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LOCOMOTION ANALYSIS OF QUADRUPED ROBOT

SUMMARY

In recent years, studies on walking robots is iasireg. This is because legged
walking has some advantages from the conventiohakled and tracked movement
such as good potential to be an effective andiefftaransportation device on rough
and/or soft terrain which has been well demondiratebiological systems and, in

principle, in a few walking machine prototypes. dAralso the complex and

challenging nature of the problem has been vemacive to many pioneering

researchers. In legged robot field, especially d@peand quadruped robots have
become popular and the other multi-leggeds folllognt.

In this study quadruped locomotion is investigateebretically in past studies with
basic concepts. For this purpose, began with #talddrm which is one of basic
concepts of legged locomotion, especially quadrupedessary definitions is given
such as stability margins type static and dynanegasately for sake of be well
understand. Another basic term of locomotion,,gaiexamined into two main title
as static and dynamic walking evidently relatiotwsen stability.

Also kinematic equations, of quadruped robot maatel derived accepting three
degree of freedom for each leg. For forward kinecsdDenavit-Hartenberg methods
is used and for inverse kinematics only algebsalation method is mentioned.

In the last phase of study, a primarily 3D drawaiga quadruped robot designed in
CATIA and transferred to another modeling platfolDAMS. Theoretically
investigated Static (crawl) and one type of dynawadking (trot gait) is simulated in
ADAMS. Angles and position changing in joints issebved. Simulation results is
given.

In conclusion, the study is aimed to provide thsib#or further study walking and
control algorithms can be developed in MATLAB. Télere ADAMS-MATLAB
Co-Simulation infrastructure has been establishath vVADAMS/View plug-in
ADAMS/Control and MATLAB- Simulink and described Wwoto set this co-
simulation structure detailed.
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DORT AYAKLI ROBOTLARIN HAREKET ANAL  izi

OZET

Robotik bilimi her gegen gun populeiiini artirmaktadir. Ginimuzde ise yuriyen
robotlar Uzerine yapilan catnalar arty gostermektedir. Bunda yiriyen
mekanizmalarin, klasik tekerlek ve paletli robatlagére bazi konularda avantaj
gostermesi etkili olmaktadir. Mobil robotlar ginimtigknolojisinin bir gerg olarak
laboratuar dunda, gercek dinyada Ozellikle engebeli arazilekddlaniimaya
baslanmstir. Bu durum dolayisiyla geleneksel tekerleklilgbia ve rayli sistemlerin
tasarimlarinin zayif yonleri ortaya cikygnwe argtirmacilar farkh alanlara itngiir.
Dolayisiyla klasik tekerlek ve palet tasariminaigadraclarin tasarim sinirlarinin
asllmasi icin yapilan cajmalar gun gectikge artan bigiem gdstermektedir. Bu
sinirlari @mak i¢in, mobil robotlarin bir dali olan bacakl badlar, biyolojik
esinlenmelerden yararlanarak yeni tasarimlar géegalesine neden olmaktadir. Bu
yeni tasarimlar daha cok bacakh sistemleri icetmele farkli bacak sayilarinda
farkl kinematik yapilarda tasarimlari ortaya c¢rkaktadir. Bacakli sistemler bilinen
geleneksel tasarimlardan cok daha fazla harekeaskagine ve cok yonlUgi
sahiptirler.

Bu calsmada dort ayakh yuriyen robotlarinin hareket andonu edilmgtir. Bu
amagcla oncelikle yurilyen mekanizmalar ve ayaklotiain klasik yontemli tekerlek
veya paletli tasarimlarla kiyaslanmasina yer vegiim Daha sonra ylriyen
mekanizmalar icerisinde biyolojik yaklanli olarak geltirilen iki, dort ve c¢ok
bacakl robotlar ve yuruglerine dginilmistir. Biyolojik yaklasimli bir robot icin
bacak tasarimi Orneklenerek ve ayakl robotlaniada gerceklenen dnemli iki
calismaya yer verilmitir.

Dort ayakh robotlarin hareket analizi gahasinda robot yirume hareketini
tanimlamakta esas olan temel kavramlar teorik kladelenmg ve alt baliklariyla
birlikte tezde ifade edilngtir. Bunlarin icerisinde, robotun hareketinin
gerceklenmesinde en 6nemli parametre olan d®hilnsuru, statik ve dinamik
altbgliklari altinda konu edilmgtir. Stabilite kavramiyla ilgili yapilan teorik
argtirmalarin neticesinde statik ve dinamik dengeriadesinde kullanilan statik
denge marji, boylamsal denge marji,enerji dengesijimnormalize enerji marjl,
dinamik stabilite marji kavramlari tanimlamalaapyims ve formdulleri ile ifade
edilerek robotun hareketiylegkileri aciklanmstir.

Tez calgmasinda, dort ayakh robotlarin hareketindgedibir temel kavram olan
yurtyls bicimlerine dginilmistir. Baslangi¢ olarak yldrimenin tanimi yapignwe
stabilite konusunda olgu gibi burda da yuriawibicimleri statik ve dinamik olarak
iki ana balik altinda toplanmtir. Ayrica yuUrldygun tanimlanmasinda kullanilan
temel ifadelere yer verilngiir. YUrtyUs bicimleri statik ve dinamik olmak tzere iki
ana bicimde irdelenrstir.
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Biyolojik yaklasimli  robotlarda, robot hareketinin gadan esinlenerek
gerceklenmesi esas aligdicin bu bélimde dgada hayvanlar tGizerinde goérulebilen
yurime bicimleri kategorize edilerek ylriyen mekamalara gore ifade edilsiir.
Statik yurime bigciminde, dort ayakli robotlarin lavantaji olan yénsiz ydrimeyi
gostereceksekilde robotun ileri, yana ve rotasyon hareketicg&lestirebilecek
sekilde adim siralari c¢ikarilgtir. DOrt ayakh robotlarda dinamik yurime igin
yapilan cakmalarda 6zellikle atlarin hareketinin referans @fiin goraimistir bu
sebeple dinamik ydrime bicimi atlarin gercgtitdigi yurlyls turleri Gzerinden
tanimlanmgtir.  Yartylds bicimleri baglig altinda ayrica stabilite ve yuriyi
arasindaki igkiye kisaca dgnilmistir.

Dort ayakh yurtyen robotun hareketi ayni zamanutakimematik problemi olarak
ele alinmg kinematik denklemleri ¢ikarlmgtir. Kinematik bilindgi gibi, bir robot
kola iliskin yoriinge planlamasi dinamik ve kontrol problemkde alindginda ilk
gereksinim duyulan konulardan biridir. Gahada kinematik modeli oturulurken
bir ayak U¢ serbest dereceli RRR robot keéklinde kabul edilerek, Denavit-
Hartenber yontemi uygulangnD-H desisken tablosu c¢ikariimiayni sekilde butin
robot modeline eksen takimlari yatiglerek robot bitiininde kinematik yapi elde
edilmistir. Dz kinematik problemi, klasik robot kolunurg moktasinin konum ve
yonelimini eklem dgiskenleri cinsinden ifade ederken, burada robotunkaya
uclarinin konum ve yonelimini temsil etmektedir.r3&inematik de aymngekilde,
robot u¢ noktasinin verilen konum ve yonelimglagacak eklem daskenlerini
ifade etmekteyken dort ayakli robotlarda robotkayeunun verilen nokta ve
yonelime goére sdamasi gereken eklem gigkenlerini temsil eder. Ters kinematik
problemi her durum icin komplex denklemler tiretteelkr ve pek cok farkh
methodla c¢6zime wdabilmektedir. Bu nedenle tez cgahasinda robot ayak
modelinin ters kinematik denklemlerin elde edilnmele sadece cebrik yaklen
metoduna yer verilmgtir. Bu denklemlerin cikarilmasi konunun teorik ralla daha
Iyi anlasiimasina katki sgamistir.

