. This is the simplest walking gait studikchumber of walking gait
trajectories at dferent walking speeds were generated and optimized usiegerefe trajectory
generation and optimization techniques presented eaSiigrulation results for walking speed of
0.5m/swill be presented, and then th&excts of diferent studies (see sectibr?) on selected
criterion will be compared. Moreoverffects of these techniques on other parameters like ZMP,
CoG, and ground reactions etc will also be discussed.

Adding springs only to the support leg is possible by havingr@able spring sfiness mechanism
[128 capable of producing spring fitness from zero to the required value. ] a light weight
actuator AWAS (A new Actuator with Adjustable Stiess) whose gtness can be tuned from
zero to rigid is proposed. In simulation tests, this mecbkmans assumed to be mass-less and the
energy consumed by the mechanism is supposed to be negligihich is not the case in the real
world. To avoid the variable sfthess mechanism, a simple option of adding identical toedion
springs to both legs is preferred, and then tiiects on energy consumption are also studied.

5.3.1 Results with Springs

Figure5.1shows a step of walking gait type 1 forfidirent cases with identical springs installed at
both ankles, knees, and hips joints of the biped at walkirgdmf 0.5 r/sec. It is observed that
the step length when springs were added to both knees igisagrily larger compared to that of
other three cases. The step length of other cases (see figlifey5.1(b)and5.1(d) is almost

the same, but the postures and joint trajectories dferdnt in all cases.

Figure5.2 presents the value of the selected criterion as a functiovatding speed for a biped in
cases where springs were added ttedent joints in parallel to the existing actuator. It is clea
from Figure5.2(a)that the &ects of addition of springs can only be seen at very slow waglki
speeds in casBl where spring was introduced to the ankle of the support lelgefm\torsional
springs were added to both ankle joints, the energétcts during walking almost disappeared.

The optimization criterion was significantly reduced whpnrrsgy was added only to the support
knee joint (see FigurB.2(b). Hight reduction in energy consumption during walking wased
from low to medium and high walking speeds. Simil&eets were observed in caB& where
identical springs were added to both knee joints.

Figure5.2(c)shows simulation results for hip joints in caB& where spring was added only to
the support hip joint and in cag® where identical springs were added to both hip joints. The
results show that addition of spring only at support hipfiecive at slow as well as fast walking
speeds while the addition of springs at both hipsieative at walking speeds above 0.fsec
(around 2 kryh).

Simulation results after adding springs to both ankle, lord@p joints are presented in Figure
5.2(d) which shows that ankle springs are not at &ketive for walking gait type 1. It also
indicates that adding identical springs to knee joints #iectve at slow walking speeds while
hip springs can be used at high walking speeds (above @&anto reduce walking cost.

Figure5.3 gives the percentage energy savings as a function of wadigagd for ankle, knee and
hip joints in casd32. It confirms the observation in Figuke2(d)that knee springs ardfective at
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(a) basic biped (b) springs at both ankle joints

i

' ’f,@‘lu»\. ..

-~ >
~ Dok
- P

(c) springs at both knee joints (d) springs at both hip joints

Figure 5.1 —Walking gait of type 1 with springs at walking speed of 0.5at

slow while hip springs areffective at high walking speeds. Both curves intersect atiwglk
speed of 0.7 risec. It means that if the application area of the biped isvbéhis point then
springs at knee joints are recommended otherwise sprirfgp @dints are to be used. Results
show that up-to 65% of walking cost can be reduced by addipgrings and up to 38% energy
can be saved by adding identical springs at knee joints.

It was however observed, that adding springs to both anki¢sjavere not &ective for the
walking gait trajectories of type 1 of the studied biped.sTisicontrary to the work of T. Schauss
[99] and M. Wisse [24], where they found ankle springs useful for stability ashaslenergetic
efficiency. The negligibleféects of ankle springs in the present study can be explaindaeby
consideration of the flat foot contact on the ground and irtipss walking gait. In addition, there
is no rotation of the support foot during the entire swingggha

Figure5.4 presents the value of springfétiessK at different walking speeds for caB& where
identical springs were added to similar joints of the feat for caseD where knee was locked
and identical springs were added to hip joints. It showsithatpossible to fix a constant spring
stiffness at almost all walking speeds for knee joints. Howewehip joints, the variation of
value ofK is high, therefore, a constant value can not be fixed. In chaekbe joints K is
approximately zero at slower speeds and varies at high mggeeds. Identical springs are
added to both joints because it is easy to implement a systhioh can be tunedf&line for a
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specific walking speed. On the other hand, to add springsdifiterent stifness at stance and
swing joint, a active system capable of changinffreiss at each step is required.

Figure5.5gives the evolution of joint torques of gait type 1 with sgsmt walking speed of 0.5
my/sec for studies of basic biped, and biped with torsionahgsrat both ankles, knees and hips.
It is to be noted that all joint torques during the step ardfow the maximum allowable limits
described by the constraint equati@n6). Technological constraints for the bipedal robot
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HYDROID are given in tabl&.2 It shows that the swing foot torques,(I's, I's) in all cases are
less important than that of support foot torques. Jointuestare significantly reduced when
springs are added to both knee joints in parallel with thetexg actuator (see FiguBe5(c).
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Figure 5.5 —Evolution of joint torques of gait type 1 with springs at wially speed of 0.5 fisec.I'1, T2, T'3
are the support ankle, knee and hip torques,Iantls, I's are the swing hip, knee, and ankle torques

The evolution of relative joint positions of gait type 1 foalking speed of 0.5 ysec is presented
in Figure5.6. These results are for a cyclic step of a bipedal robot wigimital springs at
different joints. A significant reduction in swing knee angkg €an be seen when springs are
added to both knee joints of the biped. The biped configunatid-igure5.6(c)with knee springs
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is significantly diferent from other three figures, which can also be observedjurés.1(c)of
walking step. Addition of springs to hip joints does not sigrantly modify the trajectory but
help to reduced the overall cost of walking.
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Figure 5.6 —Evolution of joint positions of gait type 1 with springs atikiag speed of 0.5 risec.0y, 62, 03
are the support ankle, knee and hip angles,@ang, 05 are the swing hip, knee, and ankle angles

Figure5.7 gives the evolution of joint angular velocities of optimalitrajectory of type 1 with
springs at walking speed of 0.5/sec. Like joint angles and torques, the joint velocitiesadse
within the maximum allowable limits. It can be observed ihcalses, that joint velocities start
with relatively high values, decrease towards the middigefstep and then increase again at the
end of the step. This evolution reflects tHeeet of the impact avoidance on the joint evolution.

5.3.2 Results with Knee Locked

Walking gait for diferent studies with knee locked (see c@deand cas®) is presented in Figure
5.8at walking speed of 0.5 fsec. It shows that the step length is reduced when springs wer
added to the knee locked case. Thus after optimizing thenghitsprings, a new trajectory is
found, which is more adapted to benefits from springs andcesdoost of walking. Although, the
support knee was locked in this study, but the gait trajgatdknee locked case (Figute8(a)
resembles that of knee springs in Figbré(c)and Figures.8(b)also looks like Figuré.1(a)

For all cases where support knee was locked, the optimizatgorithm was unable to find a
walking gait trajectory satisfying all the constraints atlking speeds above 0.55sec. The
phases of acceleration and deceleration at the beginnthgrashof the step limits the maximum
attainable speed. Simulation results show that the nftesttese way to reduce energy
consumption during walking for an impactless walking gaitp add springs to the support joints
only, and the most economical is the support knee joint (geé 18).
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Figure 5.7 —Evolution of joint angular velocity of gait type 1 with spga at walking speed of 0.5/sec.
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(b) knee locked and springs at both hips

(a) knee locked

Figure 5.8 —Walking gait of type 1 with knee locked at walking speed of @ysec

Figure5.9(a)gives the comparison of criteria curves as a function of iglispeed in casa,
caseC1 where knee locking angj@was optimized, cas€2 with constant value g8. An average
value of 83 degree of knee locking angbewas calculated from optimization results in caske

It also presents simulation results for a biped in daseith identical springs on both hips and
support knee locked. Since it is not possible to study speffegts on the knee joint while the
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joint is locked, therefore, identical springs are addeddtid tip joints to study the combined
effects of knee locking and spring addition.

Simulation results show that knee locking for an impacthle@psdal walking gait is economical at
slow walking speeds, and not possible at high walking spdgalh curves in cas€l andC2 are
superposed, which clearly indicate that the knee can betbaka constant angle for all possible
walking speeds. It is also evident from figlgé(a)that addition of springs at hip joints while
support knee is locked has negligibléeets on energy saving compared to knee locked only.
Therefore, it is recommended to lock support knee for slosvadd hip springs for high walking
speeds without knee locking.

Figure5.9(b)presents the percentage energy savings as a function ahgalgeed. It shows that
the energeticficiency in cas® is almost the same as that of in c&32 It means that addition

of springs has noftect on energeticféciency when knee is locked. It is clear from simulation
results that knee locking idfective at slow walking speeds (up to 0.5%set), and for speeds
above 0.55 nisec, the only choice is the hip springs. Comparing Figérdand5.9(b) it was
observed that knee locking is morgeztive at slow walking speeds compared to the addition of
springs at both knees.
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Figure 5.9 —Value of criterion and percentage energy savings as a imofiwalking speed for gait type 1
with knee locked

Figure5.10presents the impulsive impact forces on foot 2 (the footgaste in contact with the
ground) of the biped at fferent walking speeds. These results are for the cases wheeenas
locked. It is to be noted that gait type 1 is an impactless ingligait, and there are no impulsive
forces when the knee is not locked. This is why impulsivetieas for studies without knee
locking are not presented. The tangential and normal coemtaf the impulsive reaction
represented by andl,y are presented in Figurésl0(a)and5.10(b)respectively. It shows that
these forces are unidirectional and directly proporticoavalking speed.

The value of knee locking angkeis presented in Figurg.11(a)for different walking speeds of
gait type 1. It shows that the angle varies betwe@aBd 86 degrees, which means that the knee
joint is slightly bent. Since variation ¢fis not very high at complete range of walking speeds, it
is possible to select a constant value of knee locking afddies. will reduce the number of
optimization parameters by one, which is the c@8en present studies. The average value of

B = 8.3° was calculated from results obtained in the dagend then fixed in the optimization
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Figure 5.10 —Value of foot impulsive reaction ) as a functions of walking speed for gait type 1

process. Figur&.11(b)gives the value of impulsive reaction on the knee joint &edent walking
speeds for gait type 1. It is noted that the impulsive reaabio knee is unilateral and is almost
directly proportional to walking speed.
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Figure 5.11 —Knee locking angle) and knee impact ) as a functions of walking speed for gait type 1

Evolution of joint torques for knee locked and knee lockethwiip springs is presented in Figure
5.12for a walking speed of 0.5 feec. Here, the knee torque shown in figures is provided by the
locking mechanism and the actuator’s torque for the suggmae joint is zero during the entire
swing phase. It shows that thfects of adding springs when knee was locked are negligible.

Figure5.13gives evolution of joint positions of gait type 1 with kneeked at walking speed of
0.5 nysec. Itis clear from results that joint angle= g of the support knee is constant throughout
the walking step. It can also be observed that the lockindeghig about 84° for caseC1 (knee
locked only) and about.@° for caseD (knee locked and springs at both hips).

Evolution of joint angular velocities of gait type 1 with kaécked at walking speed of 0.5/sec

is given in Figures.14 Figure5.14(a)shows that when knee is locked, the velocities of all the
joints of the support leg are significantly reduced compaodabsic biped (see figuke7(a).

There is very less variation in joint velocities during thetiee step. It is also clear that the support
knee angular velocity, is zero during the entire single support phase. Similardtesan be seen
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in Figure5.14(b)where springs were added to both hips of the biped, and sukpee was also
locked.
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5.3.3 Combined Results with Springs and Knee Locked

Figure5.15(a)shows the duration of step as a function of walking speedddrtgpe 1 for all

studied cases, while Figukel5(b)presents the length of step for the same. Itis clear from
simulation results presented in Figird 5that the duration of step decreases and the step length
increases as walking speed increases. Therefore, it icdddhat duration of step is inversely
proportional to walking speed while step length is diregtlgportional to it. These results
(Figure5.15 also confirm our observation made for Fig&d, that step length is significantly
increased for almost all walking speeds when springs aredatidboth knees. Thisflierence in
duration of step and length is clearly visible in Fig&.é5
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Figure 5.15 —Evolution of duration of stepT() and step lengthd) as a functions of walking speed for gait
type 1

Evolution of the normal component of ground reaction foned ao-slipping constraint on stance
foot are presented in Figutel6at different walking speeds for all studied cases. Figui&(a)
gives the vertical reaction force at walking speed of 0/8en which shows that the shape of the
curves resembles letter "M". This shape of vertical groweattion forces during walking has
been observed in several bio-mechanical studies on humiamg@l127, 22, 95]. Although, there
is no impacts and double support phases in walking gait typetistill our results conform to
bio-mechanical studies. It was also observed that neitigeshape nor the amplitude is
significantly modified when torsional springs were addedhokiped joints in parallel to the
existing actuators. Significant reduction in amplitudehaf ground reaction force was observed
when the support knee was locked. However, the shape of thie cemained unchanged.

During walking step, the biped must not slip and satisfy thiestraint of no-slipping. The
evolution of no-slipping constraint of gait type 1 is pretsehin Figure5.16(b)at walking speeds
of 0.5 nysec for diferent studies carried out on the biped. This constrainvisrgiby equation
(4.17 and the value of this constraint should always be below tagimum allowable limit.
Simulation results show that the ratio of tangential foreesus normal force is far below the
maximum limit. Therefore, the biped will not slip during \alg even if the friction between
floor and the feet is less than that of selected value. The\@ltriction codficientu between the
ground and sole of foot of the bipedal robot was supposed tb%hdResults show that a
codficient of friction of Q3 will be suficient to generate feasible gait trajectory.
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Figure5.17shows the ZMP and CoG of the biped for gait type 1 at walkingedps 0.5 nisec.
Zero Moment Point (ZMP) is one of the important criterion alhimust be satisfied in bipedal
gait trajectory generation. This constraint is presenmdeigure5.17(a) which shows that for all
studies, ZMP remains inside the support polygon. The rettddines show the upper and lower
limits of the support polygon. It also shows that it has lowpditnde and is nearly below the
ankle of the foot during the entire walking step.

Evolution of CoG of the biped during a walking step is presdrt Figure5.17(b)at 0.5 njsec.

It shows that there is very less variation in the verticalifpms of the CoG, and that the variations
are significantly reduced when the knee is locked. This reoluin variation of CoG resulted in
reduced variation of potential energy, which is directlggortional to CoG of the biped. The
reduction in total criterion during walking is the resultles variations of the CoG and the
locking of the support knee or springs.
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5.3.4 Summary of Walking Gait without Impact

In this section, impactless walking gait trajectories faeaen-link bipedal robot were presented
with three diferent strategies, one by adding torsional springsftermdint joints, second by
mechanically locking the knee and third by combining the strategies.e. locking the support
knee and adding identical springs to hip joints. The key $amilthe study was the energy
consumption during walking.

It is concluded from this study that the energy consumpticatwped is significantly reduced by
adding identical torsional springs at the hip joint and naggbally locking the knee. However,
the maximum attainable walking speed was reduced to ha#.eAergetic ficiency of blocking
the knee alone at low speeds and adding springs only to treedardp joints is also noticeable.
Practical implementation of this strategy will significgritnprove the energeticfigciency as

well as the autonomy of a biped. In the next section, walkiaig tgajectories of type 2 will be
generated and optimized, and theets of springs and knee locking on energy consumption
during walking will also be explored.

5.4 Simulation Results of Walking Gait with Impact

In this section, simulation results for walking gait trajes of gait type 2 will be presented for
all cases discussed in Secti®r2. The optimization criteria will then be compared with thétte
basic biped in casa for all studied cases. The percentage energy saved by Unsgrapbve
techniques will also be presented and explained. A numbeatiing gait trajectories at tfierent
walking speeds will be generated and optimized using cyilinesfunction presented earlier.
Finally, simulation results for walking speeds o5®/ s will be presented, and thdfects on
energy consumption during walking offtérent studies will be compared. Energy consumption
during walking and other parameters like step length, highteZMP, CoG, impulsive forces and
ground reactions etc will also be discussed.

5.4.1 Results with Springs

Figure5.18shows a step of walking gait type 2 forfidirent cases with springs at walking speed
of 0.5 nysec. It can be observed that when springs are added to bodls, khe step length is
slightly larger than that of other three cases. The stepeoigother cases (see figurgd8(a)
5.18(b)and5.18(d) is almost the same, but the postures aftedent like for gait type 1.

Figure5.19presents the evolution of criterion for the biped in cAseaseB1 where spring were
introduced to the joints of the support leg, and d@8evhere identical springs were added to
respective joints of both legs. Figusel9shows that the optimization criterion is significantly
reduced after introducing identical springs to both hipisiin parallel with the existing actuator.
It was however observed, that adding springs to both kneasldes were notféective in our
case. It also shows that criterion is significantly reducéeémvidentical springs with constant
stiffness are added to both hip joints (see fig&d®(d)and5.19(c). Therefore, it is possible to
add passive torsional springs of constarftsgiss at both hips, which aréective for almost all
walking speeds. However, at very slow walking speeds, tieeggrconsumption is high compared
to that of basic biped. For gait type 2 an average valu¢ ef40N/rad is selected based on
results presented in Figube21

Figure5.20gives the evolution of percentage economy as a function tdimgspeed
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(a) basic biped (b) spring at support ankle joint

(c) spring at support knee joint (d) spring at support hip joint

Figure 5.18 —Walking gait of type 2 with springs at walking speed of 0.5at

corresponding to Figurg.190f gait type 2. It shows that the criterion is reduced to 50% by
adding identical springs to both hip joints and maximum gagc dficiency is obtained at
walking speeds from 0.7 feec to 1.0 nfsec.

Simulation results show that the mositeetive way to reduce energy consumption during walking
is to add springs only to the support joints, and the most@eacal is the hip joint (see fig.
5.19(c). Addition of springs to hip joints economizes up to 85% oékgy at 0.85 n'sec as
presented in figur®.20 Figures5.19(a)and5.19(b)show that adding springs only to the support
ankle or knee joint or to both joints aréective for gait type 2 while only knee springs were
beneficial for gait type 1.

Figure5.21presents the value of springfitiessK at different walking speeds for caBd where
springs were added to the joints of the support leg, 8&seith identical springs at both hips, and
for caseD where knee was locked and identical springs were added foinig. It shows that it
is possible to fix a constant springfitiess at slow walking speeds for support hip joint, and for
fast walking speedK can not be fixed. Similarly, for ankle joint§ is zero for the entire range of
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walking speed. In case of both hips joints, it seems thatribigpossible to fix a constant value of
K. However, by fixingK = 40N/rad and optimizing the gait, optimal gait trajectories minimig
significant amount of energy consumption were found (seedigu 9(d). At slow walking
speeds, the walking cost is increased with a constant vélsgring stitness..
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Figure 5.21 —Value of spring stiness K) as a functions of walking speed for gait type 2

Figure5.22presents the evolution of joint torques of gait type 2 withrggs at walking speed of
0.5 nysec for studies of basic biped, and biped with torsionahggrat both hips. Since, ankle
and knee springs were ndfective, only results for both hip springs will be presenti¢ds to be
noted that all the joint torques during the step are far bél@wmaximum allowable limits
described by the constraint equati@n6). Technological constraints for the bipedal robot
HYDROID are given in tabl&.2 Swing foot torquesl{y, I's, I'¢) in all cases are less important
compared to that of the support foot. Joint torques are etluhen springs are added to joints of
the biped in parallel with the existing actuator.
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Figure 5.22 —Evolution of joint torques of gait type 2 with springs at wiallx speed of 0.5 fisec.I';, T2, T'3
are the support ankle, knee and hip torques,Iantls, I's are the swing hip, knee, and ankle torques
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Evolution of relative joint positions of gait type 2 for watly speed of 0.5 risec is presented in
Figure5.23 These results are for a cyclic walking step of a biped widnietal springs at both
hip joints. Results show that gait trajectory is slightlydifed to improve the gectiveness of
springs. A slight change in evolution & andé; is observed. It is also found that addition of
springs improved the optimization criterion by providirdgéional toque to the actuator while
keeping the trajectory almost unchanged. It also showslileatariation in magnitude of the knee
angled, of stance leg is negligible during the entire walking stepiol means that the joint can
be locked to reduce walking cost without significantly mgufif the gait trajectory.
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Figure 5.23 —Evolution of joint positions of gait type 2 with springs atldag speed of 0.5 risec.01, 62, 03
are the support ankle, knee and hip angles,@ang, 65 are the swing hip, knee, and ankle angles

Figure5.24gives the evolution of joint angular velocities of optimalitrajectory of type 2 with
springs at walking speed of 0.5/sec. Like joint angles, the joint velocities are also witthia
maximum allowable limits. It is clear that in all cases, jomlocities start with relatively low
values and ends with high magnitudes at the end of the step.
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Figure 5.24 —Evolution of joint angular velocity of gait type 2 with spga at walking speed of 0.5/sec.
The subscript 1,2,3 represents stance ankle, knee, hip Wjil6 represents swing hip, knee, and ankle

5.4.2 Results with Knee Locked

Walking gait trajectory for dterent studies with knee locked (see c@deand cas®) is
presented in Figurg.25for walking speed of 0.5 ysec. It shows that the step length and the joint
configuration in all cases during walking step is almost trae. Although, the support knee was
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(a) knee locked (b) knee locked and springs at both hip
joints

Figure 5.25 —Walking gait of type 1 with knee locked at walking speed of @/Sec

locked in this study, the gait trajectory visually resenstleat in figure$.18(b)and5.18(d) The
average value of knee locking anglés found to be 10°, which was 83° for impactless walking.

Figure5.26(a)gives the evolutions of selected criteria as a function dking speed for the

biped in casé\, caseB2 where identical springs were added to both hip joints, €&&where
knee locking angl@ of 1 degree was obtained from caS&, and for a biped in cage with
identical springs on both hips with support knee locked. @ihergy consumption for a biped with
support knee locked and springs on both hips (€2sie always less than that of a biped with
only knee locked or hip springs. There is no limitation of Wedking speed in case of support
knee locked as was observed in gait type 1. Moreover, signifig high walking speeds can be
achieved in all studied cases compared to gait type 1. Thagresence of impulsive impact
increased the range of walking speeds in all cases.
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Figure 5.26 —Value of criterion and % economy as a function of walking spf gait type 2 with knee
locked



90 Chapter 5. Comparison and Synthesis of 2D Bipedal Walkingaits

Evolution of percentage energy savings is presented indtg@6(b) which shows that the
combined energeticfigciency of locking the support knee and adding identicalioma springs

to both hip joints is always greater than the individu&tet of locking the knee or adding springs
to both hips. Previously for gait type 1, it was noted thatrggs addition had nofects when

knee was locked. In the case of walking gait type 2, additisspangs has significantly improved
the energeticféiciency of the biped during walking. Addition of springs tathdip joints with
support knee locked idlgcient for the complete range of possible walking speeds.

The value of knee locking angkeis presented in Figurg.27(a)for different walking speeds. It
can be seen that titevaries from zero to 2 degrees, therefore, it is possiblelarsa constant
value of for knee locking. This will reduce the number of optimizatigarameters by one,
which is the cas€2in our studies. The average valuedof 1° was calculated from results
obtained in cas€1, and then fixed in optimization process. Figbt27(b)gives the value of
impulsive impact on knee atfiierent walking speeds andi@rent cases with knee locked for gait
type 2. Itis to be noted that the impulsive reaction on knemikteral and is proportional to
walking speed in both cases.
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Figure 5.27 —Value of knee locking angles] and knee impulsive reactiom] as a functions of walking
speed for gait type 2

Evolution of joint torques for knee locked and knee lockethwiip springs is presented in Figure
5.28for a walking speed of 0.5 feec. It is to be noted that the knee torque shown in figures is
provided by the locking mechanism, and the actuator’'s ®jfuithe support knee is zero during
the entire swing phase. Figuse28(b)shows that both hip torques are slightly reduced after
adding springs. It is to be noted that the knee locking meshais assumed to be bilateral
capable of providing torque in both directions.

Figure5.29gives the evolution of joint positions of gait type 2 with lknecked at walking speed
of 0.5 nysec. It can be observed that the joint amgjle- 8 of support knee is constant throughout
the walking step. It can also be observed that the lockindeghig about 2 for caseC1 (knee
locked only) and casP (knee locked and springs at both hips). The joint configaratiuring
walking step remains unchanged after adding springs toHiptjoints.

Evolution of joint angular velocities of gait type 2 with keéocked at walking speed of 0.5sec
is given in Figures.3Q It is clear from results that the support knee angular vsl@s is zero
during the entire single support phase, which confirms tiekhee was locked during the entire
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walking step. Similar results can be seen in Figa@0)(b)where springs are added to both hips
of the biped, and support knee is also locked.
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5.4.3 Combined Results with Springs and Knee Locked

Figure5.31(a)shows the duration of step as a function of walking speedifstwdied cases of
gait type 2 while Figur&.31(b)presents the length of step for the same. It is clear fromtesu
that the duration of step decreases and the step lengtlasesas walking speed increases.
Therefore, it is deduced that duration of step is inversdiilaxstep length is directly proportional
to walking speed.
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Figure 5.31 —Evolution of duration of stepT{) and step lengthd) as a functions of walking speed for gait
type 2

Figure5.32presents the impulsive impact forces on foot 2 #fiedent walking speeds for all cases
with springs and knee locked. It shows that the tangentidireommal component of the impulsive
reaction represented byandly respectively are unidirectional and are directly propmoral to
walking speed.
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Figure 5.32 —Value of knee foot impulsive reactiop] as a functions of walking speed for gait type 2

Evolution of normal component of the ground reaction foned ao-slipping constraint on foot 1
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at different walking speeds is presented in Figbu@3for all studied cases at walking speed of
0.5m'sec. Figures.33(a)gives the vertical reaction force, which shows that it isafe/positive
for all cases. It also shows that the constraint of no-takésavell satisfied. It was also observed
that neither the shape nor the amplitude is significantlyifremtiwhen torsional springs are added
to the biped joints in parallel with the existing actuatorsopport knee is locked. However, it is
observed that the vertical reaction forces is always lems the weight of the biped (average
value of acceleration of CoG of the biped during singles suphase is not zero). By analyzing
the impulsive reaction at impact (see fig&r82(b), it is found that the impulsive reaction is
always positive, consequently vertical velocity after aopis greater than that before impact,
which compensates for the non null average value of verticadleration, and the net average
value for a complete cycle is null.
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Figure 5.33 —Evolution of vertical reaction and no-slipping constrammt stance foot of gait type 2 at 0.5
m/sec. The horizontal red dotted line represents the weigtiteobiped in (a) and value of cdieient of
friction u in (b)

Evolution of the calculated value of ration of tangentialstes normal force during a walking step
of gait type 2 is presented in Figuse33(b)at walking speeds of 0.5 fsec. During walking step,
the biped must not slip and satisfy the constraint of nopgtig i.e. the calculated value pf

should always be less than the maximum allowable limit. $atn results show that the
constraint of no-slipping is well satisfied and the calcediatalue ofu is significantly lower then
the limit during the complete walking step for both walkimgesds. The value of friction
codficienty was supposed to be®Dbetween ground and sole of feet of the biped and is
represented by the horizontal dotted line in Figbir&3(b)

Figure5.34(a)shows the position of ZMP for walking gait type 2 at walkingesg of 0.5rnysec. It
shows that the ZMP is always inside the support polygon.dtloa amplitude and is just below
the ankle axis of the foot during the entire walking step.iDgithe walking step, it has very less
variations compared to gait type 1. The upper and lower ddittes represent the extremity of
the toe and heel respectively.