Son olarak, teorik olarak incelenen yurgyicimlerinin simulasyonu icin robot
modeli tasarlanmgtir. Mekanik tasarim ilk olarak CATIA ortamindalig@rilmi stir,
cizim yerine U¢ eklemi temsil edecakkilde servo motor 6rnekleri kullanilarak
gerceklenmgtir. Bu aamada robotun uygulanabilir bir yapida olmasi gadi a
edilmemitir. TUm ana parcalar ve glanti parcalar olgturularak bir batin haline
getirilmistir. CATIA ortaminda olgturulan doért ayakli robot tasarimi,sia bir 3D
modelleme programi olan Unigraphics ile parasatidnfa dongtirtlerek ADAMS
ortamina aktariimgtir. MSC. ADAMS ortaminda caltirlmasinda amac¢ robot
hareketinin simulasyonun kolayca gerceklenebilmadidir. Ancak MSC.ADAMS
platformunda modelin hareketlendirilebilmesi igmekanik tasarimda kullanilan her
bir parcaninsekil, kutle, ygunluk ve atalet momenti gibi parametreler ile yer
girilerek gercek simulasyon ortami g&anmstir. Bunlarin dginda, U¢ serbestlik
derecesini gdayacak sekilde eklemlerin tipleri, eklemlerin doémuydnleri, yer
cekimi, strtinmeler gibi der parametreler modelde tanimlagim

MSC.ADAMS/View ortaminda eklemlere programda tamirstep gibi verilen

komutlarla robotun yuriwil sa&lanmstir ve bu gamada teorik olarak irdelenen
yurime modelleri simule edilgtir. Statik yurlyg biciminde ileri yonll statik
yurtyils icin tespit edilen adim sirasini takip edegekilde diz ve bilek eklemleri
motive edilmgtir. Ydrime hareketini ggayacak girg komutlari eklemlere
uygulanmgtir. Teorik olarak incelenen statik yurime bicimabot simulasyonu
Uzerinde gercgeklenerek robotun stabilitesini koralgayuriygiuni gerceklgtirdigi
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gozlemlenmgtir. Statik yurdyg simulasyonun yani sira dinamik yurigyliicimi de
uygulanmgtir. Bunun igin, robotun iki ayanin havada iki ay@nin da destek
fazinda kaldil trot yurime bicimi cafilmistir. Dinamik ylrime bicimlerinde en
rahat gerceklenebilir olmasi tercih sebebi oftau Trot ylriyg simulasyonunda
robotun dort ayginda bilek ve diz eklemlerine giter uygulanarak bir adimlik
yurtyls sonuglari elde edilmive robotun hareketi izlengtir. Statik yurime
simulasyonunda stabilite unsuruyla ilgili bir sortark edilmezken trot yuruyie
robot govdesinden alinan pozisyon sonuclarina g@men dengesinin bozulgu
gorulmistir. Buna sebep olarak dinamik yurigtgi dengenin esas kriterinin hareket
olmasi ve dengenin ganabilmesi i¢cni gerekli giglerin ¢ok iyi sekilde tespit
edilmesinin gerekgi gorulmdstir. Calsmanin ilerleyen gamalarinda bu konu
uzerine girhk verilerek dinamik yurtuygimodelinin gelgtiriimesi hedeflenmektedir.

Sonu¢ olarak bu tez catnasi, elde edilen robot modelinin MSC.ADAMS/View
ortaminda komute edilebilgli gibi MATLAB ortaminda komplex yurime ve
kontrol algoritmalari  gegtirilebilecek ileri bir calgmanin temeli olarak
yuratilmistr. Bu amagla MSC.ADAMS ve MATLAB arasinda gergecek ¢
simulasyon vyapisi da kurulgtur., MSC.ADAMS/View ‘in eklentisi olan
ADAMS/Control lzerinde modelin daha 6nce ADAMS/Vieuzerinde komute
edilerek hareketlendirilen eklem hareketleri girblarak, hareket esnasinda
gozlemlenecek eklem acilari veger parametreler cikiolacak sekilde degisken
olarak tanimlanmtir. ADAMS/Control ile robot modeli MATLAB ortamiral
islenebilir hale getirilmjtir bu durum modele yirime ve kontrol algoritmalam
eklenebilmesine ve bu plamda gektirilebilmesine fayda sdayacaktir.

ilerleyen cakmalarda Oncelikle statik ve dinamik yiriyicin her bir yurime
modeli olyturularak bu yurime bicimleri arasinda gegiapabilen, verilen bir
glizergahi takip edecek bir robot modeli icin gardkbntrol algoritmalarinin
kurulmasi hedeflenmektedir.

Tez calsmasi kapsaminda dort ayakl robotlarin hareketiznatelenirken yapilan
diger calgmalar incelenerek hareket analizinde gerekli ikealtyapi kurulmugtur.
Bunun icin stabilite, yurime bigimleri, kinematikoatel konularinin ele alinmasi
uygulama gamasinda dikkate alinarak konunun efekdikilde anlallmasina katki
salamistir.  Ayrica mekanik ¢izim ve tasarim alaninda dgulama yapilmasina
firsat verilmitir. Konuya sahip olunan mesleki vizyonun -elektrikaricinde
mekanik bir yaklam gosteriimesine olanak @amistir. Ayni sekilde dinamik
simulasyon programlarinirggenilip kullaniimasina yonelik iyi bir firsat olngtur.
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1. INTRODUCTION

Walking mechanisms are very popular in roboticdfigt recently. Bipedal and
quadruped robots are the best known of them. Ins titudy, a four-
legged walking robot's , quadruped movement and different forms

of relatedconcepts were examined and analyzed.

In this part, mentioned comparison of wheeled aedgéd locomotion. Also
biologocicallay inspired robot in different numbefr legs and leg design for these

types robots. Lastly, state of the art and coréthesis are explanied.

1.1. Comparison of Wheeled and Legged Locomotion

Legged robots are omni-directional so their mopifituch than the wheeled robots
and tracks. When a leg robot can change directidagendently of the direction of
the main body axis with changing its footholds. tBa other hand, wheeled robot
would have to do some manoeuvring to be able togdalirection. A legged robot
can overcome obstacles with stepping on them betlel robots must heights up to
half of the wheel radius. The tracks can surmougthdr obstacles than a wheeled
one but they using large body motions when overcobstacles. Active suspension
providing is also important when adapting to irdaguerrain in robot locomotion
and legged robots can cover highly irregular terrgith body levelled by adapting
the leg lengths to terrain irregularities. Alsasitproved legged systems under very
irregular terrain conditions are more efficient nthevheeled or tracked systems.
Legged systems do not require piori-knowledge ierrigke wheeled do, and they
can move on sandy, muddy, stiff, and soft with Emefficency. In soft terrain,
wheeled vehicles move difficult since of wheels samk but if one leg is placed
vertically on the ground it only compacisft ground in the same direction. Leg
lifting is performed vertically, withoutinterferinghe ground. When the body is
propelled, feet rotate around theirjoints; therefolegs do not interact with the
ground and do not cause anyjamming problems [1jn@osion of legged and

wheelled mechanism is shown figure 1.1.
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Figure 1.2:Comparison of Legged and Wheeled Mechanism [1].
1.2. Biological Inspired of Robot

Many of the animals have legs that differ accordiaghe conditions of life. They
have different number of legs and different typek vealking. Crocodiles,
Spiders, crocodiles, dogs, horses and humans astanoe to them. The walking
types in nature, is categorized by number of légsedal, quadrupedal, hexapedal
and octopedal.