Figure5.34(b)gives the evolution of CoG of the biped during a walking stéghows that there
is very less variation in the vertical position of CoG of thpdd at 0.5 r/sec in all studied cases,
and the curves are almost superposed. It is observed thisibadef springs or knee locking have
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Figure 5.34 —Evolution ZMP and CoG of gait type 2 at walking speed of 0/5¢n

no significant &ects on the position of CoG of the biped. Therefore, the reoiniin

consumption of total energy during walking is the resultfdéets of springs and or knee locking.
Gait type 2 has less variation of CoG compared to gait typehis i§ due to the fact that there is
no need to decelerate the foot before having impact contoaggit type 1, which have phases of
acceleration and deceleration at the start and end of theetpectively.

5.4.4 Summary of Walking Gait with Impact

In this section, walking gait trajectories of gait type 2 fd&nar biped were studied using three
different strategies, first by adding torsional springs ftedent joints, second by mechanically
locking the knee and third by combining the two strategedocking the support knee and
adding identical springs to hip joints. It was concluded tha energy consumption of a biped
during walking is significantly reduced by adding identitmaiional springs at the hip joints and
mechanically locking the knee. The energetitcéency of locking the knee alone or adding
springs only to the hip joints is also noticeable. This sggtwill significantly improve the
energetic #iciency as well as the autonomy of a bipedal robot.

In previous results for gait type 1, it was observed that waglspeed is reduced when knee is
locked, which is not the case for gait type 2. Results wersgied showing that ankle and knee
springs are notféective to reduce the cost of walking. In perspective of thislg, the next step
will be to explore the ffects of springs and knee locking on gait type 3, which is casedmf
single and double support phases.

5.5 Studies Carried out on Walking Gait with Double Support

For the two previous gaits, we have analyzed tfieats of springs in two cases, when identical
springs are added during all phases of walking, and wherpitiegs are added only during the
support phase, cases denoted by B1 and B2. In the case oathikaf includes single support
and double support phases, the case of spring used duriting gdhases can obviously be done.
But if we accept to use the spring only during a part of the wajkduring which phase(s) the
spring must be used is not so obvious and depends on the joarevthe spring is placed. Thus to
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study the &ects of addition of springs on energettti@ency of a biped robot during walking,
and to take maximum advantage of the springs, a numbeffeféit combinations of spring
addition is tested and the best option is selected for fudahalysis. First of all, optimal motions
are defined for this gait using the model without spring &edent walking velocities. In a
preliminary study, the cost of walking is calculated as acfion of spring stifhess by taking the
optimal gait trajectory of basic robot (without additionsgrings). It is to be noted that the
trajectory is not re-optimized, only added springfaessK is varied to calculated criterion.
Following are the dterent modes of addition of springs tdférent joints of the biped.

mode 1. Identical springs are added to both joints of a pair (ankdeegs, or hips). The springs
are active all the time during single as well as double supgpuase.

mode 2. Spring is added only to the stance leg joints and is active dating single support
phase.

mode 3. Spring is added only to the stance leg joints and is activeaguantire single support
phase and double support phase on front foot.

mode 4. Springs are added to both legs and are active for both legsgidiouble support phase
and for stance leg during single support phase.

mode 5. Spring is active for stance leg during single support phasedairing double support
phase for rear foot.

mode 6. Spring is added to rear leg only during double support phase.

5.5.1 Springs at Ankle Joints

Results of tests carried out on addition of springs at artiteg are presented in figuke35 Tests
are carried out for three fierent walking speeds to get an overview fieetiveness of dierent
modes at various walking speeds. It shows that the nftetteve mode to add springs to ankle
joint is to activate the spring only during double supporagdon rear foot (mode 6). The
stiffness should change from zero to required value at the stadtivhtion phase. The energy
consumed by variables ftiess mechanism is assumed to be zero in present tests. big&(d)
presents the comparison of mode 1 and 6 with reference vakréderion. It is found that
addition of identical springs to both joints, which are @etall the time during single as well as
double support phase minimize very less amount of energyar2%). Therefore, for ankle
springs mode 6 will be selected and the trajectory will bemized along with spring sfiness to
take maximum advantage of the springs.

In mode 6, the role of the spring is to push the rear foot, titisrest of the spring is coherent with
the study done by T. Schaus¥] and M. Wisse 124, where they found ankle springs useful for
stability as well as energetidficiency. Figureb.36(a)shows percentage economy for mode 1 and
6. It shows that mode 6 economizes about 12% at low walkingdgpand the economy decreases
as the walking speed increases. Fighi@6(b)presents the value &f at different walking speeds.

It shows that for mode 1, the optimal value offstess increases with walking speed while for
mode 6 it is always at maximum allowable limK (= 50N/rad). Therefore, it is possible to

obtain high reduction in cost of walking by installing sgggwith hight stifness.



96 Chapter 5. Comparison and Synthesis of 2D Bipedal Walkingaits

70 T 1101 T
—ml —ml
—m2 1050 —— m2
600 —— M3 —m3
—m4 1000 —— m4
—mb5 —mb5
500 mé 950+ m6é
900
400r 850k
/ 800l —_—
30 b
750r
20! i i i i i i i 70! i i i i i i i
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
(a) 0.6 nmisec (b) 1.2 m'sec
210 T T T T T T T 250 T
—ref
—ml
2050~ b 2000
) @
2000 | E 1500
3
c
> 2
1950+ \ £ 1000
—_m1 =
—m2 ©
—m3
1900 —— ma 1 500r
—m5
m6
185 : i i i i i i % i i i i
0 10 20 30 40 50 60 70 80 4 06 08 16 1.8 2

1 12 14
Walking Speed (m/sec)

(c) 1.7 misec (d) comparison of reference with m1 and mé
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Figure 5.36 —Value of percentage economy and springfiséiss as a function of walking speed for ankle
springs

5.5.2 Springs at Knee Joints

Similar to ankle springs, a number of test are carried outr@ekoint to select the best available
option of spring addition at knee joint. Results are produce all studied modes presented in
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5.5. Figures5.37(a) 5.37(b) and5.37(c)show that the best option to save energy during walking
is to add springs to the stance knee joint during entire sisgpport phase and to the the front leg
during double support phase, which is mode 3 of the studstsrtedes.

Figure5.37(d)compares the results of mode 1 and 3 with reference criteliehows that energy
savings by applying mode 1 is negligible at low velocity ancrease to 4% at hight velocity
while mode 3 is a little more economical. The energefiicency of mode 3 can be further
improved by allowing high spring $fthess and optimizing the gait along withfBtess.
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Figure 5.37 —Evolution of criterion as a function of spring $tiessK for knee joints

Figure5.38(a)shows that percentage economy by adding springs at kneeqdime stance leg
during single support phase and front leg during double sugghase. It shows that mode 3
economizes around 10% of energy during walking for all wadkspeeds. Figurg.38(b)gives
the optimal value of spring sthess as a function of walking speed. It shows that energetic
efficiency of mode 3 can be improved by allowing highffsiss springs.

5.5.3 Springs at Hip Joints

Figures5.39(a) 5.39(b) and5.39(c)present evolution of criterion as a function of springfagss
at hip joints for all studied modes. It shows that modes 2 aackSuperposed and have less
effects on energeticfigciency during walking. It also shows that modes 3 and 4 ar@stim
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Figure 5.38 —Value of percentage economy and springfiséiss as a function of walking speed for knee
springs

superposed and have significaffeets on energeticfigciency. Contrary to results of spring
addition at ankle joints, spring only at rear hip during deudupport phase is not afective as it
was for ankle joint. The best solution is to activate thergpst the beginning of double support
until the end of the following double support phase (mode 4).

Figure5.39(d)gives the comparison of criterion as a function of walkingeghfor modes 1 and 4
with reference values. It shows that spring addition atcgdnp joint during single support phase
and at both hips during double support economizes a signifasaount of energy during walking
at all walking speeds.

Figure5.40(a)shows the percentage savings in modes 1 and 4. It is cleahthahergetic
efficiency of the biped is significantly improved in mode 4. Thecpatage savings decreases as
walking speed increases starting at about 35% and endirimpat 45% economy. Figur40(b)
gives the corresponding optimal values of sprinffrstiss for Figur&.40(a) It shows that optimal
value of spring sffness for mode 4 varies between 40-50ad and is below 10 Mad for mode 1.

5.5.4 Summary of Simulation Tests with Springs

From simulation results done by adding springs téedent joints and applying fierent modes of
activation, we can conclude:

1. The energeticféects of adding identical springs to a pair of joint (ankleg&nhip) are
negligible.

2. Mode of activating a spring depends on the location whHegespring is installed (ankle,
knee, hip).

3. The most fective mode for ankle is to activate spring only on rear legndudouble
support phase (mode 6). It helps the ankle in propulsiongohas

4. The best option for the knee is to use mode 3: The springiigeaat the beginning of
double support until the end of next single support.

5. Addition of springs at hip joints isfiective in mode 3 and 4. In present study only mode 4
will be studied for further analysis.
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As a result of above analysis, followingfiirent types of studies are carried out on the biped
robot to further improve the energetiffieiency during walking.

case A. The biped trajectories are optimized and energetic costti i8 calculated without
adding springs or locking the support knee joint (referesrderion).
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case B. Torsional springs are added tdf@rent joint of the biped in parallel to the existing
actuators depending on the mofeetive mode obtained previously. The gait trajectory
is optimized along with the spring fiiness. This study has the following sub cases:

case B1.Mode 6 is applied to ankle joints: Spring is active only atleg during
double support phase.

case B2.Mode 3 is applied to knee joints: Spring is active duringrergingle support
phase at stance leg and double support phase at front leg.

case B3.Mode 4 is applied to hip joints: Springs are added to both éegkare active
for both legs during double support phase and for stancedagglsingle
support phase.

In all the cases where a spring is added to any of the joinphiag constank is
optimized along with the gait and the sprinfjset or bias anglé, is kept zero.

5.6 Simulation Results of Walking Gait with Double Support

A number of optimal walking gait trajectories of type 3 weengrated at dierent walking
speeds to study thefects of springs on selected performance criterion duringing

Moreover, éects of springs on other parameters like ZMP, CoG, grountticeaforces are also
studies and the results are presented in this section. Birscgait is more realistic and human
like, the range of simulation results is extended to wallspged of 1.7rsec. Simulation results
at walking speed of 1.2rsec, which is close to normal human walking velocity will begented.

Figure5.41shows the stick diagram of a walking step for the biped at inglkpeed of 1.2 fisec
for all studied cases. It is visually observed that gaietttyries of all cases with springs are
slightly different from that of basic robot. It means that by optimizingtiiajectory after adding
springs, it is slightly modified to benefit from the torqueeypded by the torsional springs
addition parallel to the existing actuators. During doualpport phase, rotation of front foot on
its heel and rear foot on its toe can be clearly observed ifighee.

It was previously observed, that for gait type 2 in sectiof) the amplitude of height of swing
foot was very low during entire swing phase. In contrast toresults of gait type 2, the
amplitude of height of swing foot during entire swing phasacreased. It means that by
introducing finite double support phase, walking step isrmapd and the gait is close to human
walking. Similar improvements in walking gait trajectomeaalso observed for a biped with
hydraulic actuators (seg4.1).

Figure5.42(a)presents the comparison of criteria curves as a functiorating speed for basic
robot as well as all studied cases with springs accordingasélected mode of activation. It
shows that the optimization criterion is significantly redd when torsional springs are added to
ankle joints in mode 6, knee joint in mode 3, and hip joints iod@ 4. It also shows that criteria
curves in cas®1 and casd32 are almost superposed. The mas$eetive method to reduce the
consumption of energy during walking is to add torsionairggs to both hips during double
support phase and only to stance hip during single suppadgefmode 4). Simulation results of
gait types 1 and 2 also showed thEeetiveness of hip springs while ankle springs were not
effective in case of gait types 1 and 2. In contrast to previosiglt® presented in this study, and in
line with recent research on bipedal walking, ankle sprastgsved their fectiveness only when
added at rear leg during double support phase (propulsiasg)lat all walking speeds.
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(a) basic robot (b) ankle springs (mode 6)

(c) knee springs (mode 3) (d) hip springs (mode 4)

Figure 5.41 —Walking step of the biped for all studies cases at 1/@amfor gait type 3
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Figure 5.42 —Value of criterion and percentage savings as a function timgspeed for gait type 3
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Figure5.42(b)gives the evolution of percentage savings of selectedriantas a function of
walking speed for all studied cases. It shows that percereaagnomy decreases with increase in
walking speed but even at high speeds, the percentage i@digcsignificant for all studied
cases. The percentage saving of energy consumption vatiesdén 18 to 40% in caséd and

B2. Percentage economy of ca3@ s very high at slow walking speeds, however it decreases
and converges towards the other cases. It is observed t@tetic €ficiency is significantly
improved in all case when trajectory is optimized alongsiaespring sttness compared to that
obtained where only spring fithess was optimized. It is therefore concluded from simaifati
results, that the best option to reduce bipedal walkingiedstus torsional springs at hip joints in
mode 4. The spring is active from the beginning of double sugphase until the end of
following double support phase.

Evolution of spring sffness (K) as a function of walking speed is presented in Figut@ It
shows that for sprigs at hip joints in mode 4 (case B3), theesaf K is almost constant and
significantly lower than that of other two cases. The sprkegps the torso in a slightly forward
leaned position and works against the gravity. As a resalatttuators work is reduced and
consequently the cost of walking. For case B2, the springteon increases with increase in
walking speed. Since the maximum limit of K is 10Qr&d, it is constant at this value at speeds
above 0.6nfsec. For ankle joint, the limit for springs Stiess is 150 Mad. It is clear from results
that the value of K is constant at maximum for all studied wadkspeeds. The spring is use only
at rear ankle during double support phase. It helps to pedpanext single support phase and
provides a push to move forward, thus require a higfirgss. It is concluded from results that a
constant value of spring #liness can be used for all joint using respective modes ofaicdiy,

and the cost of walking can be significantly reduced.

160,
6——6—6—6—6—6—6—6—06—06—6—6—90
_ 140+
2 o Case Bl
> ¢ Case B2
~ 120'
0 v Case B3
3
£ 100" Q-0 V-9-¢0-00
N &
> ¢
£ 80f
o
)
60F

\ OT__V_M | J

04 06 038 1 12 14 16 1.8 2
Walking Speed (m/sec)

Figure 5.43 —Evolution of spring sffness for gait type 3 in flierent cases
Figure5.44shows the duration of step and the length of step as a functiaalking speed for

gait type 3 for all studied cases. It is clear from results tha duration of step decreases and the
step length increases as walking speed increases. Theréfigrdeduced that duration of step is
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inversely proportional to walking speed while step lengtHirectly proportional to it. It is
therefore, concluded that addition of identical springdifterent joints of the biped have small
effects on step length and duration. Howevéiees on energy consumption during walking are
significant for springs at ankles in mode 6, at knees in mo@a@ hips in mode 4 (see Figure
5.42(a). Similar correlation of duration of step and step lengtthwvalking speed was also
observed in gait type 1 and gait type 2.
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Figure 5.44 —Evolution of duration of stepT() and step lengthd) as a functions of walking speed for gait
type 3

As previously discussed, that the optimal trajectory folkivey gait type 3 is the trajectory
without first impact. Therefore, there is no impulsive réats when the heel of the front foot
touches the ground. The second impact (toe impact see R3ggreccurs when the front foot
comes in flat contact on the ground. Figbrd5presents the impulsive impact forbess on the
front foot of the biped at dierent walking speeds. It is the impulsive force on front fakthe end
of double and the start of single support phase. The tarajemtd normal component of the
impulsive reaction represented byss andl,sss, are presented in Figurés45(a)and5.45(b)
respectively. It shows that for all studied cases, thesmfoare unidirectional. The magnitude of
tangential component increases towards medium walkingdspend then decreases again at high
walking speeds for all cases. Similarly, the magnitude ofrad components decreases towards
medium speeds and then increases again at high walkingspeed

Figure5.46presents the evolution of joint torques of gait type 3 at waglspeed of 1.2 risec for
studies of basic robot, and all cases with torsional spratgespective joints according to
selected activation modes. Discontinuities in joint tasjat toe impact (second impact) are
clearly visible in the figure. It shows that all joint torqueigring the entire step are far below the
maximum allowable limits described by the constraint eigued4.26). It is observed that the

joint torques in all studied cases during single supporsplae less important than that of during
double support phase particularly the swing ankle torquiandwsingle support phase is
negligible. Figures.46(b)shows that joint torques of hig; and ankle of rear fodfs during

double support phase are significantly reduced by addinggpt the ankle of rear foot.

Evolution of relative joint positions as a function of timegait type 3 at walking speed of 1.2
m/sec is presented in FiguEe47. In all cases, the joint angles have small variations during
double support phase compared to that during single suppasge. After analyzing the results it
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Figure 5.46 —Evolution of joint torques of gait type 3 at walking speed d@rh/sec T'1,T2,T'3 are the
support ankle, knee and hip torques, &idl's, I's are the swing hip, knee, and ankle torques

is noted that joint trajectories in all cases are almostlaineixcept the case3 (see figure
5.47(d) where the support hip joint movement is relatively highgufe5.47shows that in cases
where springs arefkective, the gait trajectory is slightly modified to get maxim advantage of
the spring torque available to the actuators durirfiedent phases. Thus, the optimization
algorithm found an optimal walking gait trajectory, whictarimizes the ffects of torsional
springs added at a specific joint.
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Figure 5.47 —Evolution of joint positions of gait type 3 at walking speeidlo2 nysec. 01, 6, 3 are the
support ankle, knee and hip angles, @&pds, 65 are the swing hip, knee, and ankle angles

Evolution of joint angular velocities of gait type 3 at walkji speed of 1.2 ysec is given in Figure
5.48 Similar observations made for joint positions can be madgoint angular velocities as
well. Furthermore, it also shows that amplitude of jointogdies is high during double support
phase compared to that during single support phase. Siaceigno significant dierence in

joint velocities in all cases, therefore, the reductionptimization criterion is due to the addition
of torsional springs at fierent joints.

Evolution of normal component of the ground reaction fornéoth feet of the biped at walking
speed of 1.2 risec is presented in Figue49for all studied cases. Figute49(a)shows that the
vertical component of the ground reaction force is alwaystpe for all cases. It also shows that
the constraint of no-takefois well satisfied. It was also observed that neither the shapéhe
amplitude is significantly modified when springs were adaedifferent joints of the biped. In
accordance with the ongoing research in bio-mechanicshape of ground reaction force on
stance foot during single support phase resembles the'lbtte Similar "M" shaped curves for
ground reaction force were also found in results of gait tiype

Evolution of normal component of the ground reaction forneear foot is presented in Figure
5.49(b)at 1.2 nmjsec for all studied cases. It shows that the vertical compoofethe ground
reaction force is always positive for all cases. It also shtvat the constraint of no-takdéf@n

rear foot is well satisfied during double support phase. Eae foot (foot 2) is in contact on the
ground on its toe only during double support phase, and w@tkéise ground when second impact
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occurs on toe of the front foot. Therefore, there is no reaabin the foot during single support

phase.
The position of ZMP and no slipping constraint of the bipeprssented in Figurg.50 The Zero

Moment Point (ZMP) of the biped must remain inside the suppolygon during walking. This
constraint is ensured in the optimization algorithm ushng¢onstraint equatior (18), and can
be calculated using3(14) during the single support phase uniquely. The simulatisults for
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ZMP constraint are presented in Figir&0(a)for walking gait type 3 at walking speeds of 1.2
m/sec. Simulation results show that for all studies, ZMP issgisvinside the support polygon and

is just below ankle axis.

The no-slipping constraint must be ensured during walKirige evolution of ratio of tangential

force to normal force during a walking step of gait type

3 isganted in Figurg.50(b)at

walking speeds of 1.2 feec. The value of it should always be less than that of maximum

allowable limity = 0.9, which is the case in simulation r
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Figure 5.50 —Evolution of ZMP and no-slipping constraint of gait type 3la2 mysec

Evolution of CoG of the biped during a walking step is
that variations in amplitude of CoG are very small and
effects on the position of CoG of the biped in all cases.

presdnh Figures.51 It is observed
thangpaddition has no significant

D.

€
L
>

2 80/ SISO

© — Case A
78} : |——Case B1

— Case B2

76¢ : — Case B3

D .
D
1

-20 -10 0 10 20 30 40

CoGX (cm)

Figure 5.51 —Evolution of CoG of gait type 3 at walking speed of 1.2set

Duration of double support phaSels, in percentage of total time of a step is given in figGrg2
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as a function of walking speed for all studied cases. Thetauraf double support phase is an
optimization parameter, and walking speed is a predefinkev&igure5.52shows thail ds, is
almost constant at slow walking speeds in casé4(a)and5.41(d)and it increases at high
walking speeds. It can also be observed thas, varies between 8% and 11% for these two
cases. In casg.41(b) duration of double support phase varies around 12%. Stunlie
bio-mechanics show that duration of double support phaamisnd 20% in human walking
[116, 65, 121].
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Figure 5.52 —Duration of double support phase in percentage of total tifretep as a functions of walking
speed for gait type 3

5.7 Simulation Results with Knee Locked

To study the &ects of knee locking on walking gait type 3, the stance knee i locked during
entire single support phase and then the gait trajectorgtisnized. The locking mechanism is
assumed to be massless and bidirectional. During lockedentle joint torque is provided by the
locking mechanism hence the torque of actuator is zero.réfgg3presents the comparison of
reference criterion for basic robot with that of knee lockiéds observed that at slow walking
speeds the two curves are almost superposed while at higgmgalpeeds knee locking is more
costly. In contrast to previous results found in case oftyaies 1 and 2, knee locking is not
effective for gait type 3. Thus, it is concluded that gait typeo8sinot support knee locking
particularly at high walking speeds. Therefore, there is@ed to lock knee joint for this gait.

5.8 Comparison of Studied Walking Gaits

Simulation results of three types of walking gaits were en¢sd in this chapter. Figute54

presents the comparison of selected criterion as a funofiamlking speed for basic biped for all
studied walking gaits. It shows that cost of walking of thgpantless gait with only single support
phases is very high compared to other two gaits. Howeverdkantage of this gait is that is has
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Figure 5.53 —Comparison of criteria of basic robot with knee locked foit e 3

no impacts, which reduces the damages of the structure diiplee. It is also observed that
energy consumed during a walking step for gait type 3 is 8gnitly less than that of gait type 2
at high walking speeds. However, energy consumption oftgpé 3 is slightly hight compared to
gait type 2 at slow walking speeds. The criteria curves o balking gaits intersects at around
0.9 msec. The low energy consumption of gait type 3 is due to thrediuiction of double support
phase, which favors high walking speeds. Although it haghdlly high consumption at slow
walking speeds, but the gait is more anthropomorphic. lisis abserved that impulsive impacts
are significantly reduced compared to gait type 2 partitpktrhigh walking speeds, thus having
the advantages of impactless walking. Therefore, amonthtke studied gaits, the gait with
finite double support (type 3) is the most realistic and huiikan

5.9 Conclusion and Perspectives

In this chapter, three fierent types of walking gaits were studied and simulationlte®f each
gait were presented. Thredldirent studies on a seven-link bipedal robot were carriedoout
each gait type. First by adding torsional springs tibedent joints, second by mechanically
locking the knee, and third by combining the two strategedocking the support knee and
adding identical springs to fllerent joints of the biped. The main focus of the study was to
improve the energeticiciency during walking of a bipedal robot.

Simulation results for walking gait with single support pha without impacts (type 1) show that
the energy consumption of a biped during walking was siganifily reduced by adding identical
torsional springs at the hip joints and mechanically logkime knee. However, the maximum
attainable walking speed was reduced to half in case wh@osuknee joint was locked. In line
with the previous research, this study reinforces the idesiog passive joint sfiness to improve
energetic #iciency of the biped especially on the hip joints in our casewelver, in contrast with
previous work, ankle springs were ndfextive in for walking gait trajectories of type 1.
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Figure 5.54 —Comparison of energy consumption of studied waling gaitifégrent walking speeds

In second part of this chapter, studies carried out on wglgait with single support phases and
impulsive impacts (type 2) were described and then simanatsults obtained using
optimization algorithm were presented. Similar to gaiteylp it was concluded that the energy
consumption of a biped during walking is significantly redddy adding identical torsional
springs at the hip joints and mechanically locking the suplee joint during the entire single
support phase. In contrast to gait type 1, the maximum aitdenwalking speed was not reduced
for cases with support knee locked. The presence of impisipacts at the end of each step
allowed the biped to attain high walking speeds even if thppstu knee joint was locked.

A third type of walking gait, which is more complex and closehuman walking was presented
in the last part of this chapter. A number of tests were camwigt to select the best possible mode
of activation of springs to take maximum advantage of sgriggdition. Diferent studies with
torsional springs in parallel to existing actuators dfedtent joints of the biped were carried out
and the results were presented. It was found that additispririgs at ankle, knee, or hip joints
significantly reduce the energy consumption during walkumgn activated according to the
selected mode. However, identical springs at a pair ofgoiiten activated all the time during
single and double support phases (mode 1) wereff@tteze. In accordance with recent research
[124, 99|, ankle springs showed theiffectiveness for gait type 3. It is also concluded that
energetic #iciency is significantly increase when the trajectory ismjted alongside the spring
stiffness compared to optimizing the sprindtsiss alone. However, for this gait, the knee
locking does not allow to improve the energetii@ency during walking.

Finally, the selected criterion of the three studied gads wompared. It was found that the
impactless gait is the most energetically costly followgdjhit type 2 at high walking speeds.
The energetic cost of walking of gait type 3 is greater at sk@kking speeds while less at high
walking speeds than that of gait type 2. It was concludedadbatpared to other two gaits, gait
type 3 is more realistic and human like.
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In perspective of this study, the next step will be to explbredfects of springs and knee locking
on more complex and human like walking gaits with foot ratatiluring single support phase on
the energeticféiciency of bipedal robots. Thdfects of ankle springs and springset angle can
also be studied for complex walking gaits. This study can bisextended to study th&ects of
proposed strategies on 3D bipeds.
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6.5 CoNnClUuSION . . . . . e e e e e

6.1 Introduction

One of the important and challenging issue in the field of timsa@specially in humanoid robots
is the design and selection of its actuating system. Higfopaances in actuation are required to
enhance energetidiciency and stability of these systems. One of the possilalerdgaresting

aim of humanoid research was to build better orthosis anstipesis for human beings. A few
examples are: powered leg prosthesis for gait rehabditdd5], ankle-foot orthosis19, 50,
dynamic knee-ankle-foot orthosigd, 33], and forearm prosthesis. In the future, humanoid robots
are expected to be integrated in human environment to petioman tasks like personal
assistance, where they should be able to assist the sickdertiygpeople, and do dangerous jobs
that can not be done by humans or too risky for them. To integadbots into human
environment, they should be safe and human friendly. Feairtg, in the field of humanoid
robotics, essential and desirable properties for actsai@: (1) high power to mass ratio; (2)
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ability to produce high torque at low speed; (3) highly intggble (reduction of occupied
volume); (4) able to generate smooth joint motions resglitimhuman-like walking movements.