It is understandable that people turned their aitierio those walking animals, after

it was recognized that the human invented wheetedl teacked systems did not



satisfy all the needs. In this sense, legged systeae a peculiarity of imitating the
nature. This imitation is obvious in structural 8arity between legged robots and
imitated animals, however, for today the imitatismot limited to structural design.
Today researchers are trying to understand therlynatg biological principles of
walking in animals, namely the operational and aunstructures [2]. Bipedal
walking is shown figure 1.2.

Bipedal walking and humanoid robots are investigiditg mobile robotic researchers.

Bipedal walking is much complicated than quadrupeadd the others.

Figure 1.2: Bipedal Walking [2].

Bipedal walking consists of two parts, two leggegmort phase and single leg
support phase. Two legged support phase starts suoititact of stepped foot to
ground and finishes with lifting up tip toe of tihack leg. In single leg support
phase, while one leg supporting the body, othedifegp and goes on. Honda P3

humonoid robot is shown figure 1.3 and legged stingcis shown figure 1.4.

Figure 1.3: Honda P3 Humonoid Robot.



Four-legged animals, have different kinematic $ted legged and different kind of
walking which depend on whether vertebrate andriebeate or reptile and

mammals.

L 1

PREIMITIVE TEARESTRIAL VERTEBRATE

£ TR
__.__.' iy S

\; ;
b3 4
7 J

hAAMMAL

Figure 1.4:Leg Structure of mammals and reptile.
Reptiles such as crocodiles are moving with stateep gait, the other mammals

animal can make dynamical walking.

The walk gait that is adopted by almost four leggadnals, the trot gait of horses,
the rack gait of camels, the canter and gallopsgafithorses, and the bound gait of
dogs are some of the dynamically stable gaits of fegged animals in nature [3].

Three example of four legged animal gaits is shbgure 1.5.
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Figure 1.5: Three examples of four legged animal gaits; a)Owalk gait, b) camel
in rack gait c)horse in transverse gallop [3].

Almost all insects are six-legged. Six-legged wadkivalkingis the most
common form of invertebrates. Tripod, legs in g®wb three six-legged walking is
the most common form of nature, gait type. As di@e way, tetrapot; the legs take a
step in groups of four and the actual form of wadkiThe example of six-legged gait

is shown figure 1.6.
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Figure 1.6: Hexapedal Gait.
1.3. Leg Design for Multi-Legged Robots

A simple mechanical leg might have as few as 2goshoulder and knee (or elbow),
where both can rotate through much larger anglas th animals, as well as some
means to absorb impact shocks in lieu of complecdtending movements in the
joints. This might be a linear shock absorber ahedind, or maybe just a rubber
ball. The complexity of the shock absorbing mecsianwill be directly related to the

types of stride the mechanical being engages ihidh't going to run and jump, then
the requirements are not as stringent. In additi@ving a knee that can bend like
both knee and elbow, ie a "knelbow", would allow tlobot to raise and lower itself
by scissoring its legs inboard, and also walk and like animals. The major

requirements are that the leg be fully extendabl&dnt and back at close to a 45
degree angle, shorten to about 70% of that lengtimgl the impact phase of the step
(based upon simple geometry), and lastly shortdieg® than 70% of its maximum
length during the movement which takes the leg &dato initiate the following

step.

On the other hand, the horse above steps throumgica smaller angle, about +/-30
degrees, so the shortening amount is only about #&¥& (ie, cosine of the angle).
The swing angle will obviously depend upon whettier animal is doing a simple
walk, a trot, or a run. +/-45 degrees from vertiagl accommodate both walking
and trotting; more would be necessary for runnife shortening amount will

directly relate to the swing angle used for eadtHi stride [4].

1.4. State of Art

In this section, briefly introduced in some quadiipobot which are well known
such as Tekken, Warp, BigDog.



Tekken is developed by Kimura and Cohen from UmNgr of Electro-

Communication in Tokyo. In Tekken | and Il centpalttern generators (CPGs) plat
an important role .The implemantation of the roinotudes a nerbous system model
gith a neural oscillator that provides the robathwaome ability to adapt to irregular
terrain, both in walking and in running. Tekken as developed for a drilling task

on a sloping construction site . The length ofl#gs is 3.7 m,and the weight of the
robot is 7,000 kg .

To the best of ourknowledge, TITAN Xl is the larggsiadruped in the world.The
legs are driven by hydraulic cylinders, and a dsthounted in the middle of the
body. Two winches are installedon the back to tettlers to assist in climbing a
slope [5] .TITAN Xl is shown figure 1.7.

Figure 1.7: TITAN Xl climbing up a test slope.

BigDog is the alpha male of the Boston Dynamicstsblt is a rough-terrain robot

that walks, runs, climbs and carries heavy loadgDBg is powered by an engine
that drives a hydraulic actuation system. BigDog faur legs that are articulated
like an animal’s, with compliant elements to absshiock and recycle energy from
one step to the next. BigDog is the size of a latgg or small mule; about 3 feet
long, 2.5 feet tall and weighs 240 Ibs. Bigdoghewn figure 1.8.



Figure 1.8:BigDog.

1.5. Content of Thesis

In the introduction part, differences between lejgeechanism and conventional
wheeled mechanisms, biologically inspired robofsesywere described, leg design
for multi-legged walking mechanism and also twareples of quadruped robots

were given.

Chapter 2,3 contains important subjects of quadfulpeomotion; Stability and
Gaits. In chapter 2, static and dynamic stabiliitedas are defined with in chapter 3
Gaits types and relation between stability andsgaére investigated.

Chapter 5, simple model of quadruped robot wasimédain MSC.Adams/View and
Matlab. At last, conclusion part was includedha model for the development
of goals and recommendations.



2. STABILITY

In the past, much work has been done to investigatelegged walking. Two of the
earliest works are the G.E. Quadruped and Phonéth the introduction of more
powerful computers, more and more bionic robotsehbeen invented in recent
years. WARP1I21 in 2002, TITAN from 1989, BISAME 1998 and SCOUT Il in
1999 are examples for these developments. Basebiomic technology, Legged
robot has priority than wheeled robot in bumpy emwvinents as dene, marish, massif
and so on. However one of most challenge that masgarcher must well treat is
stability question. So how to exactly evaluate ifitglband stability margin has the
vital significance in legged robot research suclgai$ plan, motion and structure

parameters selection, control method and so on [6].

McGhee, and Frank proposed to use the shortesndistfrom the vertical projection
of the center of gravity onto a horizontal plane,ah edge of the convex polygon
formed by the vertical projection of the feet camtpoints onto the same horizontal
plane, that they call the stability margin [6].

Walking and running machines are classified int@ twategories based on the
stability of their motion: stability stable andrdymically stable. For a passively
stable system, the vertical projection of the eenf mass always remains within the
closed region formed by the contact points offéet on the ground. This region is
called the support polygon. They typically haveurfor six legs but may be bipeds
with large feet surface area. In contrast, dynaltyicstable systems utilize dynamic
forces and feedback to maintain balance. Dynalgiséhble machines have been
built with one, two, and four legs. Because dynathyc stable systems are more
difficult to design, control and analyze, the galkgged robots were mostly

statically stable machines [7].

The first generation of walking machines emulateid frinciple of locomotion.
Early walking robots were huge mechanismsfeatuhagvy limbs too difficult to
control. Theadoption of statically stable gaitsIdosimplify their control. However,

duringthe motion of the heavy limbs and body sonmertial effects and



otherdynamic components (friction, elastic#ye.) were found to arise, restrictingthe
robot’'s movements to low, constant velocities. Ththe adoption of staticstability

facilitated motion control at the price of speed.

The only way to increase walking-robot speed isawsider the robotdynamics in the
control of robot stability. The intrinsic complexiof considering the whole robot’s
dynamics led some researchers to look for solutiyndesigning very mechanically
simplified machines having onlya few degrees oédi@m, which adopt the stability
criteria designed for bipedsd. humanoidrobots), extended to a couple of additional
legs. The motion of thesequadrupeds is limitedvienderrain, because the stability
criterion used —based on the Zero Moment Poinnlg walid. Also, the mechanical
simplicity of these designs makes the robotusefessreal applications, where

manipulation and payload transportationare required

Little effort has been made to cope with the dyraefiects thatlimit statically stable
machines’ performance. However, one of thegoaleséarch on legged locomotion
is the use of walking robots in industrial,fielddaservice applications, and such
robots are not meant always totrot or gallop bsb & walk under static stability on

uneven terrain [1].

The few dynamic stability criteria defined for quapledal walking seemto give
different forms and names to a single idea: tha sigthe momentaround the edges
of the support polygon caused by dynamic effect;mi@mnthe vehicle’s center of
mass. The suitability of each criterion for eachrtipalarapplication ige.
manipulation forces and moment present, unevemitggtc) is not clear at all.
Nevertheless, the use of a stability criterion switablefor the current application
may prevent the task from succeeding. Therefor&higchapter, static and dynamic

stability criteria are briefly surveyed [1].

2.1.  Static Stability

Static stability is defined as the following: Anerl legged locomotion machine is
statically stable at time t if all legs in contagdth the support plane at the given time
remain in contact with that plane when all legstted machine are fixed at their
locations at time t and the translational and rotetl velocities of the resulting rigid

body are simultaneously reduced to zero. Where@ea iegged locomotion machine

is defined as a machine where "the trunk [the rfebmiin body] is modelled as a
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rigid body, the legs massless and able to supplyrdimited force (but no torque)
into the contact surface at the feet's contacttpbimhich is a good approximation of

a legged robot.

The above definition means that the robot is sillyicstable when its center of mass
is within of the support area, which is the areeated by drawing lines between
outermost parts of the surfaces currently in cantath the ground (feet or wheels).
When a foot is lifted up from the ground, suppagaabecomes much smaller which
makes the robot much less stable. If the centenadgs comes outside the support
area, the robot will fall over if it does not adjuss balance (i.e. use dynamic
stability). Some margin must be kept between timereof mass and the edges of the
support area in order to handle external forces) si3 the inertial forces subjected to
the robot if it is moving and then suddenly stopsvben it turns. In order to remain
statically stable the robot must therefore onlyitd feet in such a way it this does
not "shrink" the support area too much. It can onipve its center of mass
(relatively to its support area) a small distane®le it needs to modify the support
area (which usually means taking a step). The dedganof static stability is that
since the robot can stop its motion at any times, theans that the demands on the
control of the robot in terms of responsiveness@edision are much smaller than if

dynamic stability is used [8].

Walking systems being particularly suited to locomo on irregular grounds,
restricting their analysis to the only case of @ fevel ground can be a severe
shortcoming. Still, these two criteria have beewely used to check the static or
dynamic balance of walking systems. And besideslahg their balance, it haseven
been usual to consider that walking systems arardigally (resp. statically) stable
if their ZMP/CoP (resp. the pro- jection of theiol@) lies strictly inside the convex
hull of the contact points, unstable if it lies tthve edge of the convex hull. This led to
measure in many different ways the distance froesehpoints to the edge of this
convex hull, deducing a Static Stability Margin, &mergy Stability Margin, a
Dynamic Stability Margin, a Tumble Stability Margiand other equivalent
propositions. But all of these stability marginsesgto conclude that tipping over an
edge of contact points is an unstable situatiorafaalking system, even though this
happens tobe not an unusual situation in stabl&imgal[9]. Support polygon and

different margin is shown in figure 2.1.
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Statically stability subject is needed to definentee of gravity projection. The

system is statically stable if the horizontal potien of the center of gravity is within

or on the edge of the support polygon. This stigbitinargin was introduced by

McGhee, R. B. and Frank gives a statement for takilgy of a system on even

terrain. This margin defines the base stabilityacfystem, but does not give any
degree, which can be used [10].

Support
polygon

- X

Figure 2.1: Support polygon and different static stability masg
2.2.  Stability Margin Types

This section contains defitinitons of stability mgiar types stability margin is types
which are above mentioned 2.1.

Static Stability Margin; is defined with the magme as SSM at time t for an
arbitrary support pattern is equal to the shordestince from the vertical projection
of the center of gravity to any point on the boumwdaf the support polygon. If the
pattern is statically stable, the stability marigipositive [11].

Longitudinal Stability margin The stability of the system is guaranteed if the
horizontal projection of the center ofgravity istwn the support polygon on the x-
axis. A very similar stability margin, the crab inglinal stability margin defines the
stability in the same way, exept,that the axisaned by the walking direction of
the robot. Figure 2.1 shows clearly that the distanof $sy and S sv are bigger
than S$w. This leads to the conclusion that only the degreéhe Static Stability
Margin will give us an appropriate value over thabdity. If the robot is on rough
terrain, it is not necassarily the case that tbeedt edge of the support polygon is in
the direction of motion. The system may fall evietné CLSM is positive [10].
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Energy Stability Margin A measure of stability called “Static Stability kgan”
(SSM) has been defined by McGhee to be the minirdistance from the GCOM to
an edge of the support polygon. These stabilitygmar however, do not account for
slopes or other irregularities of terrain or thegheof the center of mass of the robot.
An improved and more practical measure called tBeetgy Stability Measure”
(ESM) was proposed by Messuri . The ESM measuresrhach potential energy
needs to be overcome before the robot tips. Esdlgnthis measures how much the
center of mass must rise during tipping before xitse the support polygon.

Mathematically this is given by:
Sgsy = min(mgh;) (2.1)

h; = R; x (1 - cos(#))cos(xhi) (2.2)

Wherem is the mass of the robat,is the gravitational constant ahdis the height
the center of mass can rise before the robot fimsgatheith edge of the support

polygon.R is the distance between the COM andithedge of the support polygon,

and is? the angle betweeRi and the gravity vectofi indicates inclination of the
ith edge of the support polygon with respect to itgqmtoon onto the plane normal to
the gravity vector [12].

Normalized Energy Stability Margin(NESMJhis stability was mainly designed for
static walking on rough terrain. It is an adaptatwf the energy stability margin
(ESM) which calculates the stability by comparihg tnitial potential energy of the
system to the maximal one which is passed by tmteceof gravity during the

process of tumbling [13].

The equation defining this stability criterion:

Suesm = Bmae — Rg (2.3)

Although “NE Stability Margin” doesn’t change essalty from “Energy Stability
Margin”, it has a few advantages as follows. i)8iigbcan be evaluated in proper
way when such a disturbance as mentioned beforgdgAs it is expressed by not
the unit of [J] but the unit of [mm], it is convemit to derive a gain by means of the
geometric way. iii)When walking vehicles are on greund, “NE Stability Margin”

corresponds to “Stability Margin” in the case wh#re center of gravity touches to
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the ground, which has the continuous relationsmp & easier to understand
intuitively. Furthermore, “NE Stability Margin” cabhe made dimensionless if it is
normalized by the total size. But the height of temter of gravity is expected to
affect stability greatly, therefore, the dimenswinlength shall be remained in the

criterion [13].