Generally, two main types of actuation Electric and Hydate used to actuate robotics systems
such as humanoid robots. The advantages of electric acsuaters its counter parts is that they
have reduced cost and maintenance, and are easy to use amd. ¢dowever, a number of
disadvantages appear when electric motors are used withameal reduction gear box. First of
all, due to the quasi-rigid connection between the motoritayayload, it is dificult to produce
compliance in the joint required for safety. To introducengdiance in the joints, Hogan et al.
developed an impedance control method to ensure comptitaraction with the environment

[59]. On the other side, series elastic actuators are addedtesjoint compliancel03, 92, 93].

Addition of mechanical components (passive or active) toea® compliance in joints, leads to a
substantial increase in size and complexity of the mechhsystem. Although, a high gear box
reduction ratio has to be chosen to have high joint torquésaiways limited and cannot be
increased indefinitely, which is clearly a limitation of eliec actuatorsq]. Finally, electric
actuators have to be sized for the worst case scenario, défingatisfying the instantaneous
highest torque required. This leads to a non-optimal oizsdselectric actuator, which will not be
used all the time at its full capacity.

Hydraulic and pneumatic actuators have been used for deaadiee industry for heavy loads.
Their applications include, but not limited to, lifting eras, excavators, hydraulic presses, and
braking systems etc. Recently, the use of these actuagmiisantly increased in field of
robotics particularly humanoid robotic systems due tortBeceptional performances and high
power to weight ratio. A central pumping or pressure unilechfcentral hydraulic block" is used
to provide required pressure to each actuator to produdeedernotion. One huge motor-pump is
usually used to produce the pressure and the flow necessacyuiate several joints. One of the
drawbacks of central hydraulic block is the whole systemattisioning, which leads to the
necessity of satisfying the worst case requirements ind@fflow and pressure needed by all
joints of the robot. Another disadvantage is the increasagland weight of the system, due to
the need of including a servo-valve for each hydraulic aoctud herefore, central hydraulic
blocks have limited mobility, which drastically limits tineise in autonomous robotic systems.
Other drawbacks include routing of the hydraulic tubes ipgshrough the joints required to
connect the actuator to the central block, which incredsestiance of potential leakage and
consequent pressure drops.

To overcome the above mentioned problems, and fulfill thaireqents of bipedal robots, a high
performance Integrated Electro-Hydraulic Actuator (IEH¥Ys been developed by S. Alfayad et
al. [6, 7], which uses displacement of a micro valve to control hyticamotor. The newly
developed hydraulic actuator is a light weight solutions$ging all the performances needed for
actuating a humanoid robat]f Advantages of IEHA include, but are not limited to, 1) Ltgh
weight, 2) complete actuator including micro hydraulic giyr8) energy storage function, and 4)
no central pumping system required.

The new Integrated Electro-Hydraulic Actuator (IEHA) hasiategrated reservoir in which
energy can be stored in the form of hydraulic pressure inrdadeptimize the power
consumption of the joint. It is based on the use of the dutyecgybhenomenon to store energy
whenever no motion is needed on the joiit{]. This energy will be used when it is needed
resulting in a smaller actuating system. Hence, the enarggumption can be reduced during



6.2. Hydraulic Actuators 115

walking or performing manipulating tasks.

In this chapter, hydraulic actuators will be introduced #@sdlifferent parts will be explained.
Working principle of a classic hydraulic actuator will beepented with mathematical expressions.
A newly designed high performance integrated electro-wiitr actuator will be presented and

its advantages over its counterparts will be enlisted. Tin@l#ied model of the actuator will be
presented and its fierent parts will be explained in detail. The exploded CADesuhtic of the
actuator will also be presented to have an overview fiéent parts of the actuator.

The working principle of the IEHA will be explained with thelp of its hydraulic schematic
diagram. Its diferent working modes will be elaborated. The energy storagetion, which is

one of the main advantage of this actuator will be presemitedhematical expressions for energy
balance in hydraulic actuators will be developed, and theedtenergy and energy available to
the during diferent working stages will be calculated. Finallyffdient cases of power
consumption of an actuator during its working cycle will bgplained and generalized storage
function will be developed, and the chapter will then be ¢oded.

6.2 Hydraulic Actuators

Hydraulic actuators are normally used when a large amouiioroé is required to operate a link.
Hydraulic power is used in these actuators and then com/art@echanical power to carry out
some work. Pneumatic actuators belong to the same famiighwises compressible fluid such as
air for their operation instead of incompressible fluid sastoil used in hydraulic actuatoréd).

A typical piston-type actuator is shown in the Figérd. It consists of a cylinder, piston, supply
and return lines, and direction and pressure regulatingevdlhe diference between the
pressure® in two different chambers results in a relative pressure, which pesdaiforce- in a
given surfaces, which yieldsF = PS. The pressure is the input quantity, performing the same
function as the current in electro-mechanical actuatass cbmplete modeling and details please
refer to f49).

Figure 6.1 —Schematic diagram of a hydraulic actuaté®]
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6.2.1 Working Principle

The piston or plunger of a hydraulic actuator operates inliadycal housing by the action of
liquid under pressure. In a piston cylinder, a piston rodisnected to a piston to actuate a load
(link in case of robotics). The amazing amount of force arjéir exerts is due to the simple
mechanical principle of pressure exerted on the surfagedrthe piston. The larger the diameter
of the cylinder, the greater the capability of force it caplggpThe hydraulic supply@,) and

return Q) line is connected to the lower chamber and allows hydrdiulid to flow to and from
the lower chamber of the actuator.

The cylinder force can be expressedras P;A; — P,A, whereP; is the pressure in the chamber
andA is the dfective section of the piston. It can be expressed as:

T

F =Py

D} - P,7(D} - D)) (6.1)

Since the section is flerent, therefore the force performed by the cylinder indytestate
conditions depends on whether the movement is done forwasdakward. Assuming
P, = P, = 0 andP; = Pg, the forward force can be expressed as:

T

Ff:Ps4

D? (6.2)

Assuming thaP, = PsandP; = P, = 0, the backward force can be calculated as:
T2 2

The HYDROID robot p] is equipped with Integrated Electro-Hydraulic ActuattiEKA). This
new family of actuation is designated by integrated hydcaadtuation. The idea for this type of
actuation is based on the capacity to produce hydraulispregor each liaison using an electric
motor, independently of the others. An electric motor dsigemicro-hydraulic pump of variable
volumetric flow rate and is controlled electrically, [7/]. Thus the central system to produce
required pressure is completely integrated into the twmelds, which form the link. The
difference between IEHA hydraulic actuation system and thewotiyrused systems is that it is a
complete pressure producing unit installed on each joimrd,igaindependent of the other joints.
Generally, most of the present robots having hydraulicatain are equipped with a central
hydraulic system, and all the articulations depend on thet u

Thanks to the high power density of hydraulics, actuatorezsily produce the necessary torque
for each link. The hydraulic modules installed on the HYDR®@obot allow to store and release
energy during the gait cycle. This energy storage capatitysosystem is exploited to obtain
walking movements with a reduced energy consumption. Tdteedescribed in this section
focus on modeling, simulation and design function of sterafjenergy in the actuator and its use
in the performance of cyclic walking of the HYDROID.
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6.3 Integrated Electro-Hydraulic Actuator (IEHA)

As discussed above, the Integrated Electro-Hydraulic &ctu(IEHA) is a new type high
performance hydraulic actuator developed by S. Alfayad. §6a7] intended to be used in
robotics applications. According to the designers and ldgegs of this actuator, their aim is to
take advantage of the high power to mass ratio present byhgatic transmission systems. The
basic idea and novel challenges in developing IEHA, corgtra integration of all required
components in the smallest space possible while simptiftfe control of the actuator. The
proposed solution fulfills all these requirements using riditectional integrated micro-pump
driven by an electric motor, which rotates at a constantdp€ee micro-pump is connected
through built-in reservoirs to a standard linear (non-syatrio) or rotary actuator. The design
specific actuator and use of sophisticated control strasegyie not required for the use of IEHA,
which leads to reduction of its total cost, and hence makiagiiactive for robotic applications.
Some of the main advantages of IEHA over its counterpartadec

— Light weight and highly integratable

— Central hydraulic system is not required
— Less hydraulic tubing

— No dead zone

— Simple control

6.3.1 IEHA Simplified Model

The simplified model of IEHA is shown in Figu@2. It is worth mentioning here that the
diagrams and description presented in this section is titkemthe original work published in

[3, 5, 6, 7]. The shaftC; is connected to electric motor, which rotates at high armgrdbocity Q.
The piston<C, rotate with the shaft and slide on an inner roller bearing, pamich is itself

inserted in a carriag€s. The distancd& between the bearing and the shaft centers, called
eccentricity, produces radial movement of the pis@GnsThis allows the pistons to aspirate liquid
when moving away from the center and send it out when moviwgto the axis of the shaft.

L7

Figure 6.2 —IEHA simplified model [1]
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The pressure and discharge produced by this phenomenondlepeccentricitye. Increasinge
will increase the flow and hence the hydraulic power produmethe pump. A constant value of
E will maintain the flow constant and will increase the press@hanging the direction of the
link motion can be obtained by using negative valuek @fhile keeping the same direction of
rotation of the electric motor. Hence, this will simplifyettontrol of electric motor, as one of
advantages of the IEHA. It is obvious that changihwill allows one to carry out both isometric
and isotonic modes as described in sec6dh3

In the Integrated Electro-Hydraulic Actuator (IEHA), thecentricityE is hydraulically

controlled with the help of a micro-valv@, built inside the carriag€s;. This micro-valveC, is
electrically actuated by an integrated induction €& which decides the position of micro-value
to regulated hydraulic flow for the adjustment of eccentlyiohctivating the coil will move the
micro valve to the right permitting the high pressigto be connected to the left side of the
carriageCs. The low pressur& will be connected to the right side of the carriage
Consequently, the carriagg will move to the right, which will change the value Bf Therefore,
this integrated actuator can be considered as a contintensnission ratio varying system
allowing to adjust the amount of power when needed. Figus@resents the CAD schematic
diagram of the proposed IEHA.

Figure 6.3 —IEHA CAD schematic diagrang]

The integration of the micro-valwg, on the carriag€; gives a mechanical feedback. To
illustrate this feedback, if at instatyt the micro valve moves to positiof, then the distance
between the carriage and the micro-valve will Be{Ey) (whereE, is the eccentricity ). This
distance will permit connecting pressuieandT to the carriage making it to follow the
micro-valve. Consequently, the distance between the nvahee and the carriageX(— E(t)) will
decrease until reaching zero. At this instance, the twalihandP are completely disconnected
from the two sides of the carriage. Hence, the carriage wilolcked at a desired eccentriciy
from the shaft center.

6.3.2 |IEHA Working Principle

To explain the working of IEHA, its hydraulic scheme is digdiin Figure6.4. Depending upon
the pressure dierence between lind andB, the passive distributd@ takes one of three positions
called,S;, S, andS;. If the pressure, in the linA, noted byP,, is smaller than that in the ling,
namedPg, the distributor takes the positi@. In this position, the right chamber of the actuator
linked to the segment of the robot, is connected to the athergpreservoiR. Line Ais

connected to a reservd®while line B is connected to the left chamber of the actuator through
line P. This activates the piston of the actuator to move to thetrigh
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Figure 6.4 —IEHA hydraulic schematic diagran®]

In positionSs, the role of linesA andB is reversed leading to motion generation of the actuator to
the left. In the positiors,, both pressureB, andPg are equal and the payload represented by the
actuator is completely disconnected from the micro-puragest Hence, the actuator keeps the
same position without theoretically consuming any enelgyact, it will only be necessary to
compensate for the possible leaks, which would exist betweéh chambers of the actuator.

The passive distributor is non-symmetric rotary, thusveithg to have diferent durations
whenever switching from positid8; to Sz, and vice versa. Switching fro®, to Sz is designed
such that it will take slightly more time than fro8g to S;, allowing to draw out the internal
leakages present in the internal space where a preBswecurs and to bring them to the
reservoirR. On the other hand, as the passive distributor changesstggoaccording to the
difference between the pressuRasandPg, two lines,P andT can be added to the distributor
outputs such that the line is always connected to the high pressure while Tine linked to the
reservoirR. Both linesP andT will be used to feed the micro-valve, making the IEHA
completely autonomous, and enhance its high level of iategr.

The positionS, is an instantaneous one in whiBl andPg are almost equivalent. In this
position, the hydraulic actuator does not move (isometode), and its connections are almost
locked. In this case, the linésandB are connected tB and thePg reservoirs respectively. Some
offset is set in one direction allowing the distributo switch fromS; to Sz by passing through
S, position. In this case, the pump will aspirate the leakagmfreservoilPg, and will deliver it

to reservoilR. This phenomenon takes very short time and permits thersytsteeinsert all the
liquid produced by the leakage in the hydraulic circuit.

6.3.3 Energy Storage in IEHA

Energy can be stored in hydraulic actuators during two tybdisk operation, first one is the
isometricposition when the link configuration is fixed € 0), and the second one is tls®tonic
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operation when the force applied is constant. In this stisdynetric operation of the support
knee joint will be used by locking the knee joint. Energy v stored during the lock
configuration and then re-utilized when needed during s\phmase.

6.3.3.1 Normal Mode

The mode of energy storage is activated using a two-podiigtnibutorD. The first position
corresponds to normal operation for which the pressureteghe hydraulic actuator is
instantaneously produced by micro-hydraulic pump. In radrienctioning mode, the distributor
S is either in positiorS; or Sz. Both positions of the distributor are previously explaime
section6.3.2 Further details of normal functioning mode can be foundjn [

6.3.3.2 Storage Mode

The second position of the distributDris utilized when the link does not need to be moved (e.g.
isometric mode). In this position, energy is stored in apgnated hydraulic reservoir of the

IEHA whose connections are blocked. This position corradpdoS, as discussed i6.3.2

Thus, the pump serves to increase the pressure in a reserba@used later during swing phase.
This feature allows one to choose a smaller electric motathi® micro-hydraulic pump, thereby
reducing the total weight of the system and increasing itsraamy. The storage mode can be
activated during support phase for example for knee joihicivcan be locked easily. The stored
energy can be used for the same joint during swing phase ligreng back to normal mode.
Thus the energy available to the actuator will be the sumaséstenergy during locked mode and
energy produced by the micro-hydraulic pump during normadien

6.3.4 Energy Balance in Hydraulic Actuator

The energy required at each link will be representedpgnd can be calculated for a cycle time
of T such that:

.
E = fo IC(t)6(t)|dt (6.4)

It is to be noted that energy must be provided in both phasasagfieration and braking that can
not be recovered, which justifies the presence of the atesellties.

During isometric phase® & 0) of the links, the hydraulic actuators make it possibleotkIthe
links resulting in no consumption of energy during lock phaBy introducing the number of
useful phasegy(# 0) N, the required energy during a cycle can be written as:

Ny tf .
El = Z‘ ( ft |F(t)0(t)|dt] (6.5)

wheret?® is the start and] is the end of an useful phasandg # 0.

In the simplified case, when a joint is locked during the endiwing or support phase (half cycle),
energy required is given by:
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T/2 ‘
E = fo DALt (6.6)

This energy must be produced by the hydraulic actuator th&th electric motor, which rotates
at a speed of2(t) and produces a motor torqiig(t). The energy input to the system is then
defined byEe whose expression is:

.
E.= fo Tm(DQ(0)dt (6.7)

Now, letp be the global fiiciency of the actuation mechanism, and let suppose that th@o
energy loss, then the energy balance can be written as:

1
E. = —EY (6.8)
o

6.3.5 Stored and Available Energy

The ability of the hydraulic actuator to store energy in aresir will allow it to provide required
energy that can not be provided by the actuator aloneTL bt the storage time during which the
hydraulic actuator stores energy to be used during useadgs The expression fog can be
written in the form:

Ny

Te=T-) (t-t) (6.9)

i=1

The constant angular velocify of the motor will ensure constant power at the input of the
actuator. Consequently, motor torgiigwill also be constant. Therefore, the energy stored by
hydraulic actuator can be expressed as:

Eo= [mwTs (6.10)

To optimize the system operation and get closer to the gaabrdtant and minimum power
supplied by the electric actuator located at the input ohtyaraulic converter, the extra energy
needed should be provided locally by this stored energy. ganieof the required energy is being
produced directly by the hydraulic actuator.

6.4 Modeling of Energy Storage Function in IEHA

6.4.1 Storage Function of Hydraulic Actuators

As the newly developed hydraulic actuator has an integra&setvoir to store energy, therefore
the objective of the study is to define the actuator with a murh capacity to produce desired
torque by exploiting the energy storage capabilities ofatteiator. As the motor driving
hydraulic actuator rotates at constant speed, its optis&torresponds to a constant power
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requirement. To evaluate the power required, the powerlgapipy the actuator is traced at every
instance of timgl"(t)6(t)|/p. Figure6.5shows a working cycle of a joint having constant power
requirements during the entire cycle. In humanoid robbis,dase be found very rarely.

PA

Pm ax

>
Time (sec)

Figure 6.5 —Schematic diagram of constant power consumption

Two extreme cases can be distinguished during a completavgoeycle of a joint. First, if there

is no isometric phase, then it is not possible to store endéngfis case, if power consumption is
not constant, the actuator must be dimensioned for maximaweprequirements. During all
stages where the maximum power is not used, ttferéince between the maximum power and
power consumption is lost. Figufe6 represents the first case where power requirements varies
during the working cycle and there is no isometric phasehimdase, the actuator is designed for
the worse case to be able to provide maximum poWgg,) at any instant of time. This is the

case in most of the robotic system, which uses electric mdtoractuation.

Lost Energy

Pm ax

>

Time (sec)

Figure 6.6 —Schematic diagram of variable power consumption

The opposite case is that during most of the cycle figehe link is in an isometric configuration
(9 = 0) with a short duration at the end where high power is requared consumed. In the
isometric phase, the energy defined by equattohd will be stored as represented in green in
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Figure6.7. This stored energks will be returned to the system when needed. At the end of the
period, between tim& — TsandT, the energy available is that produced by the actuator,wikic
I'w(T = Ts) (android green) plus the stored eneiy(green) (see Figuré.?). It is to be noted
that during a complete cycle, the stored and re-used eneugylme equal to minimize lost energy.

P
P " """°"°"""7"777777777
B Stored Energy
Re-used Energy >
I:)avg

. >
Time (sec) Ts T

Figure 6.7 —Schematic diagram of power consumption with storage duria@r part of the time and then
released during a short phase with high power demands

In Figure6.7, the instantaneous available power provided by the aatfatol ' w is assumed to
be constant during normal working mode, and available atiamg. This can be determined
based on the energy balance equattg)(such that:

IMoTp

o0l = -7,

(6.11)

Now, for a known energetic consumption|bt)é(t)| corresponding to Figuré.7, the required
actuator torque can be calculated as:

_ IM®omIT - T

r
m wlp

(6.12)

It may be noted that the design of the actuator is done on this bhaverage poweP(g)
required and not on maximum powd?(,,) required. In this case, thefterence in actuator size
is significant compared to that if it was designed for maxinpower.

6.4.2 Generalization of Storage Function

During bipedal walking, the required joint torque is norimalot constant and varies between
minimum and maximum values. The power requirements of & joimost common case is
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shown in Figures.8. It is based on the hypothesis of cyclic motion and the enstgrage phase

is assumed to be at the end of the step. Generally, during pletartycle, the maximum power is
required for a short period of time. It is important to notattthe presence of energy storage
phase T — Ts) reduces the maximum power that the actuator must produweolitput poweP,

for the design of actuators is less thap,,, but the energy lost (brown area) is not zero. Motor
design is done in such a way to ensure that the stored eneggn(grea) is used when the energy
can not be made available directly by the hydraulic actustastages of high demand, a part of
energy is supplied directly by the actuator (android greea)aand the rest of the energy is
recovered from the stored energy (aqua blue area). Theceuwfahe aqua blue area (re-used
energy) is equal to the surface of the green zone (storedyner

P
e m Stored Ener
Re-used Eng%/gy
m Lost Energy
I:)avg

Time(sec) (T-Ts) T

Figure 6.8 —Schematic diagram of power consumption with storage atrideoéthe cycle

For a given trajectory of the actuated joints, which may amisometric phase® & 0), the
minimum power of the actuatd? = I',w should satisfy:

PT, = f ' max0, [T(t)a(t)|/p — P)dt (6.13)
0

Equation 6.13 gives equality between stored (green area) and re-used (@dge area) energy
presented in Figuré.8. One can easily verify that this general formulation ddssiwell the two
special cases initially described. In case where there garage of energy theh, = 0 and the
equation 6.13 can be written as:

P = max|T()(t)l/p) (6.14)

For a very special case in Figuge/, where energy storage is active fram 0 tot = T, and
IT(t)6(t)| is constant during the time= T — Ty, the integral becomes:
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T

i
fo max0. [CHI)l/p - P)ct = fT max0. [COI)I/p - P)dt = (T - TYIFBADI/p - (T — TP
) (6.15)

The above equation can be solved Rosuch that:

(T-Ty

P=
T

Iraml/e (6.16)

6.4.3 Optimization Criterion of Hydraulic Actuators with E nergy Storage

The criterion used in the optimization algorithm is basedheactuators energy. It is used to
optimize the trajectory, which minimizes the actuatdismt to take one stepe. cover a distance
d for a motion on a half cycle of duratioh. Equation 6.17) shows energy optimization criterion
for a biped with electric actuators. Its calculation is lther the definition of cyclic gait
trajectory, which is repeated every walking step. Thersfonly one cyclic step will be optimized
and its energetic cost will be calculated.

i
Ce= fo TOMOOI (6.17)

WhereCk is the objective function to minimizé&, is the vector of joint torques, arétrepresents
the joints velocity vector.

The biped HYDROID studied in this chapter is equipped withlF& The electric motor of the
hydraulic actuator driving the micro hydraulic pump runga&bnstant angular velocity to provide
required power at a link. It should provide all the time theximaum instantaneous power
required by the link. When the required power is less thanimam, the rest of the energy is lost.
The motor consumption in this case is based on the maximu@nitaseous power required.
Therefore, the optimization criterion for the studied hipathout energy storage can be
expressed as:

1< :
Crex = g 2 (M OGONT) (6.18)

WhereT is the joint torque; is the angular joint velocity of link, d is the distance traveled in
one step] is the duration of the step, amds the number of joints of the biped. The above
criterion is valid for any biped equipped with classical hydlic actuators driven by electric
motors running at constant angular velocity.

In case of energy storage, it can be shown that the energybysbe electric motor driving the
micro pump is given by the following criterion:

Cs = min(%P T) (6.19)

under the following constraint
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PiTis = f ' max(0, [Ti(t)6 (t)] - Py)ct (6.20)
0

WhereP; is the motor power of joint, P = [Py, ..., Py] , T is step time and;s is the time for
which the articulation was locked and energy was stored.

The objective is to minimize the optimization criteri@g by finding the optimal values of
optimization parameters, under non-linear constraints, and polynomial functionegmre four
as basis of motion. The optimization problem is formulatedoiows

{ Minimize Cs(Xo) (6.21)

Subjectto gj(Xp) <0,j=1,2,.....,1

WhereCg(Xo) is the objective function to minimize withconstraintgy;(Xo) < O to satisfy.

6.5 Conclusion

In this chapter, a classical piston-cylinder type hyd@attuator was presented and its working
principle was explained. Then a more complex newly desigmiegrated electro-hydraulic
actuator was introduced and its advantages over its cqartsiwere enlisted. Berent parts of
the IEHA were detailed with the help of schematic and CAD dhags and their working was
explained. The energy storage capabilities of IEHA werdaep and its dferent working
modes (nhormal mode and energy storage mode) were disciseatly, mathematical
expressions for energy balance in hydraulic actuators developed, and a generalized
expression of the power produced by the actuator by usingribegy storage function during
working cycle was proposed. Furthermore, optimizatiotedion for hydraulic actuators with
storage function was presented.
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7.1 Introduction

In previous chapter, hydraulic actuators were presentdcapecial type of Integrated
Electro-Hydraulic Actuator (IEHA) was introduced. Eneggrage in IEHA and dierent

working modes were also explained. In this chapter, energects of hydraulic actuators and
energy storage will be studied orfidirent walking gaits of a bipedal robot. The goal is to develop
a number of methodologies for this specific actuator thdtimiprove the energeticfiéciency of

the studied biped during walking. This chapter is dedicabd&HA, therefore, &ects of springs

on bipedal walking will not be covered.

The objective of the study is to compare the performance eékacking and energy storage on
different walking gaits. The performance criterion used in¢hapter to compare fiierent gaits

is based on actuators energy and i$aedtent from that used in chapt®r To compare performance
of the gaits, optimal walking gait trajectories will be geaied for gait types 2 and 3. Gait type 1
will not be studied in this chapter due to its high walkingtcarsd resemblance with gait type 2.

Simulation results obtained from optimization algorithon €ach type of gait will be presented at
different walking speeds.flects of knee locking and energy storage on consumption ofgne
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during walking of diferent cyclic walking gaits will then be compared. Similadffects of
walking speed on step length, time, CoG, ground reactiarefband other parameters will also be
discussed.

7.2 Studies Carried out

Different types of studies will be carried out on both walkingggsiudied in this chapter to
analyze the energetic performance of the biped. A numbeifigrdnt methodologies used to
improve energetic performance during walking are:

case A. The robot trajectories are optimized and energetic costadifing is calculated without
knee locking.

case B. Support knee is locked at impact and remains locked duri@gttire single support
phase.

case B1.Stance knee is locked without possibility of energy storage locking angle
(B) is optimized along with trajectory optimization.

case B2.Stance knee is locked with possibility to store energy wiceh be used during
swing phase angBj is optimized along with trajectory optimization.

case B3.Based on the numerical values obtained in d8ga constant value ¢f is
selected and then the gait is optimized.

7.3 Optimization of Walking Gait with Impact

The walking gait with impulsive impacts is the gait type 2g@eted in sectio.3.2 A cubic
spline function with one intermediate passage point is tsg@nerate walking gait trajectories.
All the optimization constraints and optimization varieblpresented earlier for gait type 2 apply
to this gait as well. The only change is the optimizationesri@n which is calculated considering
hydraulic actuators.