2.3.  Dynamic Stability

The first dynamic stability criterion for quadrupedsing crawl gaits was proposed
as an extension of the Center of Gravity Projechethod. The Center of Pressure
(COP) Method claims that a robot is dynamicallystalblthe projection of th&€OG
along the direction of the resultantforce actingtbe COG lies inside the support
polygon. The Dynamic StabilityMargin is thus definas the smallest distance from
the COP to theedges of the support polygon. T¥ Method coincides with the
Center of Gravity Projection Method understatic dibons and uneven terrain. It
was renamed th€OPthe Effective Mass Cent&lMC), and redefined it as the point
on the support plane where the resultantmomenttaluderrain-reaction forces and
moments vanishes. Note thatthe definition of BMC coincides with what in the
literature of biped robotsis commonly known as Zleeo Moment PointAMP), first
defined byVukobratovic and Juricic (1969). Howevéne use of theZMP in
quadrupedshas been less extended than in bipedadeetheEMC or ZMP stability
criterion is not valid for uneven terrain (tocomptiheZMP, the support polygon has
to be confined in a plane).Some momentum-basedistaliteria have been defined
as well. Hereonly the most meaningful ones areewe®d. The statement is as
follows.Given a robot-and-manipulator system aswshan Figure 2.2 the forces
andmoments acting on th&€OG may destabilize it, making the system

tumble.Dynamic equilibrium at theOGrequires,
FI=FS +FG +FM (2.4)

MI = MS +MG +MM
(2.5)

where subscripts I, S, G and M denote inertia, stpgravitational andmanipulation
effects, respectively.
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(b)

Figure 2.2: Forces acting on a robot + manipulator systemRd)ot tumbling.

During the tumble the robot loses most of its supfeet, leaving onlythose that
conform a rotation axis. A resultant interactiomc® FR and moment MR between
robot and terrain result to counteract theaddibbrground-reaction forces at every
foot (Fri ) and the momentum they generate arotedCOG, respectively. For the
robot to maintain stability aresultant force andment generate a momeMi about
the rotation axisthat must compensate for the destabilizing forces moments to

ensuresystem stability [1].

To solve the unusefulness of static stability magiwhen robot Dynamics are
relevant some momentum-based stability criteriaehagen defined. Lin and Song
defined the Dynamic Stability Margin, DSM, as thmadlest of all moments M

around the edges of the support polygon causealmyt/ground interaction forces,

normalized by the weight of the system, that is:

. (M:') : (EiX{FRXPf+MR])
Spoy = min|— | = min
mg mg (2.6)
where Pi is the position vector from the CG to ittle support foot, k and M; are
the resultant force and moment of robot/groundrauiion, and ei is a unit vector
that revolves around the support polygon in thelalase sense. If all moments are
positive (if they have the same direction and sexsse), then the system is stable

[14].
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Center of pressure methothe system is said to be stable if the center edsure is
within the support polygon. It was defined and takbe center of pressure as
reference point to provide a reliable statementhenstabilityof the robot. If the COP
remains within the support polygon, defined by3hsupporting legs of the robot, the
system remains stable. If the COP is located oretlye of the support polygon, the
gravity of the robot is only supported by two legsl the robot is in critical stability.
Any external force or moment will cause the rolwotip over. As result, the distance
between the COP and the edge of the support polygesi be as large as possible.
The bigger this distance is, the bigger the exteioraes and moments the system
can cope with can be. This distance is defined as:

Q_:QG’+_EX(EXE) (2.7)
7 (F; +7g) )

.. _ BExPA @8)

: |P1P:XP1P!||

W P, P, is the support polygon edge closest to the poiah@ Q is the nearest point
on that edge. G’ represents the vertical projeatibthe center of mass and Q is the
point that where the perpenicular to the porject@®P is so to say an evolution of
the center of mass. Again, this margin only defiifethe system is dynamically
stable or not, and doesnt give any values whicHdcdaliver a degree of stability
[14]. lllustration of the COP is shown in figure32.

The Dynamic Stability Margin(DSM)Fhe SDSM is defined by Lin and Song as the
minimum resultant moment about the boundaries @& #Hupporting polygon
normalized to the gravitational force of the systé&ymegative moment means that
the system is unstable and will turn over. So ystesn is stable if all moments are
positive and the smallest moment is the dynamibilgia margin. The dynamic

stability margin is given by the following equation
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Figure 2.3: lllustration of the COP.
Where Eis a unit vector along the boundary positive iacklwise direction. Pis

defined as the postion vector between the centema$s and any point at the
boundary. Ris the resultant force acting on the center olvigyaand R, is the

resultant moment also acting on the center of tyawo the requirements to
compute this stability margin, are the knowledgéhef exact position of its center of
mass as well as which external forces and momeetsaaeting on the system. A
requirement for the dynamic stability margin sayattdynamic equilibrium at the

center of gravity is required because otherwiseytstem will tipp over.
Fi=F+Fs+ Ry (2.9)
the same for the moments:

M, = Ms -Mg -My, (2.10)

where | stands for inertia; S for support, G isvgeional and M are the
manipulation effects [10].

Tumble Stability Margin(TSM);The STSM introduced by Hirose and Yoneda in
1997 says, that if all moments relative to a ueitter are positive, the whole system
will be stable. The special chacarcteristics inrtlalculation is, that they consider
the legs of the robot as massless. By this waystdlality factor, that the leg masses
bring to the system is not taken into consideratlostability is reached faster. The
leg-support and foot-reaction forces become theesaith massless legs. This leads

to a reaction force and moment defined as follows:
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Fr=F -Fo -Fu (2.11)
MR: M| -MG-MM (212)

From these equations, the moment around each tognékis can be defined:

ﬂ-‘f;- =3HR>C§;--|—FR XP;'XQ;' (2.13)

Again, since the definition of the stability margs the same as for the dynamic
stability margin, the TSM becomes: STSM = min(Min&yp) except for the massless

legs, these two stability margins coincide [10].

The Force-angle Stability Measure(FASM); different criterion was proposed by
Papadopoulos and Rey. The Force-Angle stabilityegon finds the anglex:
between the resultant force acting from the CGanground (the opposite to the
reaction force k) and the vector Rnormal to the rotation axis from the CG. The
system becomes unstable when this angle becomesT4er stability magrin is the
product of the angle times the resultant forgetkat is:

Srsan = minfa;). |[IFgl| (2.14)

These are the main stability criteria used for cangon with the herein proposed
one. Recent research 20 has demonstrated thabhdme static stability margins are
suitable for measuring robot stability when robghamics are relevant. The FASM
seems to be the best of the existing margins, Isecaaccurately judges stability on
flat terrain in the presence of inertial effectsow¢ver, it loses accuracy when
manipulation effects arise or when the robot walker uneven terrain. Furthermore,
it shows that none of the dynamic stability margatsurately measure stability
when there are manipulation forces and momentsyoardic effects during the

transfer of the legs [14].

Normalized Dynamic Energy Stability Margif;he normalized dynamic energy
stability margin, shortly NDESM is referred to the smallest of the stability levels
required to tumble the robot around the suppatiygon, normalized to the robot
mass. This stability criterion provides a preciseasure of manipulation effects and
inertial effects. The performance of this stabilyargin also takes external forces

which act on the robot, into consideration. So eifetme robot pulls weight for
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example, it will not tumble up to a certain degr@s.for the implementation of this
stability margin, the requirements are quite high.

Firstly you need to know the exact positions of daeh foothold as well as the
center of gravity positions in the fixed referericame. Than you need to know all
the forces which act on the robot to calculate idgultant force an moment. As
special property you also need to know the maxinvefocity the center of gravity
can have just before it tumbles. This has to bedesxperimentally before and takes
time. The NDESM is supposed to be the most perfotraa most reliale on the one
hand, but on the other hand this stability criteradso requires the most inputs to be
calculated.A detailed description on how to implement the Nalimed dynamic
energy stability margin can be found in the apperafi the paper: "dealing with
internal an external perturbations on walking rebioy E.Garcia,P.Gonzalez de
Santos and F.Mati&his is the the most advanced and the newest dhalstabiliy
margins and thatforeit is supposed to deliver && besults [10].
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3. GAIT TYPES OF QUADRUPED

This chapter contains definitions about gait ofdjupeds and relation between gait

and stability.

p,Duty Factor; The friction of the duration of the stride for whia foot is on the
ground in the support phase. Stability and velooitghe gait are depend on duty
factor.