7.3.1 Simulation Results

In this section, simulation results for walking gait types2¢ sectio.3.2 with hydraulic
actuators will be presented. A number of walking gait tregdes at ditferent walking speeds will
be generated and optimized using reference trajectoryrgme and optimization techniques
presented earlier. Simulation results for walking speddsm/s will be presented and then the
effects of diterent studies (see secti@r) will be compared. Energy consumption during
walking, and other parameters like gait trajectory, ZMPEGmmd ground reaction forces etc will
also be discussed and compared.

Figure7.1shows a walking step stick diagram of the biped under stueyaiting speed of 0.5
m/sec for all studied cases. It can be observed that the stgfhlenapproximately the same in all
four cases. The posture and joint trajectory of basic robet Figure’.1(a) is largely diferent
than that of other three cases with support knee locked. @ déerence in the height of foot 2
during swing phase can be observed.

Figure7.2(a)presents the comparison of criteria curves as a functioretking speed for all
studied cases. Simulation results show that the nféstt®/e method to reduce energy
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(a) Basic Robot (b) storage OFF3 optimized

(c) storage ONB optimized (d) storage ONB constant

Figure 7.1 —Walking step of the biped for all cases at 0.5BT

consumption during walking is to lock the support knee jostdre energy during lock phase and
re-utilize the stored energy when needed. It shows thatgtim@ation criterion is significantly
reduced after storing energy during the knee locking and téesing during the swing phase.
Energy is also reduced when the support knee is locked witheergy storing mechanism.
Since, energy consumption of knee joint is zero while in istia position, and the hydraulic
actuator consume no energy while locked, therefore, netugoption during walking is reduced.
In the case where knee is locked without storing energy, theeprequirements are calculated
based on the swing knee, which consumes less power compesagport knee. In cad&?

where storage is ON and knee locking angis optimized, and cad®3 with storage ON ang
constant, the criteria curves have almost same valueslfealding speeds. Therefore it is
possible to lock support knee at a constant value for altdwaélking gait trajectories.

Percentage savings of selected criterion is given in Figuzé) It shows that only knee locking
is the least ffective method to save energy during bipedal walking. Thegrgage saving in case
B1is directly proportional to walking speed. In other two B8 andB3 with storage ON,
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percentage economy decreases at the start, increasesniidiiie range of walking speeds and
then decreases again at high walking speeds. Maximum esawyyg of about 60 % can be
achieved at high walking speeds between 1.0 to JYskm
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Figure 7.2 —Value of criterion and percentage savings as a function tKim@speed for gait type 2

Figure7.3gives the evolutions of maximum power required at knee joirthe robot as a
function of walking speed. These are the values of motor pogguired to generate maximum
joint torque required to follow reference trajectory of ayelic step. It is observed that the
magnitude of maximum motor power in cag&3andB3 is drastically reduced. Consequently,
energy consumed by the biped during walking is also sigmifigaeduced, which is clear from
criteria curves in Figur&.2(a) Both curves are almost identical, which means that a cohsta
value of knee locking angle exists for complete range of walking speeds. However, flezEs
of knee locking without taking into consideration the eryestprage, are less significant
compared to those of knee locking with energy storage.

Figure7.4(a)shows the step duration as a function of walking speed fdrtgae 2 for all studied
cases, while Figur@é.4(b)presents the length of step for all studied cases as a funatiovalking
speed. It is deduced that step duration is inversely prapwtto walking speed while step length

is directly proportional to it. Similar types of curves wexiso found in chaptes for all three
studies walking gaits.

In all cases where the support knee is locked (cBdesB2, andB3) just before impact, an
impulsive reaction appears on the support knee joint. EigLFgives the value of this impulsive
reaction on the knee joint atftierent walking speeds for gait type 2. It is noted that the iisipe
reaction on knee is unilateral and is directly proportidnalalking speed.

Figure7.6 presents the impulsive impact forces on foot 2 (the foothgthe ground) of the
studied biped at dlierent walking speeds. The tangential and normal compopéttie impulsive
reaction represented by andl,y are presented in Figur&@s6(a)and7.6(b)respectively. It
shows that these forces are unidirectional and directlpgreonal to walking speed.

Figure7.7 gives the evolution of joint’s torque of gait type 2 at walispeed of 0.5 risec for
studies of basic robot, and all cases with knee locked amdgddOFF and ON. It shows that



7.3. Optimization of Walking Gait with Impact 131

Case A
S0l o caseBl
% Case B2
—~ Case B3
g 40t >
(2]
>
2 30t
(@]
a
S
) L
3 20
3
= 10

1 1 J

0.2 0.4 0.6 0.8 1 1.2 1.4
Walking Speed (m/sec)

Figure 7.3 —Knee power as a function of walk speed for gait type 2
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Figure 7.4 —Evolution of step durationT() and step lengthd) as a functions of walking speed for gait type
2

support hip torquel() is significantly reduced in all cases with knee locked. Tesjof all other
joints are also considerabblay reduced. It is to be notadathint torques during the step are
below the maximum allowable limits. Results show that theagvioot torquesI(s, I's,I') in all
studied cases are less important than that of support fowit tbrques are significantly reduced
when the support knee is locked with or without storing epésge Figureg.7(b) 7.7(c) and
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Figure 7.5 —Knee impact k) as a functions of walking speed for gait type 2
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Figure 7.6 —Foot impulsive reactionl{) as a functions of walking speed for gait type 2

7.7(d).

Figure7.8presents the amplitude of knee locking angkes a function of walking speed for gait
type 2. It shows thak is zero at slow walking speeds for both cases, and varieslest®ero and
3 degrees for cad®l, and between zero and 1.5 degrees for &&tor walking speeds above
0.45 misec. Based on these results, an average val@e-dl° is selected to reduce the
optimization parameters in caBa.

Figure7.9shows the evolution of relative joint positions as a functd time of gait type 2 at
walking speed of 0.5 yfsec. These results are for a cyclic step of a bipedal robbtsuvipport
knee locked and the possibility to activate or deactivagectinergy storage function. In all cases
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Figure 7.7 —Joint torques of gait type 2 for fierent studied cases at walking speed of 0/Sem
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Figure 7.8 —Knee locking angled) as a functions of walking speed for gait type 2

with knee locked, a significant reduction in both hips an@¢desandé,) can be observed in
Figures7.9(b) 7.9(c) and7.9(d) It also shows that support knee angle is constant during the
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entire walking step.
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Figure 7.9 —Evolution of joint positions of gait type 2 at walking spedddb nysec

Evolution of joint angular velocities of gait type 2 with kaécked at walking speed of 0.5sec
is given in Figure7.1Q It is clear from results that the support knee angular \igl@g is zero
during the entire single support phase, which confirms tieknee is locked during the entire
walking step. It also shows that amplitude of joint velaastis significantly reduced by locking
the support knee. Since the optimization criterion is basethe product of joints torque and
velocity, therefore, reduction in magnitudes of joint \@ties resulted in reduced net criterion
during walking.

Evolution of normal component of the ground reaction fornestance foot at 0.5 feec is
presented in Figuré.11(a)for all studied cases. It shows that the vertical compongtiiten
ground reaction force is always positive for all cases.doahows that the constraint of
no-take-dt is well satisfied. It was also observed that neither the shapéhe amplitude is
significantly modified when the support knee joint is lockidrmal ground reaction for cases
B2 andB3 have identical curves, which represents that fi@ritas no &ect on it.

Evolution of no-slipping constraint as a function of stepation of gait type 2 is presented in
Figure7.11(b)at walking speeds of 0.5 fsec. The calculated value of ratio of tangential force
versus normal force should always be less than the maximlomadle limit. In present results,
this value is significantly lower than limit, which was fixetl9. It can be said that a value of
u = 0.3 would be sficient for the biped to follow the optimized trajectory. Irhet words, the
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Figure 7.10 —Evolution of joint velocities of gait type 2 at walking speefd0.5 nysec
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biped will not slip and walk successfully even if the friatibetween feet and the ground is less
than the designed value. Results also show that selectiogsaant value g8 has negligible

effects on the constraint.

Figure7.12presents the evolution of ZMP and the vertical position o6Gs a function of its
horizontal position for walking gait type 2 at 0.ZsBc. Simulation results show in Figufel2(a)
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show that for all studies, ZMP is always inside the suppolygan. It also shows that ZMP has
low amplitudes and is just below the ankle axis of the footmythe entire walking step. It is
also observed that all the cases with knee locked have |loatiar of ZMP during a step
compared to basic robot. Compared to results in chdpfeee figures.33(a), the ZMP has very
less variation and is shifted towards the center of the foot.
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Figure 7.12 —Evolution of ZMP and CoG of gait type 2 at 0.5sBcC

Evolution of CoG of the studied biped during a walking steprissented in Figuré.12(b) Itis
observed that activation of storage function or knee lagkiave no significantféects on the
position of CoG of the robot. Therefore, reduction in conption of total energy during walking
is the result of &ects of knee locking and energy storage.

7.3.2 Summary of Gait Type 2

In this section, walking gait trajectories of a seven-li&mar biped equipped with integrated
electro-hydraulic actuators were studied under twitedent methodologies, first by locking the
support knee without possibility of storing energy, secbpdiocking the knee with possibility to
store energy. It was concluded that the energy consumptiamiped during walking is
significantly reduced by locking the support knee duringeghgre single support phase. It was
also observed that additional energy can be saved by adagossibility to store energy while
knee joint is locked.

It was concluded that it is possible to lock support knee atrestant locking angles] for all
possible walking gait trajectories without significantljeeting the energeticfiéciency of the
biped. The duration of step is inversely proportional tokived speed, and step length, impulsive
reaction force of the ground on the foot, and impulsive rieaadf knee joint are directly
proportional to it.

Although optimization criterion in chapter 5 isffrent than that used in this chapter, a number of
parameters can still be compared to highlight tiiecs of diferent criteria on bipedal waking

gait type 2. It is observed that joint torques are signifisaincreased with respect to that found

in chapter 5 for the same type of gait at the same walking spe®d is because the criterion in
chapter 5 minimizes the square of joint torques while thalis chapter minimizes the actuators
energy (product of joint’s torque and angular velocity).oftmer significant dference is that the
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impulsive reaction on support knee joint is largely incezhfr the second criterion used in this
chapter. Finally, the shape of curves of vertical reactmnds is largely dferent in all cases than
that of the same gait in chapter 5 optimized using criteriasell on joint torques.

It is deduced from simulation results of gait type 2 that gipyg these strategies will significantly
improve the energeticiciency as well as autonomy of the studied biped. In persgeofithis

study, the next step is to explore thigeets these strategies on gait type 3, which is more complex
and composed of single and double support phases withantatifeet during double support
phase.

7.4 Optimization of Walking Gait with Double Support

The walking gait with impulsive impacts and double suppbidses is the gait type 3 presented in
section3.3.3 The studies carried out on this gait are listed in secti@except the case B3.

Walking gait trajectory for gait type 3 is generated andmojated in two parts. In first part,
reference joint trajectory during double support phaseisegated by a cubic spline having two
nodes. In second part, joint trajectory during single supploase is generated using cubic spline
function with on intermediate point. All constraints andiopzation parameters enlisted before
for gait type 3 apply to this gait as well. The onlyffdirence is the optimization criterion used.

7.4.1 Simulation Results

A number of gait trajectories atfiierent walking speeds were generated and optimized using
reference trajectory generation and optimization tealsgpresented earlier. In this section,
simulation results for walking gait type 3 with hydraulidaators will be presented at walking
speeds of Pm/s. The dfects of knee locking and energy storage function on energeti
consumption of a biped during walking will be compared. gedic dficiency during walking
and other parameters like gait trajectory, ZMP, CoG, andiguaeaction forces etc will also be
discussed and compared affeient walking speeds.

(a) basic robot (b) storage OFF (c) storage ON

Figure 7.13 —Walking step of the biped for all studies cases at 1/@amfor gait type 3

Figure7.13shows the stick diagram of a walking step for the biped at inglkpeed of 1.2 risec
(4.3 Knyh) in all studied cases. It is observed that gait trajecsosfecases with knee locked are
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slightly different from that of basic case particularly the torso is slygleaned forward.

Previously, for gait type 2 in sectioh3.1], the visual impression of the gait was that the amplitude
of height of swing foot is very low during entire swing pha§antrary to results of gait type 2,

the amplitude of height of swing foot during entire swing gl increased during a walking step
for gait type 3. It means that by introducing finite double o phase, walking step is improved
and the gait more is anthropomorphic and close to human mglki

Figure7.14(a)presents the comparison of criteria curves as a functiorating speed for all
studied cases. Simulation results for gait type 3 show thdtas to gait type 3 in chapter 5, knee
locking is not éfective and energetidigciency during walking is decreased compared to that of
basic robot. In chapter 5, the over-consumption in case e kocking was increasing with
increase of walking speed while in this chapter, the oversomption is almost constant at about
15% for all walking speeds. The consumption of energy of walks reduced by activating the
energy storage function on the support knee while it is |dakering the entire single support
phase. The stored energy is re-used when needed partyodiaithg swing phase. Energetic
efficiency of the biped is slightly improved only at high walkiggeeds (above 1.0/s®ec) where
about 10% of walking cost can be saved. It is to be noted thatadable walking speed (speed
at which energy consumption is minimum) for human walkingrisund 1.4 rfsec.
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Figure 7.14 —Value of criterion and percentage savings as a function timgspeed for gait type 3

Figure7.14(b)gives the evolution of percentage economy as a function timgspeed for case
B1 where support knee was locked without storing energy anelBasvhere knee was locked
with storage function ON and locking angdevas optimized. It shows that consumption of
energy during walking is slightly reduced by locking the gog knee and storing the energy
during the entire single support phase. Up to 10% reductiovailking cost is observed at high
walking speeds. However, the optimized criterion of knexkilog without storing energy is
always higher than that of basic robot. The percentage texiuis less important than that
obtained for gait type 2. It is therefore concluded from dattion results, that the best option to
reduce bipedal walking cost is to lock the support knee dt tiglking speeds and store energy
for later use.

Figure7.15shows the duration and length of step as a function of walkpegd for gait type 3
for all studied cases. It shows that the duration of stepedesas and the step length increases as



7.4. Optimization of Walking Gait with Double Support 139

walking speed increases. It is concluded that knee lockialgaativating or deactivating storage
function have negligibleféects on step length and time. The curves in cases B1 and B2 are
superposed, gait trajectories are identical except at Is@égvand the criterion in case B2 is lower
than that of B1 due to the storage of energy.
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Figure 7.15 —Evolution of duration of stepT{) and step lengthd) as a functions of walking speed for gait
type 3

Figure7.16gives the value of impulsive reaction on the knee joint &edent walking speeds for
gait type 3. It is noted that impulsive reaction on suppogejoint is unilateral, and is directly
proportional to walking speed. Similar results were olgdifor gait type 2 with significantly
high amplitudes of impulsive reaction forces. Both curvesamost superposed.
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Figure 7.16 —Knee impact k) as a functions of walking speed for gait type 3

As there is no impact on the heel of the front foot, there arsmpulsive reaction forces neither
on heel of front foot nor on toe of rear foot. An impulsive incp&oe impact see Figui&7)
occurs when the front foot touches the ground with flat cdntéigure7.17presents the
impulsive impact forcé, ;s on the front foot of the biped at fierent walking speeds. It is the
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impulsive force on front foot at the end of double and stadin§le support phase. The tangential
and normal component of the impulsive reaction represemtédss andl,iss are presented in
Figures7.17(a)and7.17(b)respectively. It shows that for all studied cases, the tatigleand
normal components of the impulsive reaction are unidioaei. In case of basic robot (ca&é,

the impulsive reaction force has very low magnitudes antm®st constant on complete range of
walking speeds. In cases where stance knee is locked duniing single support phase,
impulsive reactions increase with increase in walking dp@éese forces are significantly high at
high walking speeds, which is the cause of high magnitudésso$elected criterion in all cases
with knee locked.
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Figure 7.17 —Foot impulsive reactionl{;sg on front foot at toe impact as a functions of walking speed fo
gait type 3

Figure7.18presents the amplitude of knee locking angkes a function of walking speed for gait
type 3. It shows thak varies between 7.5 and 8.5 degrees, and for most of the wjadki@eds it is
around 8.0 degree for all studied cases. Thus, based onrtsgts, an average value®tan be
selected for knee locking to reduce optimization pararsetecase.

Figure7.19presents the evolution of joint torques of gait type 3 at wagjlspeed of 1.2 iisec for
studies of basic robot, and all cases with knee locked amdggdOFF or ON. Discontinuities in
joint torques at toe impact are clearly visible in the figurke results show that all joint torques
during the entire step are far below the maximum allowalbhité described by the constraint
equation 4.26. Results show that joint torques during double supporselzand at at the
beginning of the single support phase are relatively highmared to that during rest of the the
single support phase. It is also observed that the swingdoques [4,I's, I's) in all studied cases
are less important than that of support foot. Since the gg#dtories with storage OFF and ON
are same, only storage ON results are presented for sityplicicase with support knee locked
(see Figure3.19(b), stance knee torqué& and stance ankle torquig during double support
phase are significantly reduced.

Evolution of relative joint positions as a function of timar fgait type 3 at walking speed of 1.2
my/sec is presented in Figure2Q These results are for a cyclic step of a bipedal robot with
support knee locked during entire single support phasetegddssibility to store energy. In case
of basic robot, the knee joint angle has high variationsctvinesulted in high values of
optimization criterion when it was locked.
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Figure 7.18 —Knee locking anglg in caseB2 as a functions of walking speed for gait type 3
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Figure 7.19 —Evolution of joint torques of gait type 3 at walking speed d@rh/sec T'1,12,T'3 are the
support ankle, knee and hip torques, &adl's, I's are the swing hip, knee, and ankle torques

Evolution of joint angular velocities of gait type 3 at walkji speed of 1.2 ysec is given in Figure
7.21 ltis clear from results that the support knee angular \i8l@ is zero during the entire
single support phase, which confirms that the knee is lockeidglthe entire single support
phase. It also shows that amplitude of swing hip velocisesgnificantly high compared to other
joints. This is because that the swing leg has to move fromtogf@rward position.

Evolution of normal component of the ground reaction foroéoth feet of the biped at 1.2/sec
during a walking step is presented in Figur@2for all studied cases. Figui®&22(a)shows that
the vertical component of the ground reaction force on stdnat is always positive for all cases.
It also shows that the constraint of no-taki&is well satisfied. It is observed that the shape and
magnitude of ground reaction on front foot during doublemarpphase is significantly modified
after locking the knee. However, the amplitude during srsglpport phase is slightly modified. It
is observed that shape of curves of reaction force reserttigdstter "M" during single support
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Figure 7.20 —Evolution of joint positions of gait type 3 at walking speeld102 nysec. 61, 6,, 63 are the
support ankle, knee and hip angles, @ads, 65 are the swing hip, knee, and ankle angles
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Figure 7.21 —Evolution of joint velocities of gait type 3 at walking speefil.2 nysec. The subscript 1,2,3
represents stance ankle, knee, hip while 4,5,6 represeirg kip, knee, and ankle

phase. The "M" shaped curve of vertical component of groeadtron forces during walking has
been found in a number of bio-mechanical studies on humakingg]127, 22, 95].
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Figure 7.22 —Evolution of vertical reaction force on feet for gait type t31a2 mysec. The horizontal red
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Evolution of normal component of the ground reaction forneear foot (foot 2) at 1.2 ysec is
presented in Figuré.22(b)for all studied cases. It shows that the vertical compongtiteo
ground reaction force is always positive and the constdinb-take-df is well satisfied during
double support phase for all cases. For both feet, reactime fcurves in cases B1 and B2 are
superposed.

The evolution of ratio of tangential reaction force to nohfieace (no-slipping constraint) during
a walking step of gait type 3 is presented in Figurg3(a)at walking speeds of 1.2 fsec. This
constraint is given by equatiod.(L7). The value ofu should always be less than the maximum
allowable limit represented by the red dotted line, whicthescase in simulation results
presented in Figuré.23(a) It shows that the ratio between tangential and normal fsrce
significantly less than the maximum limit, which means thatlbiped will not slip even if there
are small variations in the friction between floor and foott@ biped. This ratio is higher
particularly during double support phase when the kneecisdd than for the basic gait.
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Figure 7.23 —Evolution of no-slipping and ZMP constraint of gait type 3la2 nysec. The horizontal red
dotted line shows the limit of cdiécient of frictionu in (a)

An important criterion which must be satisfied in bipedalkird is the position of Zero Moment
Point (ZMP), which should remain in the support polygon dgnvalking. This constraint is
presented in Figuré.23(b)for walking gait type 3 at walking speeds of 1.2s@c. Simulation
results show that for all studied cases, ZMP is always ingidesupport polygon. It also shows
that ZMP moves towards heel of the foot till mid-swing andtineoves back towards toe as the
biped advances forward and the weigh of the biped is shitiedldrd. Here, negative and positive
sign represents the position of ZMP towards the heel andftteedoot respectively.

Figure7.24presents the evolution of vertical position of CoG as a fiamcof its horizontal
position at walking speed of 1.2/s®c. It is observed that knee locking and storage functiga ha
no significant &ects on the position of CoG of the robot. The CoG of cases BlB2wre
superposed.

Duration of double support phaSels, in percentage of total time of a step is given in Figdr25
as a function of walking speed for all studied cases. It shtbasT ds, decreases with increase in
walking speed, which allows the robot to have more time dusingle support phase to take
longer step (see Figuiel19). It can also be observed thkts, varies between 12% and 14% for
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Figure 7.24 —Evolution of CoG of gait type 3 at 1.2 fsec

basic robot in casA, and varies between 10% and 20% for all other cases with kioded.
Studies in bio-mechanics show that duration of double sugb@se is around 20% in human
walking and decreases with increase in walking velocityl timt double support phase disappears
and the walking changes into runninlf, 65, 121].
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Figure 7.25 —Duration of double support phase in percentage of total tfretep as a function of walking
speed for gait type 3

7.4.2 Comparison of Gait Types 2 and 3

Two different types of walking gaits were presented in this chaptes.dtects of knee locking
and energy storage were also discussed on walking gaittoajes of these two bipedal walking
gaits. Figurer.26presents the comparison of selected criterion as a funofiaralking speed for
basic robot and knee locked with storage ON cases. It cans®\add that in all cases the value
of selected criterion during a walking step for gait type Significantly higher than that of gait
type 2 at all walking speeds. High magnitudes of selecteadravn of gait type 3 is due to a
number of diferences like introduction of finite double support phas@aatless landing of the
front foot at heel contact (beginning of the double suppbese), and an impulsive impact on toe
of the front foot at the end of the double support phase.
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Figure 7.26 —Comparison of criteria of gait types 2 and 3 dtelient walking speeds

7.5 Conclusion

The work presented in this chapter is based on the use of lijcleectuators, and the goal is to
reduce the overall energy consumption of a humanoid robatglwalking. A set of optimal
walking gait trajectories were generated using paramepiignization algorithm for a biped
equipped with hydraulic actuators. Twdldirent types of walking gaits were studied, one with
instantaneous double support and impulsive impact, arzhsleeith finite double support phase,
impactless first contact of the swing foot on its heel, andhgpuilsive impact on its toe at the end
of double support phase. Energetiteets of knee locking without possibility to store energy,
storage function ON, and storage function OFF were explorbd simulation results were then
compared with that of basic biped. The main focus of the stualyto economize the energy
consumption of a bipedal robot during walking by exploitdifferent characteristics of
integrated elector-hydraulic actuators (IEHA).

It is concluded from the simulation results that energeficiency of the studied biped during
walking is significantly improved by locking the support lenguring the entire single support
phase for gait type 2. Consumption of energy is further redusy activating the energy storage
function of the IEHA, and storing the energy in a reservoithia form of hydraulic pressure. The
stored energy is then re-used when needed particularipglswing phase. Moreover, the high
power producing characteristics of hydraulic actuatdmato select a small electric motor that
reduces the total mass of the biped and hence the energstiofamalking. However, knee
locking was not &ective for gait type 3 and the energy consumption was inegkagter locking
the knee. After activation the energy storage function &t type 3, energeticficiency was
slightly improved at high walking speeds. It is thereforadaded that gait type 3 is not suitable
for knee locking but it is more realistic and human like. Sanresults of knee locking were also
found in chapter 5 for gait type 3.

It is also observed that the support knee can be fixed at aartnatlue for all walking speeds
without significantly &ecting the energeticiciency of the biped. This reduces the number of
optimization parameters by one, and the algorithm congergjatively fast. Finally, optimization
criteria of walking gait types 2 and 3 were compared. It wamtbthat the selected criterion for
gait type 3 is significantly higher than that of gait type 2 &lrwalking speeds. The increased
cost of walking is because of the finite double support phagdijrst impactless contact of heel of
the front foot, and the presence of second impact on toe dfanéfoot at the end of the double
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support phase. In chapter 5, it was observed that energyiogri®n of impactless gait (type 1) is
significantly high compared to other two gaits. Gait type 3\ess costly than gait type 2 at high
walking speeds for criterion of chapter 5 and is more codtigha time for the criterion in this
chapter. It is to be noted that criteria in chapter 5 and 7 atéhe same and can not be compared
with each other. Although walking gait type 3 is more costlis more realistic and closer to

human walking.



Conclusion and Perspectives

8.1 Conclusion

This thesis addressed to some extent the problem of enengyeption of a planar biped during
walking. A number of diterent strategies were proposed to minimize the selectetion during
a walking step. To apply these strategies and study tffeicts on walking gait, a seven link
planar biped was presented with twdfdrent types of actuators. One with classical electric
actuators and second with newly designed integrated hydetrieal actuators. In the first part of
the study, &ects of knee locking and torsional springs were studied edgfmed performance
criterion during walking of the biped with electric actuetoThe same biped with hydraulic
actuators was studied in the second part of the present Whekintegrated electro-hydraulic
actuator is capable of storing energy and lock the joint gtpasition by consuming no energy or
negligible energy. Eects of knee locking and energy storage on the selectedicnteere
studied.

General introduction of the subject and organization ofthiesis were presented in chapier
Human walking and its dlierent statistics were presented in chagtdfurthermore, dierent
phases and events occurring during a complete cycle of hwaking gait were discussed and
terminologies used to describe human gait were presentedtwio major phasestance phase
andswing phasgand their sub-phases were explained in detail. Moreowbgtrlocomotion was
discussed, and then human walking was compared to bipedikihgaA relationship between
these two was also establishedffBrent characteristics of the biped required to be able to
efficiently undergo a walking step were enlisted. Furtherma@iterion to compare energetic
performance of dferent machines was presented. A number of energy recovprgaghes used
to improve energeticfiéciency of a biped during walking were also presented andudesed in
detail. Hfects of springs, knee locking, and knee joint design on etiergficiency and stability
of walking gait were discussed. Towards the end of chaptdifferent methods used in present
study to improve energetic performance of bipedal walkirgerpresented.

Chapter3 was dedicated to presentation and modeling of the studptibiThe geometric and
inertial parameters of the biped were presented and itsdign@odel was formulated using the
Lagrange method. The dynamic model in single support pliasdle support phase, and in
general case was developed depending Gierdint phases of studied walking gaits. The impact
model for a seven link bipedal robot was developed, afiémint possible solutions of foot
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contact with the ground just after impact were discussed.elher, the dynamic model was
extended to incorporate thé&ects of adding springs in parallel with the existing actustand
the locking of the knee joint. Furthermoreflérent walking gait types with or without impact,
and with or without double support phase were defined.

To identify the advantages and energeftteets associated with the proposed strategies to
improve the energetidiciency of a biped, a parametric optimization method to gatieevalking
gait trajectories for a planar biped was presented in Chdptifferent functions used to
generate reference walking trajectories were introdu€eajectory generation for all studied
gaits was explained and optimization variables requiregktterate optimal gait trajectories for
these gaits were enlisted. Optimization criterion basepim's torque for electric actuators and
based on joint’s energy for hydraulic actuators was preserfio compare the performance of the
biped at diferent walking speeds, optimal walking gait trajectoriesergenerated for all walking
gaits. A set of constraints required to generate an optimatigajectory was presented. Finally,
different non-linear constrained optimization tools of MATLRR/ere explained and simulation
results for these optimization functions were compared.

Simulation results for the biped HYDROID with electric aatars were presented in chapfer
Optimal walking gait trajectories for each gait were getestas a function of time using cubic
spline functions. The cost of walking was calculated fortegait type using dferent strategies
proposed to improve energetiffieiency of the biped. For gait type 1, It was found that maximum
energetic #iciency during walking can be achieved by adding identicaitmal springs at the

hip joint and mechanically locking the knee. However, thexmaum attainable walking speed for
gait type 1 only was reduced to half because the joint vetxciwere saturated. The energetic
efficiency of locking the knee alone at low speeds and addinggponly to the knee or hip
joints was also noticeable. Implementation of these ensaging techniques to physical biped
will significantly improve the energetidigciency as well as the autonomy. Furthermore, it was
noted that the joint torques were lower in cases with spratdmth hip joints and support knee
joint locked. It is therefore possible to use a smaller gearith lower gear reduction ratio to
obtain high joint velocities while respecting the jointqaes limits. The reduction in size of the
gear box would consequently reduce the total mass of thellsipe thus the energy consumption
during walking.

Similarly, optimal walking gait trajectories were genedfor gait type 2 for both solution.,
adding torsional springs tofiierent joints of the biped, and mechanically locking the supp
knee joint. Gait type 2 has only single support phases andlsiye impacts, there is no finite
double support phase. Simulation results similar to thadftype 1 were found in terms of
criterion reduction and joint torques. Finally, it was otv&egl that, in contrast to gait type 1, the
biped’s joint velocities were not saturated and it was ablattain the same maximum walking
speed as were attained by a basic robot without springs agllkoking. The presence of
impulsive impacts at the end of each step allowed the bipattain high walking speeds even if
the support knee joint was locked. Moreover, as for gait tiymmaller motors and gear reduction
box can be installed to perform walking. This will result educed overall mass of the biped and
will therefore further reduce the consumption of energyirtyiwalking.

A third type of walking gait with single support phase, finiteuble support phase, and two
impacts one at heel and second at toe of the front foot wapatsented in chapté Reference
joint trajectory generation functions for both single amdibdle support phase were presented.



8.1. Conclusion 149

Stick diagram of a walking step of gait type 3 showed that h@ze close to human walking.
Simulation results of the selected performance criterfmw&d that significant reduction in
criterion can be achieved by adding springs tidedlent joints of the biped depending on their
mode of activation. However, identical springs on a paioaft and active during the entire step
(single and double support phases) were very l&sstive for all studied walking speeds.
Moreover, it was observed that impulsive reactions on hegleofront foot at heel impact were
almost zero, which were the result of zero landing velocitthe heel of front foot at impact.
Therefore, it was concluded that the only optimal solutimndait type 3 is the trajectory without
first impact. Consequently, the gait was modeled with zelociy of the heel touching the
ground to reduce the optimization parameter and improveeargence of the algorithm.
Similarly, impulsive reactions on toe of rear foot at heepaat and toe of front foot at toe impact
were significantly lower that those found for gait types 1 anth accordance to previous
research, ankle springs were onfjeetive at rear leg during double support phase, which help to
prepare for the next step and provide a thrust to move forward

Finally, criterion for all three studied gaits was compai@dbasic biped, biped with identical
torsional springs at both ankles joints, both knees joantsl, both hips joints. It was observed that
gait type 1 is the most energetically costly in all casefeéd by gait type 2 at high walking
speeds and gait type 3 at slow walking speeds. It was alsalfthat gait type 3 is more costly at
slow walking speeds and less costly at high walking speeatgpaced to gait type 2. The criteria
curves for these two gaits intersects at about €m According to studies in bio-mechanics,
the average human walking speed is about J/gem Hence, the studied biped has comfortable
walking speed (less energy consuming), which is largelgwé¢han that of human.

The second part of the present work is based on the study pealirobot with hydraulic
actuators capable of storing energy while the joint is loGlead reuse the stored energy when
needed. Hydraulic actuators were introduced in chap#ard working principal of a classical
hydraulic actuator was presented. Furthermore, a newiguled high performance Integrated
Electro-Hydraulic Actuator (IEHA) was presented and itgaattages over its counterparts were
enlisted. The simplified model of the actuator was preseatedvyorking of its diferent parts was
explained in detail. Moreover, flerent working modes of IEHA were elaborated and its energy
storage function, which is one of the main advantage of ttisedior was presented.
Mathematical expressions for energy balance in hydraaticadors were developed, and the
stored and available energy of a hydraulic actuator durifigrént working stages was calculated.
Finally, a number of cases of power consumption of an actutong its working cycle were
explained and calculation of the minimal power of the electrotor used in the hydraulic system
is proposed in case of energy storage.

Finally, a comprehensive study of energefiieets of hydraulic actuators and energy storage was
carried out in chapter on different walking gaits of a bipedal robot. A number of methodae
were presented to improve the energefitceency of the studied biped during walking. A set of
optimal walking gait trajectories were generated usingeatric optimization algorithm on a
robot equipped with hydraulic actuators. Twdtdrent types of walking gaits were studied.
Energetic éects of knee locking without possibility to store energgrage function ON, and
storage function OFF were explored and the simulation tesdre then compared with that of
basic robot. The main focus of the study was to economizerteegg consumption of a bipedal
robot during walking.



150 Chapter 8. Conclusion and Perspectives

It was concluded from the simulation results that energgficiency of a bipedal robot during
walking is significantly improved by locking the support lenguring entire single support phase
for gait types 2. Consumption of energy is further reduceddtjvating the energy storage
function, and storing the energy in a hydraulic reservothimform of hydraulic pressure. The
stored energy is then re-used when needed particularipgiswing phase. It was also observed
that the support knee can be fixed at a constant value for &lgaspeeds without significantly
affecting the energeticfiéciency of the biped. It was found that knee locking is néeetive for
gait type 3 and that storing energy is onfjeetive at high walking speeds. Finally, optimization
criteria of walking gait types 2 and 3 were compared, and & feand that gait type 3 is more
energetically costly for the studied criterion than gaey? for all walking speeds. The increased
cost of walking was because of the finite double support plzse landing velocity of the heel
touching the ground, and the impulsive impact on toe of tipedbi

The preset thesis presentedfeiient strategies, which can be used to improve the energetic
efficiency of a bipedal robot during walking. These strategietide, 1) study of fects of
torsional springs and support knee locking on the energguwoiption during walking, 2) study of
a new type of integrated electro-hydraulic actuator anceffeets of energy storage of this type of
actuator by locking the support knee joint, 3) study of thagkerent types of walking gaits

having impact and double support phase with heel takefdhe rear foot at heel impact of the
front foot. Practical implementation of the proposed teghas will solve to some extent the
issue of energy consumption of bipedal robots and henceowegheir autonomy. The total mass
of the biped will be reduced by selecting smaller gear box otamas well as small batteries for
equivalent autonomy. Consequently, the overall cost wab &e reduced.

8.2 Perspectives

In line with previous research, this study reinforces treaidf using passive joint finess to
improve energeticféciency of a biped especially on the hip joints in our case. e\®v, contrary
to previous work, ankle springs were ndieztive in our study. Hydraulic actuators were also
used to store energy and improve the performance of bipeal&livg. In perspective of this
study, a number of dierent studies can be done to explore thieas of springs, knee locking,
and hydraulic actuators on bipedal walking.

The first step would be to generate walking trajectories folaaar biped as close as possible to
human walking. This can be done by introducing rotation efdabthe rear foot during stance
phase. In bipedal walking, this toe rotation will result imecdegree of under-actuated system. It
is therefore not possible to freely define the behavior afreljoints. The problem of
under-actuation has been treated in a number of stuglied (]. The dfects of knee locking and
addition of torsional springs in parallel to the existinguators can be studied on this type of
walking gaits.

Secondly, the ffects of spring fiset or bias angle and the ankle springs with foot rotatiomdur
double support phase as well as during single support plredee@nergeticféciency of the
biped needs to be studied. In case of hydraulic actuatoganithm can be developed to share
the store energy between multiple actuators.

In present study, only identical springs were added to agiaame joints (both ankles, both
knees, both hips), the study can be extended to expiteete of diferent springs at tlierent
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joints simultaneously, for example springs can be addeldeair of knee joints and hip joints.

Keeping in view the energetidiects of torsional springs in parallel to the existing acitabn a
biped with electric actuators, it will be a good study to agdrggs to diferent joints of the biped
with hydraulic actuators. Apart from torsional springs arallel, series compression springs can
be added to dierent links of the biped structure to explore thefeets on energy consumption
during walking.

In present study, only support knee joint was locked to sthdydfects on energy consumption
during walking and store energy in case of hydraulic actgat®imilar to knee joint, locking of
other joints particularly support hip joint can be studiedrthermore, instead of locking the joint
during the entire single support phase, it can be lockethdwispecific portion of the single
support phase.

Finally, the study can be extended to generate walking ggédtories for 3D bipedal robots and
explore the &ects of springs on glierent joints in diferent planes for example in frontal or
traversal planes. Similarly, the idea of knee locking cao &le extended to other joints like hip
joint etc to minimize energy consumption. Moreovefeets of hydraulic actuators and energy
storage function can also be explored on energdiiciency of 3D bipedal walking.






Résumé Etendu en Francais

A.1 Introduction générale

Actuellement, la recherche sur les robots bipédes est Bgrsdjet le plus passionnant et fascinant
dans le domaine de la robotique. Le champ d’applicationa&stey tant pour I'industrie ainsi que
toute utilisation de la vie quotidienne, et beaucoup delgrabs scientifiques fliciles sont

encore ouvertes. Un travail important a été fait pour gérdas trajectoires de marche qui sont
anthropomorphique et aussi proche que possible de la maurhaine tout en étant
énergiquementficace et dynamiquement stabBi[88, 12§. Les chercheurs dans le domaine
de la robotique humanoide sont inspirés par la marche henediessaient de la reproduire pour
les robots bipedes. La recherche en biomécanigtielp 1, 2] montre que la marche humaine est
un processus de locomotion dans lequel le tronc érigé ettraopar une premiére jambe, puis
I'autre. Lorsque le tronc mobile passe au-dessus de la jaapeui, I'autre jambe est transférée
vers 'avant et se prépare pour sa prochaine phase d’appwidd ou l'autre est toujours en
contact sur le sol, et au cours de cette période, lorsqupuiatu corps est transféré de la jambe
arriere a la jambe d’avant, il y a une bréve période appeléasgde double appui”. Pendant la
phase de double appui, les deux pieds sont en contact aveld & Lorsque la vitesse de
marche augmente, ces périodes de double appui deviennerirghes jusqu’a ce qu’elles
disparaissent totalement et soient remplacés par de péviesles appelées "phase de vol" alors
gu’aucun le pied ne soit au sol. A ce moment, la marche delaerdurse. Les alternances
cycliques de la phase d’appui de chaque jambe et I'exist@nce phase de double appui lorsque
les deux pieds sont au sol sont des éléments essentiels dedaenUn pas cyclique de la marche
humaine est composé de deux phases principalese d’appuet phase de transfert

La notion de locomotion d’'un robot englobe diverses méthaple permettent a des robots de se
déplacer géographiqguement d’'un endroit a un autre. On petinglier deux catégories
principales, ldocomotion a rouegt lalocomotion a pattes.es robots a roues sont couramment
utilisés pour transporter des charges tels que PatrolBet pt PowerBot 3] et a des fins
d’exploration des planetes comme Roveéd][ Actuellement, les robots a pattes sont
généralement utilisés a des fins de recherche en laboratoitans 'industrie du divertissement.
Des exemples typiques de robots a pattes comprennentda-i#éR (9, 68], ASIMO de Honda
[97], NAO de Aldebran robotiquedl], BidDog, RISE et RHex de Boston Dynamidsy| 17, 16]
etc.
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En termes d’dicacité énergétique sur des surfaces planes, des robotesxsont les plus
efficaces. Cela est dd au fait que pour un roulement idéal nosaglisla roue ne perd pas
d’énergie (en négligeant les pertes par frottement). Ratredes robots a pattes, perdent de
I'énergie lors de I'impact du talon avec le sol. Bien que d@mts a roues sont généralement tres
économes en terme de I'énergie et simple a contrdler, larlotion a pattes peut étre plus
approprié pour traverser un sol irrégulier, se déplacertetagir dans des environnements
humains. En outre, I'étude de robots bipédes peut avoir padanbénéfique sur la biomécanique
et 'amélioration de la conception et la performance desess et protheses. L'objectif de cette
étude est de générer des allures de marche énergétiqueiieatespour un bipéde. Le champ
d’application de cette étude est limité aux bipedes plasatar le mouvement dans le plan
sagittal a une contribution dominante vis a vis de la consatiun énergétique durant la marche.

La recherche sur la marche bipede au cours des dernieresnilgsa permis d’obtenir des robots
bipedes avec une polyvalence impressionnante. Les bigedene ASIMO P7] (Figure2.9(a)

ou HRP-2 B§] (Figure2.9(b) peuvent marcher, monter les escaliers, et méme courirlisde
cette polyvalence, les propriétés souhaitables d’un robotanoide sont une faible
consommation d’énergie et de mouvement de la marche pracbeldi des humaines. En
comparaison a la marche humaineftieacité énergétique des robots bipedes d’aujourd’hui est
significativement inférieure. En outre, les allures de arde la plupart des robots bipédes
ressemblent seulement vaguement a une marche hundajne [

Au cours des deux derniéres décennies, les études sur tas passifs ont considérablement
attiré I'attention des chercheurs par leur performancegétigue et par la proximité avec des
allures humaines. Un robot est appelé passif lorsque awénargie externe (actionneur) est
nécessaire pour la marche. En 1990 McGE&6F & présenté son travail sur la marche dynamique
passive et démontré qu’il est possible d’exploiter la distion de masse du robot pour le faire
marcher sur une pente faible sans actionnem&ijt |

S’inspirant du travail du McGeer sur les marcheurs padsifspmmunauté des chercheurs du
domaine de la robotique humanoide a développé les robaddddynamiques semi-passifs a
actionnement minimal pour leur permettre marcher sur déaces horizontales3[, 32]. Ces

robots sont capables de marcher sur des surfaces horesatac un colt énergétique a peu pres
égal a celle de 'humain. Les trois robots marcheurs lesgéiebres capable de marcher sur les
surfaces plats basés sur la conception de robot passifesbigdde Cornell, le bipéde Denise
(Delft) [8, 124 et le bipede du MIT 32]. Ces bipédes motorisés ont des mouvements proches de
ceux de leurs homologues passBg][ Gini et all [48] ont étendu ces principes a des robots
completement actionnés et construit un robot avec des canggls articulaires et un genou de
conception original afin d’améliorer lfécacité de la marche.

Les robots humanoides sont les robots biologiqguementéspis ressemblent a un humain

ayant deux jambes, un torse, et deux bras, bien que certdintsrbipedes puissent étre limités a
une partie seulement du corps. Par exemple, la plupart gédés marchant dans les laboratoires
de recherche ont seulement deux jambes et un tafse 107, 44]. Comme le robot bipede

RABBIT [25] ils peuvent aussi ne pas avoir de pieds, c’est a dire avsipdls ponctuels.
Cependant, le nombre de robots humanoides ayant des biéte, ¢t les pieds sont en hausse.

Les chercheurs s’intéressent aubets énergétiques de la compliance sur les allures de manche e
ajoutant des ressorts auxtéirentes articulations des bipédes. La plupart des chesheu

compris 2, 99, 100 86] sont motivés par I'hypothése que les bipédes avec desrtesanx
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chevilles peuvent étre en mesure de présenter des alluesgiurelles avec une meilleure
efficacité énergétique et une plus grande stabilité de maranhtegiipedes sans ressorts aux
articulations. Plusieurs chercheurs ont étudié la commele I'articulation du genou pour aider a
améliorer I'dficacité de marchesB, 79 et d’autres se sont concentrés sur I'ajout d’éléments
élastiques passifs dans le genou et la hanche. La compli@ilegambe de transfert peut aussi
réduire le colt énergétique en produisant des couplegemtité qui réduisent la quantité de
travail de I'actionneur nécessaire pour avancer la jantive [B1].

L'un des problemes essentiels dans le domaine de la roleotigparticulier dans la génération de
trajectoires de marche de robot humanoide est la consoomwiénergie lors de la marche. Des
études montrent que les jambes des robots humanoides aoesdplus d’énergie dans la phase
d’appui que dans la phase de transféfi[ Cette ditérence dans la consommation d’énergie est
due a la demande des couples élevés pour appuyer le poidbatisto le sol. Par conséquent, il
y a place pour une amélioration significative en optimisamdnsommation d’énergie de la
jambe d’appui. Forgd6] a montré que le l'articulation la plus énergivore est i@rtation du

genou d’appui.

Récemment, des éléments élastiques linéaires (ressorsicoutilisés afin de récupérer I'énergie
perdue, diminuer la consommation d’énergie, et stabiliabure de marche. Dans la plupart des
cas, les ressorts sont ajoutés a la cheville du bipéde packestI’énergie et de I'utiliser en cas de
besoin. Cette énergie stockée est principalement utdiséde la phase de propulsion de la
cheville juste avant I'impact du talon de la jambe libre. &egt al. 7] ont introduit I'idée de
jambes compliantes avec ressorts de compression pour enatotourir. 1Is ont montré que les
jambes avec compliance sont essentielles pour expliqueétanique de la marche. lls ont étudié
un modele masse-ressort du bipede, qui contient la phaseuidedappui comme une partie
essentielle de mouvement et reproduit les caractérigiqueamiques de la marche. Leur modele
combine la dynamique fondamentale de marche et de courseudaseul systeme mécanique.
Dans une autre étude, un contrdleur avec compliance esgutibur régler la raideur de
I'actionneur avec ressort adaptable et ainsi réduire la@mmation d’énergie du bipéde pendant
la marche du robot Lucyl[Ll9. Lucy est actionnée par des muscles artificiels pneumedigtiest
capable de marcher a une vitesse de marche lente de (515 m

Une autre méthode de réduction de la consommation d’énesgige bloqué mécaniquement le
genou d’'appui a I'impact et de libérer I'articulation a la €ia la phase de double appui. Le
blocage du genou avec mécanisme de déclenchement actifésttechnologiqguement simple et
énergiguementficace [L14. Toutefois, les fets combinés de blocage du genou et I'ajout de
ressorts n’ont pas été explorées, Ifets de la compliance sur la consommation d’énergie n’ont
pas non plus été étudiés pour plusieurs vitesses de marotre tkavail explorera donc ces deux
domaines et présentera des résultats des simulationBab& &t la comparaison dediérentes
techniques pour améliorer figcacité de marche.

Afin d’avoir des allures de marchdheace, un travail significatif a été réalisé sur la récupeénati
de I'énergie perdue au cours de chaque pas de maschéd, 31, 76]. Cependant, lesfiets
énergétiques de ressorts de torsion en parallele a I'atigrexistant, n’ont pas étéfisgamment
explorés. La premiére partie de cette étude se concentoeanrstratégies tiérentes pour
améliorer I'dficacité énergétigue d’un robot bipede planaire. Dans la i@rerméthode, des
ressorts de torsion seront ajoutés fiatentes articulations du robot en parallele aux actiorseur
existants, et lesfiets énergétiques seront étudiés. Ensuite, le genou d’dppupéde est bloqué
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mécaniquement pendant toute la phase de transfert afin dieerémlconsommation d’énergie.
Les deux techniques seront appliquéesfBentes allures de marche du bipede planaire en
commencant par I'allure le plus simple pour finir par unerallelativement complexe et plus
naturelle incluant une phase de double appui fini.

Dans le domaine de la robotique humanoide, un autre prolpémémportant et dficile est la
conception et le choix du systéme d’actionnement. De haugdermances en actionnement sont
nécessaires. Dans le futur, les robots humanoides vorih&ggés dans I'environnement humain
pour dfectuer des taches telles que I'assistance personnellis, aderont les personnes malades
et les personnes agées. Afin d'intégrer les robots dansi@mement humain, ils doivent étre
s(rs pour les humains. Par exemple, dans le domaine de laqobbumanoide, les propriétés
essentielles et souhaitables pour les actionneurs sqrgrdid rapport puissance masse, (2)
capacité a produire un couple élevé a basse vitesse; (3 maé@grabilité (réduction du volume
occupé), (4) capacité de générer des mouvements artesilases produisant de mouvements de
marche proche les humains.

Les systemes robotiques tels que des robots humanoidegssamalement actionnées par deux
principaux types d’actionneurs, électrique et hydrawdi(pu pneumatique). Les robots
humanoides les plus connues utilisant des actionneursiglexs sont ASIMO de HONDAHS],
WABIAN-2 [ 89], et HRP-2 B§] etc. et ceux utilisant I'actionnement hydraulique sontbROID
[3], et 'humanoide UT-Theta 2 de I'Université de Toky&y]. Il est & noter que les actionneurs
électriques ont 'avantage d’un codt réduit et sont facdl@sogrammer dans la loi de commande.
Cependant, un certain nombre d’inconvénients appardikssgue les moteurs électriques sont
utilisés avec un réducteur a engrenages meécanique. Tdudrd'aen raison de la connexion
guasi-rigide entre le moteur et sa charge, il efiidlie de produire le compliance de l'articulation
nécessaire a la sécurité. Deuxiemement, des actionnegts@lies doivent étre dimensionnés
pour le pire des cas, pour étre capable de fournir le couptaritané le plus élevé nécessaire.
Cela conduit a un actionneur électrique surdimensionnéapbimal, qui ne sera pas utilisé tout
le temps a sa pleine capacité.

A partir de I'analyse des solutions existantes, et les exige de robots bipedes, un actionneur a
haute performance électro-hydraulique intégré (IEHA)ad&veloppé par S. Alfayad et al.

[6, 7]. Il utilise le déplacement d’'une micro valve afin de corgrde moteur hydraulique. Cet
actionneur hydraulique nouvellement développé a unedaitzasse et satisfait toutes les
performances nécessaires pour actionner un robot huneafspidles avantages de IEHA sont, 1)
un poids léger, 2) actionneur complet incluant un micro petmgdraulique, 3) fonction de
stockage d’énergie, et 4) aucun systeme de pompage camtnalis. Cet actionneur est capable
de stocker de I'énergie qui peut étre utilisée en cas de hekeibipéde HYDROID équipé de
nouveaux actionneurs IEHA est développé dans le cadre et pnttulé R2A2 soutenu par
I’Agence Nationale de la Recherche (ANR). Dans ce travaisnexaminerons ledfets du
stockage de I'énergie surftirentes allures de marche d’un robot bipéde.

A.2 Organisation de la these

L'objectif de cette thése est d’explorelfidirentes techniques pour améliorer la performance
énergétique d’'un robot bipéde pendant la marche, et de peojmeilleure option disponible
selon le type d’'allure du bipede. Les stratégies d’optitiosede I'énergie étudiées dans ce
manuscrit comprennent, blocage mécanique du genou d’dfgaut de ressorts a fféerents
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articulations du bipede, et I'intégration des actionndwrauliques capables de stocker de
I'énergie. Ces techniques sont appliquées a trois alllesatche d’un robot planaire de la plus
simple a la plus complexe. Des algorithmes d’optimisatiarameétriquesdg] sont utilisés afin

de générer des trajectoires de marche pour toutes cessallgeritére énergétique est calculé
apres I'application des techniques mentionnées ci-depsisscomparé a celui du robot de
référence sans blocage du genou et sans ressort.

Ce manuscrit est composé de six chapitres principaux d’apitie d’introduction générale et

d’'un de conclusions. Dans le chapizda marche humaine est expliquée di@lentes

statistiques sur la marche humain sont présentéd¢i&rBites phases et événements survenant au
cours d’'un cycle complet de la marche humain sont discutiés é¢rmes utilisés pour décrire
I'allure de marche humaine sont présentés. Les deux phasefpplesphase d’appuet phase

de double appuet leurs sous-phases expliquées en détail. En outre, lenlotian des robots est
discutée et en particulier la marche bipede. La marche mevest comparée a la marche de robot
bipede et la relation entre les deux est établigféddeéntes caractéristiques nécessaire a un bipede
pour avoir une marchelicace sont présentées. En outre, un critére pour compaffecd@té
énergétique des filérentes machines est présentétfdéentes approches de récupération
d’énergie utilisées afin d’améliorer fiecacité énergétique d’un bipéde pendant la marche sont
présenteés et discutés en détail. ffeedes ressorts, du blocage du genou, et de la conception
d’articulation du genou sur li@cacité énergétique et la stabilité de I'allure de marche son
discutées. Enfin, diérentes méthodes utilisées dans cette étude pour amédigrenformance
énergétigue de la marche bipéde sont présentées ce quiictenchapitre.

Les paramétres géométriques et dynamiques du bipéde éardiprésentées dans le chap@re

Trois types d’allures de marche étudiés dans ce travailmésentés et leursftiérentes phases au
cours d?un cycle de marche sont expliquées. Le modéle dgnarast ensuite formulé pour un
robot bipede planaire en utilisant la formulation de Lageapour les trois allures de marche. Le
modeéle dynamique pendant simple appui et double appuiasbe en fonction du type d’allure

de marche. Le modéle d'impact pour un robot bipede est dgpélcet les diérentes solutions
possibles de contact du pied avec le sol juste apres I'inmgmattdiscutées. De plus, le modele
dynamique est étendu afin d’intégrer lékets de ressorts ajoutés en paralléle avec les actionneurs
existants.

Dans le chapitrd, la génération et I'optimisation de trajectoire de réféeepour un robot bipéde
planaire est discutée. Par ailleurdfélientes fonctions pour générer les trajectoires de ré&féren
de marche d’un robot bipede sont présentées. Loptimisaliéda trajectoire de chacun des trois
types d’allures de marche présentés dans le chapitre @écést expliquée et les parameétres
d’optimisation requis pour chaque allure dans lg¢gédents cas sont présentés. Les contraintes
d’optimisation sont introduites pour une allure de margy@igue du robot bipéde étudié. Deux
criteres d’optimisation diérents, I'un pour les actionneurs électriques et I'autner pes
actionneurs hydrauligues sont présentéstédents outils d’optimisation sous contrainte
non-linéaires sont expliqués. Enfin, les résultats de sitiar pour les fonctions d’optimisation
fminconetfgoalattainsont comparés.