T, cycle time; Time duration of one stride the time to complete cycle of the leg

movements.

Events of gaitithe placing or lifting of any of the feet duringcbmotion. For n-
legged machines, there are 2n events in one stride.

Relative phase; the tme elapsed from the setting down of a chestance foot

until the foot of leg is set down given as the fi@t of the cycle time.

Stability Margin The startest distance from the vertical Projectod the center of
gravity of the robot onto a horizontal plane, te boundaryof the support area.

Stride The complete cycle of leg movements for exanfige the setting down of
a particular foot to the next setting down of tiaene foot. Where all the legs have

beenn lifted and placed exactly once.

Stride Length The distance travelled by the center of gravityhe walker in one

stride stroke 4) The distance that foot i, translates relative te tip during the

“support phase”

Swing phaseThe phase when a foot is in the air and repowstiofort he next

support phase [15].

Description of Gait In legged locomotion ,the legs should be coordohatgth

respect to stability, propulsion and energy efficig In movement of a leg, the
lifting and placing create a gait and these liftargl placing of the leg, are called as
an event of the gait. Also the sequence in whighldys are lifted and placed is

called a gait event sequence.

For n legged robot, the placement of fads denoted by evemtwhile the lifting of
foot iis denoted by event i+n. Thus, a gait ezpegl as a sequence of events such as

2-4-5-7-3-1-8-6 , creating 2n different eventdwb events occur at the same instant,
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the gait is termed singular gait, as opposed tallyobrdered gaits, or non singular
gaits. The number of possible non-singular quadtgaets is the permutation of the
2n events; that is 2n!l. Considering the numberwane sequences starting from a
given one, the result is N=(2n-1)! . For a quaddypke total number of possible gait
event sequences for a quadruped is N=5040 butwamlysmall portion or them are
suitable as gaits used by animals. Reason ofdbrsg walking, leaving out of COG

(center of gravity) from support area [1].

A complete cycle of leg movements, where all ggslhave been lifted and placed
exactly once, is defined as a stride and the tiorattbn of stride is defined as cycle
time. There are 8 events in one stride during thedouped gait. These events lifting

and placing of all legs.

3.1. Gaits and Stability

All gait types can be classified, in two types @ding to stability as statically and
dynamically stable gait. Stability of gaits aetated to speed of walking machines.
Creeping gaits are called statically stable andefagaits are called dynamically
stable. While dynamically stable gaits remain bedaby moving, statically stable
gait remain balanced by relaying on the suppora &oemed by the leg in ground

contact.

In a statically stable gait, the vertical projentiaf the center of gravity (COG) onto a
horizontal plane, is kept within the support ardhe time. Statically stable and un

stable is shown in figure 3.1.

Figure 3.1: Statically Stable and Unstable.

For robots with point feet, a necessary conditionstatic stability is that the robot
has at least three legs on the ground all timet iShnecessary in order to form an

area of support that can contain the projectio@©f5 within its bord.
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Distances from the center of gravity to the différedges of the support area for a
guadruped with three legs in support area. Thiilgyamargin is defined as the

shortest of these distances.

3.2. Gaits of Quadruped

The animals, which make quadrupedal locomotionindutheir movements change
the types of gait. Walking of a horse is the bestngple such that, the horse start to
walking in a low speed but while increasing speleainge the type of gait from walk
to trot, canter and lastly gallop. Stability, speedergy efficiency are effective
while choosing gait type. Quadrupedal locomotian be devided in two types as
static and dynamic walking. In shortly it can bé&ddar quadrupeds, statically stable
or static walking gaits haveat least 3, and dynaltyicstable gaits at least 2 legs,

incontact with the ground at all times

3.21 Static walking

The static walking is the principal of most quadrdal animals moving at low
speeds as mentioned chapter 1. This causes anpaftéoot placements whereby
support duringa stride occurs twice on the latkergs, twice on the diagonals, twice
on twofore-feet and one hind foot and twice on thack feet and one fore
foot.Walking can also slow to a crawl, a gait thaiternates between

providingsupport on three and four feet.

Crawl gait is a type of creeping gait which hasb0duty factory that means the gait
quite slow. They can be executed arbitrarily slavewen stop while being stable at
all times. In a crawl gait, Stability Margin becomeaximum and is defined if the

COG is within the support area and negative not.

As mentioned above, in 5040 different possiblesgit quadruped there are only 6
that allow the animal to have three legs in grocodtact all time. Figure 3.2 shows
a diagram for crawl gait, strike order as 1-4-2a8Bd position of center of gravity

while walking, always in support area.
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Figure 3.2: Diagram of Crawl Gait.

Figure 3.2 shows crawl gait while robot walkingviard also quadruped can make
side walk and rotation in crawl gait. In the stydg], with choosing of phasing that

maximize stability margin bellowing strike orders.

Table 3.2.1:Strike orders for forward, side and rotation.

Leg Front-left Hind-left Hind-right  Fron-right

Forward 1-2-3-4 2-3-4-1 4-1-2-3 3-4-1-2
Side Walk 1-2-3-4 3-4-1-2 2-3-4-1 4-1-2-3
Rotation 1-2-3-4 2-3-4-1 3-4-1-2 4-1-2-3

Walking diagram of side and rotation walking isevFigure 3.3.
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Figure 3.3: Side and rotation walking diagram.

3.2.2 Dynamic walking

The trot is the most common intermediate speedafhitlogical quadrupeds, When
animals transition from wakingto running to increagpeed, trotting is typically he
first gaitthey employ. The trot is generally a vatgbledynamic gait because when
each pair of legs is on theground, the line of suppbetween the feet

passesdiagonally underneath the body. For somgesephdamphibians, the trot is

actually the highest speed gait [16]. Figure 3@wshtrot, pace and gallop.

Figure 3.4: Trot, Pace and Gallop Gait of a horse.

The pace, sometimes called the rack, is also emmi@diate speed gait, but it differs
from the trot in that thelegs operate in laterséhea than diagonal pairs. The pace is
lesscommon than the trot probably because it s $¢gble. Since the legs provide
support in pairs on alternating sides of hebodyniicant roll motion of the trunk is
typical with this gait.
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The gallop is the most common high-speed gait afingdly large biological
quadrupeds. It is characterized bythe two fronttfdls occurring sequentially,
followed bythe two hind footfalls. In general, nwa feet touch down atthe same
time, and the phase difference between the twotem# is typically larger than that
between the two hindlegs. After the front feet 6ff the ground, the flight phase
isreferred to as "gathered" because the legs d@nermgatogether under the body. If a
flight phase occurs after thehind feet lift offistreferred to as "extended" because
the legs are extended out from the body. The gathiightphase is almost always
present in the gallop and is generallylonger tHan éxtended Right phase which
appearsprimarily at high speeds. Both flight phasay also befound in the bound
and half-bound [17].

Figure 3.5: Bound gait.

The bound is a running gait used by a few smalldguyzeds such as squirrels,
rodents, and dogs. The bound gait is shown figue B the bound, support
alternates between pairs of legs, with the fore laimd limbs acting in unison to
thrust the body forward. This gait is of particuilairerest since, of all gaits discussed
so far, the bound has the shortest gait perioowailg for frequent interactions of the

legs with the ground [18].