Apres avoir présenté le bipede, développé des modeéles dynart d'impact, et avoir expliqué
les diférentes techniques de génération de trajectoire, legaitsde simulation desfliérents
types d’allure de marche pour un robot bipéde sont présdatesle chapitré. Un certain
nombre de stratégies seront présentées pour réduiredecogitergétique lors de la marche.
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L'objectif de ce chapitre est de comparer les performaneeased techniques pour ledférentes
allures de marche. A ceffet, trois types d’allure de marches ont été définie dans lgitth8.

Les trajectoires de marche optimales pour chaque alluteggmérées et le colt de la marche est
calculé dans le chapiti® Les résultats de simulation obtenus pour chaque typaudéatie

marche sont présentés poufféientes vitesses de marche.ft&t de ressorts et blocage du genou
sont ensuite comparés sur la base du critere énergétiquéggaliférentes allures de marche
cycliques.

Le chapitreb de cette thése est consacrée a l'introduction d’actiosnteyarauliques. Dans ce
chapitre, le principe de fonctionnement d’'un actionneudrhulique classique est présenté. Un
Actionneur électro-hydraulique Intégré (IEHA) a hautefpenance nouvellement congy[7] est
présenteé et ses avantages par rapport a ses homologuestsidltési Le modele simplifié de cet
actionneur est présenté et le fonctionnement de skiseltes parties est expliqué en détail. Le
schéma CAD éclaté de I'actionneur sera également préseaté@poir un apercu desftiérentes
parties de I'actionneur. En outre, lestdrents modes de fonctionnement du IEHA sont donnés, et
sa fonction de stockage d’énergie, qui est I'un des prinoi@vantages de cet actionneur sera
présentée. Les expressions mathématiques traduisardanetetrts d’énergie dans les actionneurs
hydrauliques seront développées. L?énergie stockéenetdjie disponible pour I'actionneur au
cours des dférentes phases de travail sont calculées. Enfiférdnts cas de consommation
d’énergie d’'un actionneur au cours de son cycle de foncéorent seront expliqués. La fonction
de stockage généralisé sera développée et suivie par llusmmcde ce chapitre.

L'étude énergétique des actionneurs hydrauliques et dkate d’énergie seront étudiées dans le
chapitre7 pour diférentes allures de marche d’un robot bipede. Un certain roddb
méthodologies seront présentées pour améliorirdaeité énergétique d’un robot humanoide
pendant la marche. Les trajectoires de marche optimalestsginérées pour deux types
d’allures de marche et un critere fondé sur la consommat@redgie du bipéde sera défini afin
de comparer les performances de$&ientes allures. Un algorithme d’optimisation sera
développé, et les parametres requis pour définir une todjeate marche de référence seront
également présentés pour chaque allure de marche. Lesatgsid simulation obtenus a partir de
I'algorithme d’optimisation pour chaque type d’allure @etr présentés auxfiiérentes vitesses de
marche. Les#ets du blocage du genou et du stockage de I'énergie sur laconation d’énergie
lors de la marche de filérentes allures de marche cyclique seront ensuite compaeéséme,

les dfets de la vitesse de marche sur la longueur du pas, la duréesdlementre de gravité (CG)
du bipéde, les forces de réaction du sol, et d’autres param&tront également abordés.

Enfin, le travail sera conclu dans le chapirgui présente un certain nombre de conclusions
tirées de cet étude. Des recommandations pour les travaws flans la continuité de ce travail
seront également présentées.

A.3 Présentation et modeélisation dynamique du bipede

A.3.1 Présentation du bipéde

Le bipéde planaire, présenté dans la figiite est composé de deux jambes identiques et un
torse. Chaque jambe est composée d’une cuisse, un tibigggtdinigide. Tous les articulations
sont rotoides, sans friction et ne peuvent se déplacer qmselel@lan sagittal. Le pied droit (pied
1) et le pied gauche (pied 2) sont respectivement le piedodiagt le pied libre.
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A.3.2 Parametres géométriques du bipede

Les paramétres géométriques et dynamiques du bipéde sumsidans le tabledil Ces
parametres sont définis pour le robot humanoide "HYDROMDY(ii a des masses et des
longueurs corporelles similaires a ceux d’'un étre humais parametres correspondent au
modele du corps humain géométrique congu par Hanavgnlinertie du corps présenté est
calculé par rapport au centre de masse du corps autour @elfsrpendiculaire au plan sagittal.
Le robot HYDROID a aussi des bras, mais dans cette étude,dsentkes bras est fusionnée dans
la masse du torse. Le centre de gravité et d’inertie du ta@tseeealculé en prenant compte les
effets des bras et en considérant que les bras sont fixés erop@téndu au long du torse. La
géométrie du pied est présentée dans la fi§ut&qui explique les diérents termes utilisés dans
le tablealB.1

A.4 Définition des allures de marche étudiées

Différents types d’allures de marche peuvent étre considénédeafester la performance d’'une
allure de marche d’un robot bipéde. Les trajectoires de Ineapptimales seront générées pour le
robot bipede étudié en utilisant I'algorithme d’optimisatparamétrique présentée dans le
chapitre4. L'objectif est de générer des trajectoires d’allure deagharqui ressemblent
étroitement a la marche humaine. En outre, toutes les todjes de marche sont supposées étre
cycliques.

A.4.1 Allure sans impact

Dans cette étude, I'allure le plus simple étudiée est Ifalkans impact. Elle est constituée
uniquement de phases de simple appui séparées par des phasessition instantanées sans
impact. Cette allure sera appekikure de type Jpour plus de simplicité. Dans une allure de type
1, la vitesse du pied libre au contact avec le sol est nullgiée d’appui est le pied 1 et le pied

de transfert est pied 2. Le pas de marche commence par unegbdasnple appui et se termine
avec un contact sans impact pied a plat sur le sol, ou les pausgent leur role. Le pied

d’appui devient pied de transfert et vice versa. Le pied pllapeste en contact a plat sur le sol
pendant toute la phase de simple appui. En phase de trangisaarticulations sont renumérotées
de telle sorte que le pied d’appui est toujours le pied 1. Gels permet d’utiliser les mémes
modeles pour le deuxieme pas lorsque le pied de transfadridg pied d’appui. Il N’y a pas de
changement dans la configuration, la vitesse et I'accéérdes articulations pendant la phase de
transition, seulement un re-paramétrage est fait. La figurprésente I'allure de marche de type
1 pour un bipéde. Cette allure a le nombre minimum de paramédtoptimisation parmi toutes

les autres allures de marche étudiés dans cette these. tdragantage de cette allure est qu’elle
n'a pas d’'impact et par conséquent, la structure mécanigjes articulations du bipede sont
préservees.

A.4.2 Allure avec impact

La trajectoire de marche de cette allure n’est composée gpbakses d’appui simple appui
séparés par des impacts impulsionnels. Cette allure spedéamallure de type 2Le pas de
marche de I'allure de type 2 commence par une phase de siple et se termine par un impact
pied a plat avec le sol sur le pied libre. Hifet, les pieds échangent leur réle: le pied d’appui
devient le pied de transfert et vice versa. Il n’y a pas detimiasur le talon ou la pointe du pied
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d’appui pendant toute la phase de simple appui. Le pied disgxt considéré comme le base du
bipede. Cette allure est illustrée dans la figd4 L'avantage de cette allure est qu’elle a un
relativement faible nombre de parametres a optimiser, ceaquaduit par une convergence
rapide et un codt de calcul limité. En outre, cette alluredastrgiquement pludigcace que

I'allure de type 1.

A.4.3 Allure avec une phase de double appui

Apres lI'impact, ditérents comportements sont possibles. Par exemple, le @j@@n contact

avec le sol peut décoller ou rester sur le sol. Dans le cadielstention d’'un mouvement

optimisé, certaines conditions sont imposées apres l'atngtdl est vérifié que les contraintes

lies a ces conditions sont satisfaites. Des trajectogaaatche ayant une phase de double appui
sans décollage du pied déja en contact ont été étudiées panHit®] sans succes. Cependant, il
a été constaté qu’une allure de marche ayant une phase die a@ppli fini peut étre réalisée en
permettant un décollage partiel du talon et une rotatioawawdes orteils du pied arriére et du
talon du pied avant. Dans cette étude, un décollage du talqied arriére a I'impact sur le talon
du pied avant est autorisé a obtenir une trajectoire de ragnathe de la marche humaine.

L'allure de marche avec phase de double appui ap@dlée de type st la marche plus réaliste
et proche de la marche humaine parmi toutes les alluresdésidille est composée de phases de
simple appui et de phases de double appui séparées par degsrmppulsionnels instantanées,
comme montré sur la figui6. Il y a deux impacts impulsionnels au cours de chaque pas de la
marche, I'un au moment du contact du talon et le second lerBgueil du pied avant touche le
sol. Ces impacts seront appelés « I'impact du talon » et pjldot d’orteil”, respectivement. Le

pas de marche commence avec le premier impact sur le taloiedule transfert. A cet instant,

les deux pieds doivent rester sur le sol pour avoir une phas®dble appui. Le talon du pied
avant et les orteils du pied arriére restent sur le sol tajakde talon du pied arriere est autorisé a
décoller. C’est le début de la phase de double appui et as deucette phase, le pied avant
tourne autour de son talon tandis que le pied arriere tourtreiade son orteil.

La phase de double appui se termine lorsque le second imgpobguit sur I'orteil du pied avant.
C’est lafin de la phase de double appui et début de la phasengéesappui. A cet instant, I'orteil
du pied arriére décolle du sol et le pied avant est a plat ssolld_e pied avant (pied d’appui)
reste en contact plat avec le sol pendant toute la phase géesappui. Pour des allures
cycligues, ce processus est répété a chaque pas de mardigure&.7 présente la position des
pieds du bipede pendant lestérente phases d’un cycle de marche.

A.5 Modele dynamique du bipede

Le modéle dynamique est utilisé pour exprimer et modélseomportement du systeme en
fonction du temps. Dans le cas d’'un bipéde, le modéle dynaenriyerse fournit les couples et
les forces de contact en fonction des positions, vitessascétérations articulaires J].

Modéle dynamique en phase de double appui avec contact exgite :

Pour représenter un bipéde planaire ayant 6 ddl, 9 parasrszirg nécessaires pour exprimer le
mouvement articulaire et la position et I'orientation deorps dans un plan. Ainsi, le vecteur de
coordonnées généralisées pour le bipéde étudié est défijt=p[gp1 pz G1 G2 Gz G4 Os Xn Yn]".
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Le bipede est représenté sur la fig8ré Le modele dynamique peut étre écrit comme:

A(@)d + C(a, )3 + G(q) = B + J;R; + 3R, (A1)

oUA(q) € R est la matrice d'inertie définie positiv€(q, §) € R contient les forces de
Coriolis et centrifugess(qg) € R¥ est le vecteur des forces de gravBés R%® est la matrice
d’actionnement qui contient des zéros et dinetJ}, sont les matrices Jacobiennes correspondant
a |?application d?un torseur ditat sur le pied 1 et 2 respectivementRatet R, sont les torseurs
d’efforts du sol sur le pied 1 et 2 respectivement.

Pour assurer le contact des pieds sur le sol, les contralptesniques de contact doivent étre
ajoutées. Les équations de contraintes peuvent étre edg@sicomme suit:

Jig+3:=0 (A.2)
Jo6+ 3,0 =0 (A.3)

Les pieds du bipéde peuvent avoir trois types de contacts sol, 1) contact pied a plat, 2)
contact au talon, et 3) contact a l'orteil ou pas de contad¢bdtl Les dimensions de la matrice
jacobienne); et le torseur de réactions du $8ldépendent du type de contact du piedr le sol.
Si le piedi est en contact a plat, alodse R*>, R; € R¥*! avecR; = [Ry, Ry, Mi]', et I'équation
de contact contient 3 contraintes pour le pieBe méme, si le pieda un contact ponctuel a la
cheville ou a I'orteil avec le sol, alok € R?>°, R; € R*! avecR; = [Ry, Ry]', et 'équation de
contact contient 2 contraintes pour le pied

Modele dynamique en phase de simple appui :

Lors de la phase de simple appui, toutes les allures de métatigges (type 1, 2, 3) ont un
contact pied a plat sur le sol. En phase de simple appui, aiseii implicite du pied d’appui
(pied 1) avec le sol est considéré (voir la fig@t8). Le pied d’appui ne décolle pas et ne glisse
pas pendant la phase de simple appui. La configuration dddipéut alors étre exprimée par un
vecteur réduit de coordonnée généraligédel que:

Oss = [Op2 G1 G2 03 Ga Os)"

D’aprés formulation de Lagrange, le modele dynamique peeta&rit comme :

Asd0ss)Fss + Cs(Oss Qsg)lss + Gs{Qss) = Bsd (A.4)

0UAs{Qss € R®E est la matrice d'inertie définie positiv€s{qss 0ss) € R®® contient les forces
de Coriolis et centrifuge${qsy € R®! est le vecteur des forces de gravBg; € R®® est la
matrice d’actionnement qui contient des zéros et un maidliffére de la matrice identité parce
que les variables articulaires sont exprimées par dessingbolusl” € R® est le vecteur de
couple articulaire.
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Modéle dynamique en phase de double appui :

L'allure de type 3 est composé de phases de simples appuidetutide appui séparées par des
impacts impulsionnels. Pendant la phase de double aprhipéele est en contact avec le sol par

le talon du pied avant et I'orteil du pied arriere comme le trota figure3.12 Ainsi, il est

possible de modéliser le contact entre le talon du pied atdatsol par un pivot parfait. Le

vecteur de coordonnées généralisées réduite au cours diedmpui est donnée par

Qs = [Op1 Ap2» A1, G2, O3, Ga, Os]". Par conséquent, le modéle dynamique en phase de doublie appu
peut étre écrit en prenant compte les forces de réactionlduske pied arriere comme:

Ads(Qds)Gds + Cas(Aas as)tds + Gas(dds) = Basl + J54sR2ds (A.5)

oU Ags(0gs) € R™ est la matrice d’inertie définie positiv€ys(dqs, dqs) € R™’ contient les forces
de Coriolis et centrifuge$y<(dqs) € R™* est le vecteur des forces de gravBgs € R™® est la
matrice d’actionnement qui contient des zéros et ull, @R®! est le vecteur de couple
articulaire.

Les forces de réaction sur le pied arri®g;s € R sont prises en compte par la matrice
Jacobiennd.,ys € R?*. La matrice Jacobienne pour un contact sur 'orteil du piegtzionnée

par (C.7) (voir AnnexC). La force de réactioR; n’a aucun et sur ce modele dynamique car un
contact implicite de type pivot est supposé au talon de ldogin donc cette force de réaction n'a
pas de travail virtuel.

Pour assurer un bon contact sur le sol, les équations deagttes dynamiques doivent étre
ajoutées.

Jzastlas + J2dsas = O (A.6)

A.5.1 Modéle dynamique avec ressorts

Afin d’intégrer les fets des ressorts dans la dynamique du robot bipéde, une catidifi du
modeéle dynamique du bipéde est nécessaire. Le modéle dymainverse du robot bipéde ayant
un ressort de torsion en paralléle de I'actionneur exigiant étre écrit10Q :

A@4 + C(a,9)q + G(q) + T's = BL + J1R; + IR, (A.7)

ouTs est le vecteur de couple fournit par des ressorts et estwptar
m
T = Z T, (A.8)
j=1

J

ou j est I'articulation sur lequel le ressort est instattéest le nombre total d’articulations ayant
un ressort en parallele avec I'actionneud’gtest le vecteur de couple fournit par le ressort de
l'articulation j.
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A.6 Modele d'impact

Le sol et le pied du bipéde sont supposé rigides, par consgdlirpact entre deux corps rigide
peut produire des discontinuités sur les vitesses. Lesuliswités produites a la suite de
limpact impulsionnel pourrait étre problématique, suttdans le cas d’'une allure de type 3 ou
les deux pieds sont supposé rester sur le sol apres I'imiganpact est modélisé par des
éguations algébriques de I'impact passi®e e mot "passive” signifie qu’aucun couple
impulsionnel n?est appliqué lors de I'impact. Dans lesisestsuivantes, le modéle d'impact
pour I'allure de types 2 et 3 sera développé.

Modéle d'impact : contact pied a plat

Le contact pied a plat se produit dans une allure de type 2 a tiefla phase de simple appui. De
méme, dans l'allure de type 3, le pied avant est a plat a la fla gdhase de double appui. A
[?impact, le pied 1 qui était en support quitte le sol dansléasx types d’allures de marche. Le
modele s’écrit :

A@M)@G" -a7) = Jjl; (A.9)

ou j représente le pied qui reste au sol apres I'impact.

Pour assurer le contact du pied qui reste sur le sol, la dotdrai-dessous doit étre satisfaite.

Jqt=0 (A.10)

Modéle d’'impact : contact au talon
Dans le cas d’allure de type 3, 'impact du talon se produgdae le talon du pied en transfert

touche le sol. Cet impact est suivi d’'une phase de doublei appes deux pieds restent au sol.
Le modéle d’'impact s’écrit :
A(Q)(q+ - q_) = Jtztoel 2toe T Jtlhee|| 1heel (A.ll)
Les contacts au talon du pied avant et a l'orteil du pied sgsér le sol doivent étre assurés en
ajoutant des contraintes suivantes :
theeq+ = O (A.12)
Jawed” =0 (A.13)

Modéle d’'impact : genou bloqué

On suppose pour certaines allures que le genou se bloquaelé?smpact avec le sol. Le blocage
est supposé possible mécaniquement a n'importe quellégoprésélectionnée. Le blocage du
genou modifie le modéle d’impact que I'on peut écrire comme :

A@M)@" - q7) = Jl2 + Ik (A.14)
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oul, est la réaction impulsionelle au genou bloquél,et R™° représente le Jacobian du genou
bloqué et contient des zéros et un un.

A.7 Simulation d'allure de marche d’un bipéde équipé des ac-
tionneurs électriques

Les dfets énergétiques de ressorts de torsion et de blocage du gendant la marche sont
étudiés pour un bipéde muni d’actionneurs électriquestiagactoires de marche defiiirent
type d’allures sont optimisées en réduisant le critéreasuiv

1 T
Cr== f I'Idt (A.15)
d Jo

ou Cr est la fonction objectif a optimised,est le longueur du pak représente la durée du pas et
I' est le vecteur des couples articulaires.

Différentes études menées sur le robot bipéde sont présentisssous :

case A. Les trajectoires du robot sont optimisées et le colt énergggtle la marche est calculé
sans ajouter des ressorts et sans bloquer le genou.

case B.Les ressorts sont ajoutés a la hanche, au genou ou a la elthvitlipéde.

case B1.Le ressort est ajouté uniquement sur les articulations geriae d’appui
(cheville, genou ou hanche).

case B2.Des ressorts identiques sont ajoutés a la fois sur les timas des deux
jambes (cheville, genou ou hanche).

Dans tous les cas ou un ressort est ajouté a I'une des atitieigale codicient de

raideur du ressoK est optimisé avec la trajectoire. L'angle d@et (ou I'angle de repos
du ressort) de ressat; est fixé a zéro pour permettre de garder le bipéde en position
verticale et réduire le couple de I'actionneur.

case C.Le genou d’appui est bloqué mécaniquement a I'impact etgqartdute la phase
d?appui sans ajout de ressorts a aucune des articulatierggrou reste bloqué pendant
toute la phase de simple appui.
case Cl.L’angle de blocage du genog)(et I'allure de marche sont optimisés.
case C2.A partir sur les valeurs numériques obtenues dans I€&aane valeur
constante dg est sélectionnée, puis la trajectoire de la marche est tg@én

case D.Le genou d’appui est bloqué mécaniquement et des ressensgdes sont ajoutés a la
hanche. L'angle de blocage du gemdaet la raideur du ressokt sont optimisés avec la
trajectoire de marche.

A.7.1 Simulation de la marche de type 1

Résultats avec ressorts

FigureA.1 présente la valeur du critére choisi en fonction de la vdelessmarche d’un bipede
dans les cas ou les ressorts ont été ajoutéférelntes articulations du bipéde en paralléle a
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I'actionneur existant. Il est clair a partir de la figukel(a) que I?dfet de I'ajout de ressorts n?est
sensible qu?a des vitesses de marche tres lentes dan$8l& aade ressort a été introduit sur la
cheville de la jambe d’appui. Lorsque les ressorts de torsiu été ajoutés aux deux articulations
des cheuvilles, lesfiets énergétiques disparaissent presque.
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Figure A.1 —valeur du critereQr = é fOT I''I'dt) en fonction de la vitesse de marche pour allure de type 1
(lignes pleines : ressorts aux deux jambes et lignes pédil: ressorts a la jambe d’appui)

Le critere d’optimisation a été significativement réduitqd le ressort a été ajouté uniquement a
I'articulation du genou d’appui (voir figur&.1(b)). Une réduction significative de la
consommation d’énergie pendant la marche a été notée pedage gamme de vitesse de
marche. Desféets similaires ont été observés dans leB2su des ressorts identiques ont été
ajoutés aux deux articulations des genoux.

La figureA.1(c) montre les résultats de simulation pour les articulatiankdanche pour le cas
B1 ou le ressort a été ajouté uniquement a la hanche d’appuuetlgoasB2 ou des ressorts
identiques ont été ajoutés aux deux articulations des lesndtles résultats montrent que I'ajout
de ressort uniquement a la hanche d’appui figiaee a des vitesses de marche rapide aussi bien
gue lent. L'ajout de ressorts aux deux hanchesféisbee a des vitesses de marche supérieure a
0,6 nysec (autour de 2 krh).

Les résultats de simulation en ajoutant des ressorts aigxlations des deux jambes sur les
chevilles, les genoux ou les hanches sont présentés simanitnt sur la figuré.1(d). Il montre
gue les ressorts de la cheville ne sont pas du thiaee pour I'allure de type 1. Il indique
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également que I'ajout de ressorts identiques aux artionlgatiu genou estigcace aux vitesses
lentes de marche tandis que les ressorts aux hanches pétreauntilisés a des vitesses de marche
élevées (supérieures a 0,7sec) pour réduire le colt de marche.

Résultats avec genou bloqué

La figureA.2 donne la comparaison des courbes de critéres en fonctiauite$sse de marche
dans le cag\, le casC1 ou I'angle de blocage du gen@a été optimisé, et le c&32 avec une
valeur constante d& Une valeur moyenne de 8 degré de I'angle blocage du genpa été
calculée a partir des résultats d’optimisation en@asll présente également les résultats de la
simulation pour un bipéde dans le dasvec des ressorts identiques sur les deux hanches, et un
blocage du genou d’appui. C?est le seul cas de combinais@eftit des ressorts et du blocage
du genou qui est étudié car il n?est pas possible d’étudrariinément un blocage du genou
avec un ressort sur les genoux, et que les ressorts sur Miehre sont pasfiécaces.

800
—e—Case A
-6 -Case C1
6000-| —6— Case C2
Case D

02 04 06 08 1 12
Walk Speed (m/sec)

Figure A.2 —Valeur du critére en fonction de la vitesse de marche poureatle type 1 avec genou bloqué

Les résultats des simulations montrent que le blocage dougeour une allure de marche sans
impact est économique pour des vitesses lentes de marchseiemd impossible des marches a
vitesse élevée. Les deux courbes pour lesxhet C2 sont superposées, ce qui indique
clairement que le genou peut étre bloqué a un angle consiantqutes les vitesses de marche
possibles. Il est également claire sur la figlr2 que I'ajout de ressorts au niveau des
articulations de la hanche tandis que le genou d’appui equigl a desféets négligeables sur
I’économie d’énergie par rapport a genou bloqué uniqueniartconséquent, il est recommandé
d?ajouter des ressorts a l'articulation des genoux et dpublde genou d’appui a des vitesses
lentes mais pas a des vitesses élevees.

A.7.2 Simulation de la marche de type 2

Résultats avec ressorts

La figureA.3 présente I'évolution du critére pour I'allure de type 2 ptag diférents cas étudiés.
La figureA.3 montre que le critére d’optimisation est considérableméshtit apres
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I'introduction de ressorts identiques pour les deux alditons des hanches. Il est par contre
observé que I'ajout de ressorts aux deux genoux ou aux dewilels n’est pasféicace. Cette
figure montre également que le critére est considérabler@duit lorsque des ressorts identiques
avec une raideur constante sont ajoutés aux deux artimogatdies hanches (voir les figues(d)
etA.3(c)). Par conséquent, il est possible d’ajouter des ressottasien passifs de raideur
constante aux hanches, cette démarchefigshee pour presque toutes les vitesses de marche.
Cependant, a tres lente vitesse de marche, la consommaditargie est plus élevé que celle de
bipede de référence.
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Figure A.3 —Valeur du critere en fonction de la vitesse de marche pollut&ade type 2 (traits pleins : pour
les ressorts sur les deux jambes et traits pointillés peurEssorts sur la jambe d’appui seulement)

Les résultats de simulation montrent que le moyen le fiusage pour réduire la consommation
d’énergie lors de la marche est d’ajouter des ressorts amgut aux articulations de la jambe
d’appui, et la plus ficace est I'articulation de la hanche (voire g 3(c)). L?ajout de ressorts a
[?articulation de la hanche économise jusqu’a 85 % de Igaer 0,85 nfsec. Les figures.3(a)
et A.3(b) montrent que I'ajout de ressorts uniquement a la chevili@plli ou au genou ou des
deux articulations ne sont pasfiieaces pour l'allure de type 2, tandis que les ressorts auwgeno
uniquement ont été bénéfiques pour I'allure de type 1.
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Résultats avec genou bloqué

La figureA.4 donne I'évolution des critéres sélectionnés en fonctioladétesse de marche pour
le bipéde dans le ca, le casB2 ou des ressorts identiques ont été ajoutés aux deux atibngda
des hanches, le c&2 ou I'angle de blocage du gengule 1 a été défini a partir du ca4, et

pour le cad ou des ressorts identiques sont utilisés sur les deux hasaheltanément avec un
genou d’appui bloqué. La consommation d’énergie dans leleddocage du genou et des
ressorts sur les deux hanches (Ba®st toujours aux autres cas. Il n’y a pas de limitation de la
vitesse de marche en cas de blocage du genou comme cela aétécattans 'allure de type 1.