4. KINEMATIC OF QUADRUPED

Kinematics is the study of the geometry of a mea#rsystem, where the motionof
the system can be described in terms of the vgloaiid acceleration of all
itscomponents. The components can be connectedigihralifferent types of
joints,which limit how the components can move treé&a to each other. The
interconnectionof the components implies that tlwtion of the components relative
to eachother is constrained. Newtonian mechanate ¢hat the forces acting on a
systemchange the motion of the system. The foraesbe divided into constraint
forces,that limit (or constrain) the motion, ancheerlized forces, that cause the

motion.

Kinematics describe the interconnection of the conegmts and the
constraintswithout regard to the constraining fere@d defines the motion of the
interconnectedbodies through space without regarthé generalized forces that

cause amotion [15].

It is assumed here that each component of the meehaystem can be treated asa
rigid body. A rigid body can be defined as a comgranfor which the
distancebetween any two points in the componeffikésl, i.e. the points can not
move relativeeach other. The generalized coordin@e configuration coordinates)
determinethe geometric configuration of the meatansystem. This means that
anypoint in the mechanism can be specified by gitire values of the generalized

coordinates.

The generalized coordinates can be chosen in eliffeways wherethe choice is
dependent on, for example, which coordinates arentefest, forinstance due to
placement of sensors, or simplification of the éques. The minimum number of
generalized coordinates that specify the configomadf themechanism is called the
geometric degree of freedom. A kinematic motiotheimechanism is determined by
specifying all the generalized coordinates as fonof one single variable, for

example time, and thereby generating a curve femtition of all points in the
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mechanism. The coordinates have to be given relatia frame, usually a cartesian

coordinate system, that is fixed relative to thehefL5].

In order to derive kinematic model a quadrupedhdag is modelled seperately and
then whole body is considerd. Quadruped robot eamdnsidered as invers RRR
robot, which has a 3 DOF for each leg with 3 lioennected through joints and one
effector. The end effector corresponds to the fomnht of leg. According to this

initial position and angles of joints are showrbalow Figure.4.1.

Joint @ )

Link 1 L

.!niutl% """"""""" o . Il
Linkz 7 I ' i3
.luin'r.i%'""__'""" ’ |

Ly «

Link 3
Fot @

Figure 4.1: Danavit-Hartenberg convention for ith leg.

Danavit-Hartenberg table is obtained as follow €ahll

Table 4.1:DH Variable Table

Link Nr. i Joint Variables  Twista  Link length  d;
0; I
1 C 90 h 0
2 02 0 I, 0
3 O3 0 I3 0
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Figure 4.2: The Whole Body in The Denavit-Hartenberg coordirstgems.

Figure 4.2 shows illustration of D-H coordinate teyss for whole robot body also
shows normal componeilit and tangential component (or coulombian frictiorcé)
T parameters which terms is used to determine sgdsition of walking robots.
Short definition of N | perpendicular on the surface of terrain in theotktical

contact point,T_' situated in the tangent plane at terrain surfacéhe theoretical
contact point.

The magnitude off vector can not be greaterthan the product of thgnmade of

normal component by the frictional coefficient beem foot and terrain. If this
magnitude is greater than the friction force, thiea foot slips along the support
surface down to the stable position, where the mwadgs of these component

decrease under the above mentioned limit [21].

4.1 Forward Kinematics

Walking motion of the robot is a resultant of theeractions of the supporting legs.
As mention in chapter 4 intro, four similar lege anotivated symmetrically to the
robot body by revolute joints so each leg kinema#o be consider independently.
During the robot motion the supporting leg accepaaobotic arm, the foot frame
represents base frame and the robot bod is mowlagive to it and frame. The
Denavit-Hartenberg Coordinate parameters are gpevious chapter, and the

forward kinematic equations are below.
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[cos (04) 0 sin(@y) L; cos (0]
T® — sin(@;) 0 -cos(84) L, sin (8y)
1 0 1 0 0
0 0 0 1 - 4.1
cos (B:) sin(@,) 0 L, cos (65)]]
TL — sin(@;) -cos(@;) 0 L; sin (6;)
2 0 0 1 0
0 0 0 1 i 4.2)
cos (B3) sin(3) 0 Ljcos (8;3]
T2 — sin(@;) -cos(@;) 0 Ly sin (6;)
3 0 0 1 0
0 0 0 1 i 4.3)

R d
TO_TOTITZ = ( 3x3 :I..ﬁ]

01x3 1 (4.4)
€1 €33 —523€1 §q C1(laCaz +Ip6y +1y
70_ |S1€23 —S2351 —€1 51WaCaz +Lacx +14)
3= 523 €23 0 (L3S33 +Lzc3)
0 0 0 1 (4.5)
d=(x, y,zJ, therefore, the position of the foot is given by
Xx=C1(l3€z3 +Lzcz +Ly) (4.6)
y=5 1(Lacog + Loy + Ly) 4.7
z=(L3S23 + Lyc3) (4.8)
4.2 Inverse Kinematics
The inverse kinematics consists in determiningjtfiet variables @, . . . ,q)" in

terms of the foot position and orientation. For-®QF leg the problemsan be

stated as
0y Q3 053 X
1 2 3_|0y Gy OAy3 Y
A (g;) A, la,) As(ay) = @.9
1( 1) 2( 2) 3( 3) Gy O3, O3 2
0O 0 0 1

(x.y,2) represents foot position and @, 1) , (a2 @2, @2)' . (A3 %3 ) are
the orientation vectors of the foot. As can be sggstems is represented with 12

equations in 3 unknowns. This means solving alaéquos in closed form is quitely
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difficult, it is the difference of forward and inke kinematics. Forward kinematic
has one, unique solution but inverse kinematic oragot several. To solve inverse
kinematic problem varied methods can be used.ignsiction an algebraic approach

solution formulas is derived.

x5, -vC, =0 (4.10)
5 ¥
tanf, =L =2
T T (4.11)

g, = arctan(y. x)x# 0,y =0 if x=0 y=0,

an infinitive number of solutions exits féi- In such a case we say the leg is in a

singular configuration

ST4C3= (4.12)
xCy +¥5, - L 0o+ 1,
Crz =
I, (4.13)
Coa+ 523 = A5; +BC; =D (414)
A=-7 (4.15)
B=1, - (xCy +¥5,) (4.16)
D= ZLi'[xlfi + _]-"51] + ng - L== - Li - 2.'= - {xf.'l + Jrj'i]: (417)
- 2L,
A =rcos®, B = r sin® (4.18)
@ = arctan(B, 4) (4.19)
T =+ A* +B* (4.20)
cos B, :g (4.21)
Sin(@ + 6,) = = (4.22)
cos(@ + 8z) = +/1-sin?(@ + ;) = tr‘T_D‘ (4.23)
D (4.24)
ta B.)= +—
n(® 4+ 6,) T
8; = —0 + arctan?2 (D, 43 —D=) (4-25)
8y = arctan2(B, A)- arctan? (D, +./ A% + B= —D‘) (4-26)
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5. DESIGN AND SIMULATION

This chapter includes designing and modeling stagesjuadruped and also

simulation results. The figure 5.1 shows that ysegjrams.

CATIA ADAMS/View MATLAB
Unigraphics <::> Simulink
ADAMS/Control

Figure 5.1: Design and simulation diagram

5.1. Robot Design

In this stuy, quadruped structure is designed abo@ with “Bioloid Kit” parts.
Bioloid Kit is a composed of a collection of bloskaped parts and servos, a sensor
modulue and a control unit that the user can aseertdgether to build a

sophisticated robots. Example part of Bioloid Isishown in figure 5.2.