En outre, les vitesses de marche significativement éleva@egept étre obtenues pour tous les cas
étudiés par rapport a I'allure de type 1. Ainsi, la présere€ishpact impulsionnel augmente la
plage de vitesses dans tous les cas étudiés.
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Figure A.4 —Valeur du critére en fonction de la vitesse de marche daltie type 2 avec genou bloqué

A.7.3 Simulation de la marche de type 3

Pour les deux allures précédentes, nous avons analysédesdes ressorts dans les deux cas,
lorsque des ressorts identiques sont ajoutés pendans festphases de la marche, et lorsque des
ressorts sont ajoutés uniqguement pendant la phase d’'dpgos. le cas de cette allure qui inclut
des phases de simple appui et des phases de double appsidie essort utilisé pendant toutes
les phases peut évidemment étre aussi traité. Mais si noaptans d’utiliser un ressort que
pendant une partie de la marche, le choix de des phases péestarelles le ressort doit étre
utilisé n’est pas trivial et dépend de l'articulation ouéssort est placé. Ainsi, afin d’étudier les
effets de I'ajout de ressorts surfiiicacité énergétique d’'un robot bipéde pendant la marche, et
profiter au maximum des ressorts, un certain nombre de caisbims diférentes en ajoutant des
ressorts ont éteé testées et ont permis de sélectionner lleuneioption pour les dliérents cas de
positions des ressorts. Cesfdrents

Les diférentes d’études suivantes sont réalisées sur le robatepaur ameéliorer encore
I'efficacité énergétique lors de la marche.
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case A. Les trajectoires du robot sont optimisées et le colt énerggetle la marche est calculé
sans ajouter des ressorts et sans bloquer le genou.

case B. Des ressorts de torsion sont ajoutés aubédentes articulations du bipede en paralléle
avec les actionneurs existants, seul le mode d?activaiplus é€ficace obtenu
précédemment est retenu. L'allure est optimisée avecdauaidu ressort. Cette étude
porte sur les sous cas suivants :

case B1.Ressort a |?articulation de la cheville : Le ressort esf aniguement sur la
jambe arriére pendant la phase de double appui.

case B2.Ressort a |?articulation du genou : Le ressort est actif pettute la phase de
simple appui sur la jambe d’appui et pendant la phase de dayipui sur la
jambe avant.

case B3.Ressort a |?articulation de la hanche : Les ressorts samiggj@aux deux
hanches et ils sont actifs pour les deux jambes lors de |laeeptedouble appui
et sur la jambe d’appui lors de la phase de simple appui.

Résultats avec ressorts

La figureA.5 présente la comparaison des courbes de critéres en foneianvitesse de marche
pour le robot de référence ainsi que pour tous les cas étadéesdes ressorts décrit
précédemment. Il montre que le critére d’optimisation esstdérablement réduit en ajoutant des
ressorts de torsion aux articulations de cheville, 'atation du genou, et les articulations des
hanches. Il montre également que les courbes des critemsBh et casB2 sont presque
superposées. La méthode la pltiscace pour réduire la consommation d’énergie lors de la
marche est d’ajouter des ressorts de torsion aux deux hawpelnelant la phase de double appui,
et a la hanche d’appui uniquement lors de la phase de simple.dpes résultats de simulation
des allures de types 1 et 2 ont également montfidaxité des ressorts de la hanche alors que les
ressorts de la cheville ne sont pdBaaces pour les allures de types 1 et 2. Contrairement aux
résultats précédents présentés dans cette étude, et ed aceo les recherches récentes sur la
marche bipede, les ressorts de la cheville ont montré l&gaeité uniquement lorsqu’il est ajouté
a la jambe arriere pendant la phase de double appui (phasemldgion) a toutes les vitesses de
marche.

Résultats avec genou bloqué

Pour étudier lesféets de blocage du genou sur I'allure de type 3, I'articutatia genou d’appui
est bloqué pendant toute la phase de simple appui, puisrBadist optimisée. Le mécanisme de
blocage est supposé sans masse et bidirectionnelle. Réadéacage, le couple articulaire est
fourni par le mécanisme de blocage et le couple d’actionestunul. La figuréA.6 présente la
comparaison du critere de référence pour le robot de référavec celle du genou bloqué. On
observe qu?aux basse vitesses les deux courbes sont psepgueosées tandis qu?aux vitesse
plus élevées le blocage du genou est plus colteux. Comr@mteaux résultats précédents dans le
cas de la marche types 1 et 2, le blocage du genou n’esftijpzece pour I'allure de type 3. Par
conséquent, il n’est pas nécessaire de bloquer I'artioml@u genou pour cette allure.
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Figure A.5 —Valeur du critére en fonction de la vitesse de marche daltie type 3 avec ressorts
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Figure A.6 —Comparaison des critéres de référence avec genou d'apmuiépour l'allure de type 3

A.7.4 Comparaison des allures de marche étudiées

Les résultats de simulation de trois types d’allures de hwaont été présentés dans cette section.
La figureA.7 présente la comparaison du critéere choisi en fonction dédase de marche de
bipede de référence pour toutes les allures de marche ésudié codt de I'allure sans impact
avec des phases de simple appui uniquement est tres élenappart aux deux autres allures.
Cependant, I'avantage de cette allure est qu’aucun im@aclieu, ce qui réduit les dommages de
la structure du bipéde. On observe également que I'énepgigoenmée lors d’'un pas de marche
pour I'allure de type 3 est nettement inférieure a celleldtalde type 2 a une vitesse de marche
élevé. Cependant, la consommation d’énergie de |?allutgpde3 est Iégérement plus élevé que
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I'allure de type 2 a basse vitesse de marche. Les courbesexitles deux allures de marche se
croisent a environ 0,9 feec. La faible consommation d’énergie de I'allure de typst3lae a la
présence d’'une phase de double appui, ce qui favorise dss&g de marche plus élevés. Méme
si elle a une plus forte consommation énergétique a bassseitcette allure est plus
anthropomorphique. On observe également que les forcasdtioneles sont considérablement
réduites par rapport I'allure de type 2 en particulier a dessges élevées, les risques
d?endommagement de la structure mécanique sont ainsigédar conséquent, parmi les trois
allures étudiés, I'allure avec double appui finie (type 3)@&gplus réaliste et plus proche de la
marche humaine.
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Figure A.7 — Comparaison de la consommation d'énergie des allures dehmaitudiées a fiérentes
vitesses de marche

A.8 Simulation d’allure de marche d’un bipede équipé des ac-
tionneurs hydrauliques

Dans cette section, le bipéde doté d’un I'actionneur haettopmance électro-hydraulique intégré
(IEHA) développé par S. Alfayad et al,[7] est étudié. L'objectif de I'étude est d’explorer les
capacités de stockage d’énergie de I?IEHA et de comparg@esEsmances sur flérentes

allures de marche. Le critere de performance utilisé dasecion afin de comparerftirentes
allures est basé sur I'énergie d’'actionneur et éééinte de celle utilisée dans la secthoid.

Le critére d’optimisation pour le bipede étudié sans stgekd#iénergie peut étre exprimé comme :

1< -
Coma= 5 ;(maxm(t)ei(t)nn (A.16)

OuT; est le couple articulair®; est la vitesse articulaiied est la distance parcourue en un pas,
T est la durée du pas, eiest le nombre d’articulations du bipede. Le critere ci-desst valable
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pour n’importe quel bipéde équipé d’actionneurs hydrawdgclassiques alimentés par des
moteurs électriques fonctionnant a une vitesse angulairstante.

En cas de stockage de I'énergie, il peut étre démontré gnertiée utilisée par le moteur
électrique alimentant la micro pompe est donnée par lerergigivant :

Cs = min(%P T) (A.17)

sous la contrainte suivante

PTis = f ' max0, [T;(t)éi(t)| — P;)dt (A.18)
0

Ou P; est la puissance de moteur de |?articulatidh= [Py, ..., Py], T est la durée du pas &} et
la durée pour laquelle I'articulatiarest bloquée et I'énergie est stockée.

Les diférentes méthodes utilisées dans cette étude pour amédiguenformance énergétique
d’un robot bipéde lors de la marche sont :

case A. Les trajectoires de marche sont optimisées et le colt éisugéde la marche est calculé
sans ajouter de ressorts et sans bloquer le genou.

case B.Genou d’'appui est bloqué a I'impact et reste bloqué pendarte ia phase de simple
appui.
case B1.Genou d’appui est bloqué sans possibilité de stockage derjée. L'angle de
blocage g) est optimisé avec la trajectoire de marche.

case B2.Genou d’appui est bloqué avec possibilité de stockage derfge qui peut
étre utilisé pendant la phase de simple appui. L'angle dedigle §) est
optimisé avec la trajectoire de marche.

case B3.A partir de valeur obtenu en c&2, une valeur constante geest sélectionnée
et I'allure de marche est optimisé.

A.8.1 Simulation de la marche de type 2

La figure7.2(a)présente la comparaison des courbes de criteres en fodetiarvitesse de
marche pour tous les cas étudiés. Les résultats de simuhabatrent que la méthode la plus
efficace pour réduire la consommation d’énergie lors de la neagshde bloquer I'articulation du
genou d’appui, de stocker I'énergie pendant la phase dagoet de réutiliser I'énergie stockée
lorsque cela est nécessaire. Elle montre que le critérdidigation est considérablement réduit,
aprées stockage de I'énergie lors du blocage du genou ettitigétion pendant la phase de
transfert. L'énergie est également réduite lorsque le gefeppui est bloqué sans I'activation du
stockage d’énergie. La consommation d’énergie de I'ddtean du genou est nul dans la position
isométrique, par conséquent, la consommation nette petedararche est réduite. Aucun
dispositif supplémentaire de stockage d?énergie n?esssaice. Dans le cas ou genou est bloqué
sans stockage d’énergie, les besoins en énergie sontéskur la base du genou libre, qui
consomme moins d’énergie par rapport au genou d’appui. ERal le stockage est active et
'angle de blocage du genglest optimisé, et le ca®? avec stockage activé gtconstant, les
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courbes de critéres ont presque mémes valeurs pour tostesdsses de marche. Par
conséquent, il est possible de bloquer le genou d’appui &aieer constante pour toutes les
trajectoires valides d’allure de type 2.
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Figure A.8 —Valeur du critére en fonction de la vitesse de marche pouallnge de type 2

Il est conclu que la consommation d’énergie d’un bipede pehih marche est considérablement
réduite en bloquant le genou d’appui pendant toute la phaséple appui. On observe
également que I'énergie supplémentaire peut étre écogeraisajoutant la possibilité de stocker
de I'énergie tandis que l'articulation du genou est bloqué.

Les résultats de simulation d’allure de type 2 montrent ¢application de ces stratégies
permettra d’améliorer considérablementiieacité énergétique ainsi que I'autonomie du bipede
étudié. En perspective de cette étude, I'étape suivantastera étudier lestkets de ces stratégies
sur la allure de type 3, qui est la plus complexe et compos@hases de simple appui et double
appui avec rotation de pieds pendant la phase de double.appui

A.8.2 Simulation de la marche de type 3

La figureA.9 présente la comparaison des courbes critéres en fonctiarnvitesse de marche
pour tous les cas étudiés. Les résultats de simulation derlde type 3 ressemblent aux
résultats pour I'allure de type 3 avec des moteurs éle@sgquéme si le critére optimisé est
différent. Les résultats montrent également que le blocagerthugeest pasfficace et entraine
méme un surcolt par rapport aux marches sans blocage du.deswosile chapitre 5, la
surconsommation en cas de blocage du genou a augmentéavgméntation de la vitesse de
marche tandis que dans ce chapitre, la surconsommationessfye constante a environ 15 %
pour toutes les vitesses de marche. La consommation diéragda marche est réduite par
I'activation de la fonction de stockage de I'énergie surdaau d?appui alors qu'il est bloqué
pendant toute la phase de simple appui. L'énergie stockéestguée en cas de besoin
particulierement pendant la phase transfert.fli®&cité énergétique du bipede est alors
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légerement améliorée a haute vitesse de marche (plus dgse6)irou environ 10 % du codt de
marche peut étre économisé. Il est a noter que la vitesse heneonfortable (vitesse a laquelle
la consommation d’énergie est minimale) pour la marche lmenest d’environ 1,4 risec.
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Figure A.9 —Valeur du critére en fonction de la vitesse de marche daltie type 3

A.8.3 Comparaison des allures de type 2 et 3

Dans cette partie de la these, deux types d’allures de mardtéé présentés. Leffets de
blocage du genou et de stockage de I'énergie ont égalengediséutés sur les trajectoires de
marche d’un robot bipede. La figufel0 présente la comparaison du critére choisi en fonction
de la vitesse de marche pour le robot de référence et aveade doqué pour le cas avec le
stockage de I'énergie activé. On peut observer que dansasasas, la valeur du critére
sélectionnée lors de la marche pour I'allure de type 3 estment plus élevé que celui d’allure
de type 2 a toutes les vitesses de marche. Les valeurs due @ites €levés pour l'allure de type 3
est due a un certain nombre déféiences, comme l'introduction de la phase de double appui fin
un contact sans impact du pied d’avant avec le sol au momesamtact du talon (début de la
phase de double appui), et un impact impulsif sur I'orteipied avant a la fin de la phase de
double appui.

A.9 Conclusion et Perspectives

A.9.1 Conclusion

Cette thése aborde dans une certaine mesure le problemeatestmmation d’énergie d’'un
bipede planaire pendant une allure de marche. Un certaifbreode stratégies ont été proposées
afin de minimiser le critéere choisi lors d’'un pas de marchen Afappliquer ces stratégies et
d’étudier leurs #ets sur la marche, un robot bipede planaire a été présertéaug types
d’actionneurs. Dans le premier cas, des actionneurs igjeet classiques sont utilisés et dans le
second cas des actionneurs électro-hydraulique intégrégehement congus sont étudiés. Dans
la premiere partie de I'étude, leffets de blocage du genou et de ressorts de torsion ont été
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Figure A.10 —Comparaison du critere pour l'allure de type 2 et 3 atfBédentes vitesses de marche

étudiés sur le critere de performance prédéfini lors de |zineadlu bipéde avec actionneurs
électrigues. La méme bipede avec des actionneurs hyduaslmété étudié dans la deuxieme
partie du manuscrit. L'actionneur électro-hydrauliquiggré est capable de stocker de I'énergie
et de bloquer une articulation a une position quelconque sansommation énergétique (ou plus
exactement avec une consommation d?énergie négligeasetiéts du blocage du genou et du
stockage de I'énergie sur le critere choisi ont été étudiés.

L?introduction générale du sujet et de I'organisation dbése ont été présentés dans le chapitre
1. La marche humaine et sedférentes statistiques ont été présentées dans le chapire
outre, les dférentes phases et événements survenant au cours d’un aygdééet d’'une allure de
marche humaine ont été discutés et des terminologieséadipour décrire I'allure de marche
humaine ont été présentés. Les deux phases principlaése d’appuet phase d’oscillationet
leurs sous-phases ont été expliquées en détail. En outoegiaotion robotique a été discutée,
puis la marche humaine a été comparée a celle du bipéde. latiemesntre ces deux marches a
€également été établie. En outre, un critére pour compaparfarmance énergétique des
différentes machines a été présenté. Un certain nombre d’dq@srde récupération d’énergie
utilisées pour améliorer li@cacité énergétique d’un bipéde pendant la marche ont égalsité
présentées et discutées en détail.fictale ressorts, du blocage du genou et de la conception
d’articulation du genou sur liicacité énergétique et la stabilité de la marche ont été tdhiscih

la fin du chapitre2, les diférentes méthodes utilisées dans la présente étude afinlidemi
performance énergétique de la marche bipede ont été pgésent

Le chapitre3 a été consacré a la présentation et a la modélisation duebgiadié. Les

parameétres géométriques et inertiels du bipéde ont éténiésset le modéle dynamique a été
formulé en utilisant la méthode de Lagrange. Le modéle dymaependant la phase de simple
appui, double appui, et dans le cas général est dévelopmietion des diérentes phases
présentes dans des allures de marche étudiées. Le moaefmdtipour un robot bipéde planaire
ayant sept corps a été développé. Leidentes solutions de contact du pied avec le sol juste
apres I'impact ont été discutées. En outre, le modele dymaera été étendu afin d’intégrer

|?effet de I'ajout de ressorts en parallele avec les actionneistaats et le blocage de

l'articulation du genou. En outre, fiérents types d’allure de marche avec ou sans impact, et avec
ou sans phase de double appui ont été définis.

Afin d’identifier les avantages et leffets énergétiques associés aux stratégies proposees afin
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d’améliorer I'dficacité énergétique d’'un bipede, une méthode d’optimisgtézamétrique pour
générer des trajectoires de marche pour un bipede planéiéepeésentée dans le chapitrd_es
différents outils utilisées afin de produire des trajectoiramaehe de référence ont été
introduites. La génération de trajectoire pour toutes lleses étudiées a été expliquée et les
variables d’optimisation nécessaires pour générer destoires de marche optimale pour ces
allures ont été définies. Le critére d’optimisation basé&descouple actionneur pour des
actionneurs électriques et basé sur I'énergie consommeéadps actionneurs hydrauliques a été
présenté. Afin de comparer les performances du bipedéératites vitesses de marche, les
trajectoires de marche optimales seront générées poesttas allures de marche étudiées. Un
ensemble de contraintes nécessaires pour générer urntdir@ele marche optimale faisable a été
présenté. Enfin, diérents outils d’optimisation sous contrainte non-linésidle MATLAB® ont
éte expliquées et les résultats de simulation pour cesiforsctl’optimisation ont été comparées.

Les résultats de simulation pour le robot bipéde HYDROIDcal&s actionneurs électriques ont
éte présentés dans le chaphrd._es trajectoires de marche optimales pour chaque allure de
marche ont été générées en utilisant des fonctions splifegues fonction du temps. Le colt de
la marche a été calculé pour chaque type d’allure en uttldifiérentes stratégies proposées afin
d’améliorer I'dficacité énergétique du bipéde. Pour I'allure de type 1, omataté que

I'efficacité énergétique maximale peut étre obtenue en ajowgamedsorts de torsion aux
articulations des hanches et un blocage mécanique du gersupgort. Cependant, la vitesse de
marche maximale atteignable pour une allure de type 1 umguéea été réduite de moitié parce
gue les vitesses articulaires saturentfiitacité énergétique de blocage du genou seul a basse
vitesse et en ajoutant des ressorts uniquement a I'articaldu genou ou a la hanche a haute
vitesse est aussi uns stratégie intéressante. La mise emaieces techniques d’économie
d’énergie permettra d’améliorer fiecacité énergétique et ainsi I'autonomie des robots bipédes
En outre, il a été noté que les couples articulaires étalestfpibles dans le cas avec des ressorts
aux hanches et un blocage du genou. Il est alors possibiésutin réducteur avec un rapport
de réduction plus petit afin d’obtenir des vitesses articegeélevées tout en obtenant les couples
désirées avec les mémes moteurs. La réduction du rappartidetion aurait aussi pour
conséquence de réduire la masse du réducteur et donc la toi@selu bipede et donc la
consommation d’énergie lors de la marche.

Des trajectoires optimales de marche ont aussi été géngwaesallure de type 2 pour les deux
solutionsi.e. soit en ajoutant des ressorts de torsionfeédentes articulations du bipede, soit en
bloquant mécaniquement I'articulation du genou d?appallure de type 2 a des phases de
simples appui et les impacts impulsionnels, il N’y a pas desplde double appui fini. Des
résultats de simulation similaire a ceux de l'allure de t§pmmt été trouvées en termes de
réduction de critere basé sur les couples articulairesnEhé été observé que contrairement &
I'allure de type 1, les vitesses articulaires du bipedesonégas saturés et que le robot était en
mesure d’atteindre la méme vitesse de marche maximale ¢jeeatteinte par un robot de
référence sans ressorts et sans blocage du genou. La mél&emgacts impulsionnels a la fin de
chaque pas a permis au bipéde d’atteindre des vitesses deenus élevées, méme avec
I'articulation du genou d’appui blogué. Par ailleurs, coenpour |?allure de type 1, les approches
proposeées pour réduire la consommation d?énergie peametutiliser des moteurs de plus
faibles puissances. Cela se traduira par une réductionrdadae totale du bipede et permettrait
donc encore de réduire la consommation d’énergie lors datahs.

Un troisieme type d’allure de marche composée d’'une phasergee appui, une phase de
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double appui fini, et deux impacts au niveau du talon puis aeani des orteils du pied avant a
également été présenté dans le chapiti@e type d’allure de type 3 est plus proche de la marche
humaine par rapport aux deux autres allures de marche. él@bservé pour les trajectoires
optimales que les réactions impulsives sur le talon du pradta I'impact du talon étaient
guasiment zéro, ce qui correspond a une vitesse d'at@gesdu talon de pied avant a I'impact
quasiment nulle. Par conséquent, il a été conclu que laisolaptimale (pour nos critees) pour
une allure de type 3 est une trajectoire sans premier impaatonséquence, I'allure a été
modélisée pour satisfaire cette condition afin de réduirfebre de parameétres d’optimisation
et améliorer la convergence de 'algorithme d’optimisatiOn peut noter que réactions
impulsionnels sur l'orteil des pieds arriére et avant larsdcond impact sont significativement
plus faibles que ceux trouvés pour les allures de types 2rdsedtats de simulation du critére de
performance choisi ont montré qu?une réduction signifieatu critere peut étre obtenue en
ajoutant des ressorts dldirentes articulations du bipede en fonction de leur modgtid&tion.
Toutefois, les ressorts actifs pendant toutes les phadaswirche (phases de simple appui et
doubles appui) étaient moinffieace pour toutes les vitesses de marche étudiées que pour les
allures de type 1 et 2. Il est donc opportun, pour cette altareplexe, de n?activer les ressorts
gue pendant certaines phases de la marche. Conformémengichexches antérieures, les
ressorts sur la cheville ne sont utiles que sur la jamberampiéndant la phase de double appui,
pour aider le robot a se préparer a I'étape suivante et dameepoussée d’avancer vers I'avant.

Enfin, le critére a été comparé pour les trois allures étsdiéer le bipede de référence, le bipede
avec ressorts de torsion identiques aux deux articulatlerthevilles, les deux articulations de
genoux joints, et les deux articulations de hanches. |l alésérvé que l'allure de type 1 est le
plus colteuses en énergie parmi tous les cas. |l a égaletéartréstaté que I'allure de type 3 est
plus colteuse aux basses vitesses de marche et moins editeudtesses de marche éleves par
rapport a I'allure de type 2. Les courbes de criteres de ces aléures se croisent a environ 0,9
m/sec. Selon des études de bio-mécanique, la vitesse moyemardhe humaine est d’environ
1,4 msec. La deuxiéme partie de ce travail a porté sur I'étude dbot bipéde avec des
actionneurs hydrauliques capables de stocker de I'éntengilis que I'articulation est bloquée, et
réutiliser I'énergie stockée lorsque cela est nécesda@®actionneurs hydrauliques ont été
introduits dans le chapitr@et le mode de fonctionnement d’'un actionneur hydrauligassitjue

a été présenté. En outre, un actionneur a haute performbautménydraulique intégré (IEHA) a
été présenté et ses avantages par rapport a ses homologaasadétaillés. Le modeéle simplifié

de I'actionneur a été présenté et le fonctionnement de fiésatites parties a été expliqué en
détail. En outre, les éiérents modes de fonctionnement du IEHA ont été élaborésfenston

de stockage d’énergie, qui est 'un des principaux avastdgeet actionneur a été présenté. Les
expressions mathématiques pour I'équilibre de I'énergiesdes actionneurs hydrauliques ont été
développés, et I'énergie stockée et disponible d’un angonhydraulique au cours des
différentes étapes de travail a été calculé. Enfin, un certaibreode cas de consommation
d’énergie d’'un actionneur au cours de son cycle de foncéorent ont été expliqués et le calcul
de la puissance minimale du moteur électrique utilisé dagg$teme hydraulique a été proposé
en cas de stockage d’énergie. Enfin, une étude approfonsligfdes énergétiques des actionneurs
hydrauliques et de stockage de I'énergie a éte réalisédelahapitre7 sur ditérentes allures de
marche d’un robot bipede planaire. Un certain nombre de odiéhont été présentées pour
améliorer I'dficacité énergétique du bipéde étudié lors de la marche. lam#is de trajectoires
optimales de marche ont été générés en utilisant I'algoett’optimisation paramétrique sur un
robot équipé des actionneurs hydrauliques. Deux typekictal de marche ont été étudiés : les
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allures 2 et 3. L2&et énergétique du blocage du genou sans possibilité desstdek’énergie, ou
avec stockage de I?énergie ont été explorées et les régldtaimulations ont ensuite été
compareées avec celle de robot de référence. Lobjectitat de I'étude était de réduire la
consommation d’énergie d’un robot bipéde pendant la marche

Il a été conclu a partir des résultats de simulation quédacité énergétique d’un robot bipede
pendant la marche est significativement améliorée en biadegenou d’appui pendant toute la
phase de simple appui pour l'allure de type 2. La consommafiénergie est encore réduite en
activant le mode de stockage de I'énergie dans un réserydinhlique sous la forme de pression
hydraulique. L'énergie stockée est ensuite réutilisé aerdesbesoin particulier pendant la phase
de transfert. On a également observé que le genou d?app@tpefixé a une valeur constante
pour toutes les vitesses de marche sdfester de maniere significative flecacité énergétique du
bipede. Il a été constaté que le blocage du genou n’estffieace pour une allure de type 3 et
gue le stockage d’énergie est uniquemdfictace a des vitesses de marche élevés. Enfin, les
critéres d’optimisation de la marche d’allure de types 2 @nt3été comparés. Il a été constaté que
I'allure de type 3 est plus colteuse en énergie pour le erégardié que I'allure de type 2 pour
toutes les vitesses de marche. Ce manuscrit a présdféeedies stratégies, qui peuvent étre
utilisées afin d’améliorer I'gicacité énergétique d’un robot bipede pendant la marche. Ces
stratégies comprennent, 1) I'étude déets des ressorts de torsion et le blocage du genou d’appui
sur la consommation d’énergie lors de la marche, 2) I'étude douveau type d’actionneur
électro-hydraulique intégré et leffets du stockage de I'énergie de ce type d’actionneur en
bloquant I'articulation du genou de la jambe d’appui, 3) éhale de trois types d’allures ayant un
impact et une phase de double appui. La mise en ouvre de tesgees proposees vont réduire
la consommation énergétique des robot bipédes et en carseégiautonomie de ces robots va
étre améliorée. La réduction de consommation énergétigutgussi permettre de choisir des
moteurs plus petits et ainsi de réduire la masse du robotatrssmmation énergétique ?

A.9.2 Perspectives

Conformément a des recherches antérieures, cette étifdecestidée d’utiliser des ressorts afin
d’améliorer I'dficacité énergétique d’un bipede en particulier sur leswdetimns de la hanche
dans notre cas. Cependant, contrairement aux travauxdqaése nous avons montré que
|?efficacité des ressorts placés sur |?articulation des chediépend du type d?allure étudié. Des
actionneurs hydrauligues ont également été utilisés gouaker de I'énergie et améliorer la
performance de la marche bipéde. En perspective de cette, &t certain nombre d?études
complémentaires peuvent étre menées pour exploreftkds de ressorts, blocage du genou, et les
actionneurs hydrauliques sur la marche bipéde.

La premiére étape serait de générer des trajectoires ddenanssi proche que possible de la
marche humaine pour un bipéde planaire. Cela peut étredaltiptroduction de rotation des
orteils du pied arriére au cours de la phase de simple appuis 2 marche bipede, cette rotation
des orteils se traduira par une rotation passive du robotiade |?axe des orteils. Il n’est donc
plus possible de définir arbitrairement le comportemenbdees les articulations. Le probléme
du sous-actionnement a été traité dans un certain nombreld®p8, 10]. Les diets de blocage
du genou et I'ajout de ressorts de torsion en paralléle atinrameurs existants peuvent étre
étudiés sur ce type d’allures de marche qui sont en elle-nagpeprié pour permettre des
marches rapides énergétiquemdiitaces §9].
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Deuxiemement, lesfkets de la position d’équilibre de ressort de la cheville daeotation du
pied lors de la phase de double appui, ainsi que durant laeleasimple appui sur lfgcacité
énergétique du bipede doit étre étudiée. En cas des actimigdrauliques, un algorithme peut
étre développé pour partager I'énergie stockée entrequltsactionneurs.

Dans cette étude, nous avons principalement étudié le casrd@sort constamment actif (soit
identique pour la jambe d?appui et de transfert) pour leses|1 et 2 et de ressort que |?on peut
activer ou désactiver en fonction des phases pour |?alluréide peut étre étendue pour
explorer les fets de ressorts a raideurs variables.

Les ressorts en paralléle avec les actionneurs électrayag montré leurf@cacité, il serait
pertinent de mener le méme type d?étude avec des actiormelreiliques. En dehors de
ressorts de torsion en paralléle avec les moteurs, degtedsacompression en série peuvent étre
ajoutés a diérents corps de la structure du bipéde pour explorer létetsesur la consommation
énergétique lors de la marche.

Dans cette étude, I'articulation du genou d’appui uniquaraeété bloquée afin d’étudier les
effets sur la consommation d’énergie lors de la marche et dkestbénergie en cas des
actionneurs hydrauligues. Comme l'articulation du get®bjocage des autres articulations
particulierement |?articulation de la hanche d’appui @t étudiée. En outre, au lieu de bloguer
une articulation au cours de toute la phase de simple afautjdulation peut étre bloquée
pendant une partie seulement de la phase de simple appui.

Enfin, I'étude peut étre étendue pour générer des trajestd marche des robots bipédes en 3D
et explorer les fets de ressorts sur lediddrentes articulations dans des plart&dents, par
exemple dans des plans frontaux ou traverse. De méme, tHel®ocage du genou peut
également étre étendue a d’autres articulations commeution de la hanche afin de minimiser
la consommation d’énergie. En outre, |é&ets des actionneurs hydrauliques et de la fonction de
stockage d’énergie peuvent aussi étre explorés dficbeité énergétique de la marche bipede en
3D.






Inverse Geometric Model of the Biped

B.1 Inverse Geometric Model for Gait Type 1 and 2

The joint configuration during double support phase can tzed as a function of hip
position f, hy) and step lengtd when the biped is in flat foot contact on the ground. The step
lengthd is the distance between axis of ankles of the feet. The joigles of both legs are
calculated by solving the Inverse Geometric Model (IGM)jeltrensures flat foot contact on the
ground during double support phase. This configuratiorests joint angles at the end of the
single support phase as well as at the start of the next ssgleort phase. The studied biped
with both feet on the ground is shown in the Fig@ré4.

B.1.1 Calculations of joint angles of the stance foot

Joint angles of the stance leg can be found from the Cartesiamlinates of hip of the biped.
Since the biped is in flat foot contact on the ground, theggfthre reference frame is fixed at the
ankle axis of the front foot. The hip coordinates can be esged as:

hy = =l1sin(dy) — 12Sin(@,)
{ hy = |1C103Q1)1+ |2CZIOSQ2§ (B.1)

The solution of system of equati@ 1 can be found by using the Paul's method. These equations

form a system of type 7 such that:

{ Wsin(qs) = Xsin(@g) + 2 (B.2)

Wecos() = Xcos@e) + Z1

WhereW = 13, X = —l, Z, = —h,, andZ; = hy. The joint anglejy, can be found such that:

O = tan™t ( sin(@.) ) (B.3)

cos(l)

where,
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\ Yo

Figure B.1 —Paosition of biped’s feet during instantaneous double stiggtase of gait type 1 and 2

B1Bs+ e B, /B? + B2 — B2
sin(@p) =
B? + B3 (B.4)
B,B;— e B, /B2 + B2 — B2
cos@y) =
G) B? + B2
with
Bi1=22,X
B, = 27Z; X (B.5)
By = W2 — X2 — 72 - 72

Wheree = + — 1 permits to select one of the two possible solutions of thierse geometric
model. Similarly,g; can be calculated by solving equatiBri using system of equation of type 3
such that:

o = tan™ ( sin(@y) ) (B.6)

cos(n)

where,
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Sin@s) = —t
v ] (B.7)
cosQy) = v,
with,
V]_ = Il
V2 = Il
. B.8
W, = —hy = I5sin(0p) (B8)
W, = hy - |2COSQ2)

B.1.2 Calculations of joint angles of the swing foot

Joint angles of the swing foot can be found as a function opbigition and step length such that:

hy + 13sin(gs) + 145in(Q4) = d
hy — l1scos(z) — 1.cosQs) = 0

(B.9)
The equation8.9 also form a system of equations of type 7 such that:
Wsin(gz) = Xsin(Qs) + Z»
{ Wcos(3) = XcosQy) + Z1 (B.10)

WhereW = I3, X = —l4, Z, = d — hy, andZ; = hy. The joint angley, can be found such that:

g4 = tan! ( Sin(G.) )

B.11
cos6w) (B8.11)
where,

By Bs +e B, /B2 + B2 — B2
sin(@a) =
B? + B3 (B.12)
B,Bs - eB /B2 + B2 - B2
cos() =
G) B2+ B2
with
Bi=27,X
B, =27 X (B.13)
By = W2 - X?-22-272

Similarly, gs can be calculated by solving equatiBr® using system of equation of type 3 such
that:
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a1 SIN(@R)
s = tan (COSQS)) (B.14)
where,
sin(s) = —
v ] (B.15)
cos(@s) = v,
with,
Vl = |3
Vo=l (B.16)

W, =d - hy - I4sin(@s)
W, = hy — 1,cos()

B.2 Inverse Geometric Model for Gait Type 3

During double support phase of gait type 3, the biped is inaxiron the ground with heel of the
front foot and toe of the back foot with a distarttbetween the feet as shown in FiglB£. In
this configuratiomgs40) (end of the single support phase just before heel impiact)possible to
calculate two joint angles as a function of the others byiaglthe IGM. Similarly, two angles of
the joint configuratiomys(Tys) at the end of double support phase can also be calculated fro
other joint angles. This is the joint configuration at the ehdingle support phase as well as at
the start of double support phase after permutation. Weectwosalculate the orientation of shin
(g3) and tight €4) of the swing foot as a function of other angles of the biped step length.

From FigureB.2, OC can be written as:

OC = OA +AC (B.17)

d
[ 0 ] = (B.18)
Whered is the distance between heel of the front foot and toe of taefo®t during double
support phase, and, andA, are given by:

Ay + 13sin(@g) + 145iN(@4) + psin@p2) + (Lp — 1p)COSEp2) ]
A, —15c0s(3) — [4c0S@) — hpcosSQp2) + (Lp — 1p)SiN(0p2)

[Ax ] _ | 1pcos@ips) — hpsin(@py) — 11sin(@s) — I2sin(@.) ] (8.19)
Ay | | 1pSin@p1) + hpcos@pr) + [1C0SE) + 12c0SER) '
-t C hpsin(@p2) + (Lp — 1p)cos@lp2)
x | _ sin(@p2) + (L, — I,)cos
[ c, ] = [ 1o00562) + (Lp — 1o)SiN(he) ] (B.20)

Now, by putting the values dE, andC, in equationB.18, we have:
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Figure B.2 —Paosition of biped’s feet during double support phase oftyai¢ 3

—lssin(@y) —d - A, - Cy
—l4cos@a) + A, + Cy

|3cos@) (B.21)

[ 13sin(Qa) ]

The solution of system of equati@ 21 can be found by using the Paul’'s method. These
equations form a system of type 7 such that:

Wsin(@s) = Xsin(@a) + Z
{ WCOSQZ) = Xcosa4) + 221 (B.22)

WhereW = I3, X = -4, Z, = —d - A, - C,, andZ; = A, + C,. The joint angley, can be found
such that:

et [ SIN@)
s = tan 1(—00504)) (B.23)

where,



186 Annex B. Inverse Geometric Model of the Biped

ByBs+eB /B2 + B2 — B2
sin(a) =
B? + B3 (B.24)
B,B;— e By /B2 + B2 — B2
Cos =
G) B2 + B2
with
B =22,X
B, =27, X (B.25)
By = W2 — X272 - 72

Similarly, gs can be calculated by solving equatiBr21 using system of equation of type 3 such
that:

a1 SIN(@R)
gz = tan (cosqg)) (B.26)
where,
. W
sin) = /-
W (B.27)
cos@z) = —2
3 v,
with,
V]_ = |3
Va =g (B.28)

W, = —|4Sin(q4) +d- A, —Cy
W, = —lscos@u) + Ay + Cy



Calculation of Jacobian Matrices

C.1 General Expression

The Jacobian matrix is the matrix of all first-order partiatidatives of a vector or scalar-valued
function with respect to another vector. Given a sef ef f(x) € R™ equations irk € R"
variables, the Jacobian matrix, sometimes simply called Jacobian"]0§ is defined by:

0F1 oF1

I=| ¢ o (C.1)
oFm oFm
8_)(1 oo m

C.2 Jacobian Matrices for Walking Gait Type 1 and 2

The walking gait types 1 and 2 presented in present studycem@ased of only single support
phases separated by tradition phases (gait type 1) or inpuispacts (gait type 2). These
walking gaits have flat foot contact on the ground at the tifmienpact as well as during the entire
stance phase. Jacobian matrix of swing foot (foot comingirtact with the ground) is needed to
solve the impact model. In our case, the Jacobian magrixR> is the first-order partial
derivatives of the position vector of the swing foot withpest to generalized coordinate vector
g = [Ap1 Op2 1 02 O3 G4 G5 X Yh]'. Thus, the position and Jacobian of swing foot (foot 2) can be
calculated such that:

P, = Xh+Lgsin(q3)+L4Sin(Q4)+hpSin(qDZ)] (C2)

Yh — Lsc0s@s) — L4cosls) — hy,cos@pe)

0 hpsin@p) O O Lssin(@s) Lssin@) O O 1 (C.3)

0 hpcos@pz) O O Lscos@s) Lscos@) O 1 O
Jy =
0 1 00 0 0 00O

Here, a third row is added to the Jacobian of the feet to takesiccount the rotation of the foot.
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In case where the knee joint is locked just before impactJ#oebian of knee has to be added to
the impact model. The Jacobian of the knee jding R of the swing leg can be calculated
from derivative of the knee angik.

05 =0z — (C.4)

J=[00001-100 0] (C.5)

C.3 Jacobian Matrices for Walking Gait Type 3

Walking gait type 3 consists of single and double supporspbeaeparated by impulsive impacts.
During double support phase, the biped is in contact on tbergt with heel of the front foot and
toe of the back foot as shown in Figuser. In this configuration, considering implicit liaison and
perfect pivot contact on heel of stance foot, the genemii®rdinate vector is expressed by

Qs = [Op1 Up2 1 G2 O3 G4 Gs)'. The Jacobian matrix of toe of rear foot during double suppbase

is given by:

P = |,c0SQp1) — hpSiN(@pa) + (Lp — 15)c0SOp2) + hpSin(@pz) — LiSin(@1) — L2Sin(@z) + Lssin(@sz) + Lasin(@a)

2ds = —1pSin(@p1) — hpcos@p1) — (Lp — p)SiN(@p2) + hpC0SQp2) — L1icOSEh) — L2Cos(y) + Lscos@s) + LacosE
(C.6)

e = —1pSiN@Qp1) — NpcoSQp1)  NpCOS@p2) — (Lp —1p)SiN@p2) —LacOSE) —LoCOSER) Lscos@s) Lacos@

2ds [p,coS@p1) — hpSiN@p1)  hpsin(@p2) + (Lp — 1p)cos@p2) —Lisin(@) -Lzsin(@) Lssin(@s) Lasin@

(C.7)

During a walking step of gait type 3, first impact occurs wheateel of the swing foot touches
the ground. To have double support, the heel of foal; 4+ q = 0) and the toe of foot 2
(J210ed = 0) must remain on ground. The generalized coordinate vectexpressed by

q = [Gp1 Op2 1 2 O3 G4 Os X Yh]'. The position of heel of front foot and toe of rear foot during
double support phase is given by:

o _ [ X+ Lisin(y) + Losin(e) - 1,c0s€m) + hosin(p) C8)
theel = |y, — Licos@lr) — Locos@l) — 1pSin(@py) — pcos@ipy) '

P Xn + L3sin(@sz) + Lasin(@a) + (Lp — 1p)cos@lp2) + hpSin(@p2) (C.9)
2toe Yh — Lacos(s) — Lacos@a) + (Lp — Ip)sin(@pz) — hpcos(p2) '

At the instance of heel impact, the Jacoblap.e € R?® at heel of the front foot, andb e € R?*®
at toe of the rear foot are given by:

h,cos@p) + Ipsin@x) O Licos@m) L.cos@) O O O 1 O
00001 (C.10)

Jiheel = [ hpsin(@p) — 1,c0s@p) O Lisin(@) LzSin(op)
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0 hpcos@lp) — (Lp — Ip)sin@x) O O Lscos@s) Lscos@s) O 1 O

20 =1 0 hsin(e) + (L — 15)cose) O O Lesin@s) Lesin@gy) 0 0 1| (11

The Jacobian matricek ee) andJ, e have only two rows because at the instance of first impact,
the front foot rotates on its heel while the rear foot rotatests toe.

The second impact occurs when toe of the front foot comesntacowith the ground. At the
moment of second impact, the foot is in flat contact on the o he position and Jacobian
matrix is given by C.12 and (.13 respectively. It is to be noted that a third row is added ke ta
into account the rotation on the foot.

Pl = (C12)

Xn + L1sin(@1) + L2sin(@z) + hpSin(@pa)
Yh — Licos@) — L2cos(l) — hy,cos@ps)

h,cos@p) O Licos@m) L.cos@) O O O 1 O
Ji=| hpsin@m) O Lisin@) Losin@) 0 0 0 0 1 (C.13)
1 0 0 0 000O0O






Calculation of Ryy by Minimizing the
Criterion

D.1 Calculating Ry, by Minimizing the Criterion

The joint torques as well as vertical component of the grawadtion force on rear foot can be
calculated as a function &%, by decomposing the equation of dynamic model in double stippo
(3.15 such that:

r 1 ) .
R |78 % [ A@+C@.0a 6@ - %R | (0.1)
whereA(q) € R™ is the positive definitive inertia matrix;(q, ) € R™’ contains the Coriolis

and centrifugal forces3(q) € R™*! is the vector of gravity force® € R is the actuation

matrix composed of 1 and 0, alite R®! is the joints torque vector. The ground reaction forces
on rear footR, € R>! are taken into account through the Jacobian matrik R,

The ground reaction force on front foot can be calculated biing the force balance equations
on center of mass of the biped. This can be written as:

Riy = mxg — Rox
.. D.2
{Rly:myg—Rzy+mg (D-2)

From the second line of)(1) and 0.2), for a given acceleration of the biped there is only one
solution forRy, andR,y, independent of the torques. The torques only influghgandR,,. For
this reason, a solution for the torques can be found as aifumet Ry, or R, as parameter. Let us
choos®,, and define the minimization problem with the associatedtcaims on componern®yy.
To calculateRy,y, the dynamic equation will be solved in such a way Rgtwill minimize the
optimization criterion based on joint torques.

Ming, I'T (D.3)
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with
_llRly - R <0
—1Ry + Rix <0
—1Ry — Rox <0 (D-4)
Let us suppose that left hand side of the dynamic equaBidrb)(is constant (say), and
rearranging the equation such that:
¢ = BT + J5,Roy + Jtzszy (D.5)
r
[ B % | [ Ra, ] - JoRoc= ¢ (D-6)
r t 171 t 11at
Ry =[B 3| ¢+ B Iy | IR (D.7)
The first 6 lines of equatiori).7) can be written as:
-1 -1
r:(BJt ) +(BJt Jt) R D.8
[B %] w6 [B %] % we (b-8)
LetE=([B J,]*#)ae andF = ([B 3517135 ) then we have:
I =E +FRy (D.9)

Now, the expressio@;. as a function of joint torques which needs to be minimizedwawritten
as:

C: =TT = (E + FRy)'(E + FRx)

C; = E'E + 2E'FRy + R,,F'FRy (D.10)

Finally, the value oR,, which will minimize C}, can be calculated by putting the derivativeGsf
with respect td=,, equal to zero.

OC _ 0=> 2FE+2F'FRy=0
asz 2X
R __FE (D.11)
2x optl’ — FIF .

This solution minimizes the optimization criteri@y (4.14).
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The solution ofR,, found in (0.11) minimizes the square of the torques without constraints. A
constraint needs to be imposed on this solution to satigfyrtaximum and minimum limits of
Roy. Let Roymin b€ the minimum an®y maxbe the maximum value di,,, then the constraint on
R,y can be written as:

R2x min < R2x < R2x max (D.12)

Thus a solution of the minimization problen3 is given by following three cases:

If R optr < Roxmin - then Ry = Roxmin (D-13)

{ If R2xmin < R2x optr’ < Rmeax then R2x = R2x optr’
If R2x optr’ = R2xmax then R2x = R2xmax

In the case where there is no solutiaB, Ry min = Roxmax the value oRyy is selected to minimize
the violation of constraints such as:

Rox = Rox optl’ (D.14)

In this last situation, the constraints are not satisfiedvéier, the optimization algorithm will
tend to satisfy the constraints of the motion, and the finkitgm will always satisfy

Roxmin < Roxmax This violation will only occur during the optimization press and will not
appear in the final optimal walking gait trajectory.

D.1.1 Constraints of contact
The optimal walking gait trajectory should satisfy all trenetraints presented iD(4). Similar to

equation D.9), the reaction force can also be expressed as a functiBg,oFrom the last row of
(D.7), we have:
R2y = sz + NyRZX (D15)

whereM,, = ([B JE:’Z)]‘lqb)(en@ andN, = ([B JE:,z)]_lJE:,l))(encb-

Similarly, from ([D.2), reaction force on foot 1 can be expressed such that:

Rix = M1x — Rox (D.16)

whereM 1, = m¥; andM 1y = my, + mg— M. Itis to be noted thall, is the same as i) 15) but
with negative sign.

For a given value ofq, g, §), the termdVl; andN; are know, and the reaction forces are calculated
with Ry = Roxoptr. If @ll the constraints given in.4) are satisfied, then this solution is used.
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D.1.1.1 Constraint of no-take-df

In a case where all the constraints in4) are not satisfied, the constraint of no-takéreeds to
be verified first, because the constraint of no-slipping aaondnsidered only if the foot stays on
the ground.

If Ny # 0, there exist some values Bf, that can be used to satisfy the constraint of no-take-o
(Ry > 0, Ry, > 0) using 0.15) and O.17). The maximum and minimum limits &%, can be
calculated as:

-M
N—zy |f Ny >0
Roxmin = % N <0 (D.18)
Ny Y
M
N—ly if N,>0
R2x max = _ng N 0 (D-lg)
<
Ny Y

If the constraint of no-takefbis not satisfied with the solutioRy = Ry oper and if there is no
satisfactory solutionRoy max < Roxmin), then 0.14) is used with limits calculated i), 18) and
(D.19.

The above limits oR,, are calculated by ensuring positive normal reaction forceath feet
(Rzy > 0 andRyy > 0) during double support phase. Thus frani5) for Ny > 0, we have:

sz + Nngx >0
Nngx > —sz

_M (D.20)
sz > 24
NY
Similarly, from ©.17), we have:
M 1y — Nngx >0
—Nngx > -M 1y (D21)
sz > —1y
NY

ForN, < 0, the signs are inversed.

D.1.1.2 Constraint of no-slipping

If the constraint of no-takefbis satisfied, then the constraint of no-slipping needs todrdied
and a solution which satisfies this constraint is to be fodrm no-slipping constraint on foot 2
can be written as:
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{ —1iRoy — Ry < 0

—URyy + Ro < 0 (D-22)

Now, putting the value oRy, from (D.15) we have:

(D.23)

—My — (uNy + 1)Rp, < 0
—My — (uNy — 1)Rp, < 0

Similarly, the no-slipping constraint for foot 1 can be eagsed as:

(D.24)

_llRly -Rix <0
—uRy +Rix <0

Putting the values fromY.16) and 0.17), we have:

{ My = M+ (uNy + 1)Ro < O (D.25)

Therefore, the minimum and maximum valued:pf for no slipping constraint can be deduced
from (D.23) and (.25) such that:

min(—,uM zy,/lM 1y + M 1X)

) N+ 1) if (uNy+1)>0 526
Ry min = min(=uMaoy, uM 1y — M1,) (020
it (uNy-1)>0

(uNy — 1)

maX(—/lM zy,,uM 1yt M lx)

if (uNy+1)<0O

B (uNy + 1)
R;x max — max(—uM zy,)/,uM 1y — M lx) . (D'27)
if (uN,—1)<0
(uNy —1)

Finally, to avoid take-fi and slipping of the feet, the maximum and minimunRgf can be
written as:

Roxmin = min(Rgx mir Roxmin) (D.28)
RZX max — max(%x max RZX maX) l






Calculation of Centers of Mass of Links of
the Biped

To calculate the dynamic model of the biped, it is necessadgtermine the position of the
centers of mass of each link.. In this part, the centers otragall the links of the studied biped
will be calculated with respect to a reference fraRaghy, hy) at the hip of the biped. The seven
link planar biped is shown in Figuie.1(a) and its foot geometry is shown in Figuel(b) It is
composed of two feet, two shin, two thigh, and a torso. Alljtiets are supposed to be perfect
revolute joints.

YA
O -
X
Spy S
hp Bt /S
/ Gf
P } ..... oo o] g .
g1
(a) biped’s centers of mass (b) foot geometry

Figure E.1 —Paosition of centers of mass and foot geometry of the biped
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The position of the centers of masses of the body is given by:

G = [hy + [2sin(@g) + sisin(@); hy — 12c0s(2) — s1c0s@1)]
Gz = [hx + $8iN(Gp); hy — S2c08(p)]
Gs = [hx + $38iN(Gs); hy — S3c0S()]
Gy = [hy + I3Sin(d3) + S4SiN(@4); hy — 13c0S0s) — S4COSE4)]
Gs = [hx — s5sin(Gs); hy + ssc0S05)] (E.1)
Gi1 = [y + 128in(0) + 11SIN(@1) + SpaxCOSQp1) + Sp1ySIN(@pa);
hy — 12c0s(2) — 11€0S@1) + Sp1xSiN@p1) — Sp1yCOSQp1)]
Gtz = [hy + 138IN(03) + 14SIN(Q4) + Sp2xCOSQp2) + SpzySIN@p2);
hy — 13c0s(@) — 14c0SQla) + SpaxSiN(@p2) — Sp2yCOSEp2)]

Where @y, hy) are the Cartesian coordinates of the hip of the bif@gds the position of center of
mass of linki, andgq; is the absolute angle of linkwith vertical axis.

The mass center of gravity (CoG) of the biped can be calalifaten the individual centers of
mass of all the links such that:

CoG= (m]_Gl + rnng + rngGg + m464 + m565 + mflel + mesz)/M (EZ)

Here,M is the total mass of the biped anglis the mass of link.
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Stratégies pour le stockage de I'énergie d’'un robot bipede d

Strategies for Energy Storage during a Walking Step of a Bipe

Résumé

Ce travail est dédié a I'étude de différentes stratégies pour
améliorer I'efficacité énergétique de la marche d’un bipéde pla-
naire. Les stratégies proposées comprennent, le blocage de
I'articulation du genou de la jambe d’appui, I'ajout des ressorts
de torsion en paralléle aux actionneurs existants, et I'utilisation
d’actionneurs hydrauliques pour stocker de I'énergie lorsque
I'actionneur est bloqué et puis la réutiliser en cas de besoin.

Afin de comparer I'efficacité énergétique de différentes mé-
thodes proposées, un probleme d’optimisation paramétrique
sous contraintes est posé pour générer un ensemble de trajec-
toires optimales de marche pour différents types d’'allures avec
ou sans phases de double appui et d'impact. Les équations
de Lagrange sont utilisées pour définir le modéle dynamique
et le modele d'impact du bipéde. Ce modele dynamique tient
compte des effets de blocage du genou et de I'ajout des res-
sorts en parallele aux actionneurs. Dans la premiére approche,
les trajectoires optimales de marche sont générées en ajoutant
des ressorts aux différentes articulations du bipéde. Et pour
la deuxieme approche, le genou de la jambe d'appui est blo-
gué pendant toute la phase de simple appui. La troisieme mé-
thode est fondée sur I'utilisation des actionneurs hydrauliques.
Quand l'articulation du genou est bloquée, I'énergie sous forme
de pression hydraulique est stockée dans un réservoir, puis est
utilisée dés lors que le besoin s’en fait sentir.

Le colt énergétique de la marche est alors calculé pour
les différentes vitesses de marche en utilisant stratégies pro-
posées pour chaque allure de marche et puis les performances
obtenues sont comparées a celles initiales du bipede sans res-
sorts et sans stockage d’énergie. Nous avons montré g'une ré-
duction significative de la consommation d’énergie peut étre
obtenue en utilisant les approches proposées en fonction du
type d'allure étudié.

Mots clés

urant une allure de marche

dal Robot

Abstract

The scope of this work is to propose different
strategies to improve energetic efficiency of walking
of a planar biped. The proposed strategies include,
locking of the support knee joint, addition of torsional
springs in parallel to existing actuators, and use of
hydraulic actuators to store energy while the actua-
tor is locked and then re-use the stored energy when
needed.

To compare energetic efficiency of different meth-
ods proposed, a parametric optimization problem un-
der constraints is purposed to generate a set of opti-
mal walking gait trajectories for different types of gaits
with or without double support and impulsive impact
phases. Lagrange’s formulation is used to define the
dynamic and impact model of the biped, and taking
into account the effects of knee locking and spring
addition in parallel to existing actuators. In the first
approach, optimal gait trajectories are generated by
adding springs to different joints of the biped and in
the second approach support knee is locked during
entire single support phase. The third approach is re-
lated to hydraulic actuators in which a joint is locked
and energy is stored in the form of hydraulic pressure
in a reservoir and then reused when needed.

The walking cost of generated optimal trajectories
is thus calculated for all studied gaits using the pro-
posed strategies. This cost is then compared to that
of the respective gait of the basic robot to study the
effectiveness of the applied strategy. It is shown that
significant reduction in energy consumption can be
obtained by using all proposed approaches depend-
ing on the type of gait studied.

Key Words

Bipedal robots, dynamic modeling, optimal motion,
parametric optimization, torsional springs, knee locking,
energy storage, hydraulic actuator.

Robot bipéde, modélisation dynamique, mouvement
optimal, optimisation paramétrique, ressorts en torsion,
blocage du genou, stockage d’énergie, actionneur
hydraulique.
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