Figure 5.2: Example part of Bioloid Kit
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The connection between the different parts canaslyeachieved using a simple
screw driver, frames made from injection moldedsptafit and connect perfectly

[22]. But in this study, only mechanical parts wesed, other parts such as control
units and sensors were not used because the nmaiis @imulate to robot model so

not need other parts.

Figure 5.3: Catia model of quadruped

Figure 5.3 shows, CATIA model of quadruped whichsisting of servos, brackets,
frames, foots and body. Legs are designed by (&s®yvos and requisite connection

parts and foots. Three servos provides the intekitezimatic structured.

Second step of the modeling is, motivate the mogeiformed in MSC.ADAMS
program. Before acting model in Adams, Catia mddetonverted to parasolid

form. Figure 5.4 shows ADAMS model of quadruped.

nnnnnnn

RRayak MARKER_59

Figure 5.4: ADAMS model of quadruped

31



Figure 5.5: Modified joint configuration ADAMS model

Ahead of simulatig model some parameters are s&RdMS/View, density, mass,
inertia and geometrical shape of each part, infi@dition and orient conditions of
each leg, individual rotational scope of each jaimtl also some characters of contact
force between the robot and the terrains, sucltitisess, friction coefficient, and
transition velocity of static friction. Modified jot configuration ADAMS model is

shown in figure 5.5.

5.2 ADAMS-MATLAB Co-Simulation

There are four steps according the ADAMS/Contrglscfications to model a co-
simulation model by ADAMS/Controls and MATLAB/Simuok .

The first step in working with ADAMS/Controls is tmport an ADAMS model, the

model should be complete and include all necesgaometry, constraints, forces
and measures; Definition of inputs and outputsughothe information or startup file
in ADAMS/View in the second step. The outputs discithe variables that go
through the controls application.The outputs déscthe variables that go through

controls the application.

The inputs describe the variables that come batk ADAMS and, therefore,
complete a closed loop between ADAMS and the ctmtapplication; in the third
step the control system block diagram is built iitATLAB.

The ADAMS plant block is imported in the Simulinkadram model which contains

the sfunctions.
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And the last step is simulation of the combined ma@ical model and control
system. The following is the steps of co-simulatiéinst step. For importing the
mechanical model created in ADAMS/View into ADAMSY@rols, a CMD file has
to be exported by ADAMS/View.

Next point is to deactivate the motions in the oansystem. The motions will be
replaced by torques and forces in a next stefoltilsl be made sure that latest at this
point that ADAMS and MATLAB are working in the sarfie directory.

Second step. In this step the state variableshware the inputs and outputs of
ADAMS have to be defined.

For the ADAMS outputs simply state variables canused by definition and the

state variable can be simply set equal to a meaguih was defined before.

A useful name for the state variable should be mgige that it can be simply
recognized in MATLAB. Another method is the fullfagtion of a state variable, in
whichthe state variable can be build by the fumctiouilder, but finally this
corresponds to the measure definition. Adams otmplants inputs and outputs is
shown figure 5.6

For the ADAMS inputs also state variables have dccieated. In a first step these
state variables must be set to zero in the. A lsefulel name has to be specified at
first. Then using the variable browser the inpud autput state variables have to be
inserted. Note, that the order of variables spedifiere is the same order as in the
imported block diagram in MATLAB/Simulink.

Adams/View Adams 2013
[~ ] Adams/Controls Plant Export n

[Mew Controls Plant =] [son

File Prefix [ Controls_Plant_1
Initial Static Analysis @ No O Yes
I~ Initialization Command

Import Settings From Existing Controls Plant |

Input Signals) From Pinput Output Signal(s} From Poutput
thipl - 1

motinsad

Target Software [maTLAB ~|

Analysis Type [non_linear ~|
Adams/Solver Choice © FORTRAN & GC++

User Defined Library Name |

Adams Host Name [ duldut

oK {Bppiy | cancel

Figure 5.6: Adams controls plants inputs and outputs
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Note also, that a unit conversion is necessary KTMAB when there the model is
being calculated using Sl units. The export wikate some files in the common
ADAMS-MATLAB working directory.

Third step. The ADAMS/Control program can be closedl MATLAB/Simulink
has to be started. When entering the MATLAB commprainpt the m-file created
by ADAMS has to be started first.

This m-file can be merged together with the mfifetlee control system, so that
before a simulation only onecommon m-file has teekecuted. The ADAMS block
can be integrated into theMATLAB/Simulink controjstem simply by copy and
paste. Adams_sys file in Matlab/Simulink is showifigure 5.7.

File Edit View Simulbion Formab Tools Help

OeHS

Figure 5.7: Adams_sys file in Matlab/Simulink

5.3 Simulation Results

At first, to observe the movement of the robot, Adacommands are used such as
STEP, with this function joints actuate in givemdé and given angle. By following
the steps equence to provide static balance onedpeir gait were obtained. While
crawl gait, angle hip joints are showed figure o8ike sequence including as 1-4-

3-2, required joints moved.

model_1
200

1504 : I“ l-' — hip1.Ax_Ay_Az Projection_Angles 7

/ N N = = hip2 Ax_Ay_Az_Projection_Angles.Z
/' 1 ‘.‘ --=- hip3 Ax_Ay_Az_Projection_Angles Z
A ? ? — - hip4d.Ax_Ay_Az Projection_Angles.Z
1004 / ! ;

Angle (deqg)
-~

!
5.0+ ! 1

0.0

-5.0
00 01 02 03 04 05

Figure 5.8: Angle hip joints while crawl! gait
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In one period of gait, hip joints angles are sh@bove. And the end of the period,
center of gravitiy translational displacement aboakis are shown figure 5.9.

model_1
740

7304 — cm Translational_Displacement <

72.0:
71.0:
700:
690:

Length {mm})

680:
670:
660:
650:

64.0 T T T -
00 01 0z 03 04 05

Figure 5.9:Center of Gravity translational displacement

BCT

Figure 5.10:Support poligon.

Figure 5.10 shows support polygon of the quadrwpeite one leg in swing phase.

Trot gait walking type also simulated, as descrilmechapter 3 trot gait is a dynamic
walking model. When a pair of legs in the air thbeos support the robot. F with
actuating legs 1-3 and leg 2-4 pairs. In each ldg knee and hip joints activated.

One cycle of trot gait results are given Figurelfahd 5.12.
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model_1
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Figure 5.11: Angular velocity of knee joint changing in trotiga

model_1
0.25
T 1 — hipl.Angular_Velocity X - R
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Figure 5.12: Angular velocity of hip joints in trot gait.
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Figure 5.13: Position of center of gravity

Figure 5.13 shows position changing center of gyavi the quadruped. In figure, it
can be seen y position is small changing it mestadility of the robot is partially
corrupted.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, quadrupedal locomotion is invesédatheoretically in past studies.
Mainly focused on stability, gait types, kinematsishjects are deeply reviewed in

literature.

Stability is one of basic concepts of legged locbamy especially quadrupedal,
therefore plentiful academic journal and resource eeviewed and necesssary
definitions was given such as stability marginsetgpatic and dynamic seperately for

sake of be well understand.

The another fundamental concept gait terms withesypnd relation between
stability are produced also static crawl gait arydasnic trot gait were simulated

from examined walking models.
Quadruped kinematic model are obtained and kinenegtiiations derived.

In the last phase of study, primarily 3D drawirfgaoquadruped robot designed in
CATIA and transferred to another modeling prograD¥MS. Static(crawl) and one
type of dynamic walking (trot gait) is simulated ADAMS. Angles and position

changing in joints were observed.

Finally, the study is improvable with using of datechange between ADAMS and
MATLAB, robot can be controlled with MATLAB feedbkc Different gait and

control algorithms can be developed.
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