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Abstract

Mobile robots have become part of everyday life. Various robots can perform a wide range of
different tasks or go to places humans cannot. Their use can be found in rescue operations
or in the exploration of remote or hard to reach places on Earth or in space. Walking
robots form a separate category of mobile robots due to their unique features. They can
negotiate rough terrain, can overcome various obstacles or use their legs to manipulate
objects. Although walking robots are well suited to navigate rugged terrain, a number of
factors have so far prevented their mass deployment. Their movement is relatively slow
and energetically demanding, they have a limited payload and their design is significantly
more complex compared to wheeled or tracked robots. Walking robots often have dozens
of joints and their control is therefore very complicated.

This thesis describes a new bio-inspired hexapod robot WHexaR (Wheeled Hexapod
Robot) and its controller that I designed and implemented as part of this work. The
resulting robot is capable of energy-efficient movement in rugged terrain. The leg structure
of the robot is inspired by the structure of an insect limb. The robot adapts its movement to
the surrounding terrain. A special trochanter joint allows the entire leg of the robot to rotate
parallel to gravitational acceleration, which reduces the energy consumption, increases the
robot’s stability and allows the robot to overcome steep hills. For movement on flat terrain,
the robot is equipped with steerable wheels that allow the robot to achieve higher speeds
with lower energy consumption than when using gait. The innovative biology-inspired robot
controller is equipped with reflexes observed in insects that make the robot more efficient
when travelling in rough terrain and improve its ability to overcome obstacles. A series
of experiments were conducted to demonstrate the robot’s ability to navigate rugged and
sloping terrain.
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Abstrakt

Mobilni roboti se stavaji soucasti kazdodenniho zivota. Jsou konstruovani nejriznéjsi
roboti, ktefi dokazi provadét celou fadu ruznych dkold nebo se pohybovat i v mistech,
kam 1idé nemohou. Jejich vyuziti lze najit pri zachrannych operacich nebo pti prizkumu
tézko dostupnych mist na Zemi nebo ve vesmiru. Kréacivi roboti tvori specidlni kategorii
mobilnich robotl, protoze se svymi vlastnostmi vyrazné odlisuji od jinych typi robott.
Dokazi se pohybovat v ¢lenitém terénu, prekondvat rizné prekazky a mohou vyuzivat svoje
koncetiny k manipulaci s okolnimi predméty. Prestoze jsou kracivi roboti skvéle vybaveni

vvvvv

vvvvv

roboti ¢asto disponuji desitkami kloubt, a jejich fizeni je proto velmi slozité.

Tato dizertac¢ni prace popisuje navrh, konstrukei a fizenim nového biologii inspirovaného
Sestinohého robota WHexaR (z anglicktho Wheeled Hexapod Robot, kolovy Sestinohy
robot), kterého jsem postavil. Tento robot je schopen energeticky tsporného pohybu ve
Clenitém terénu. Struktura jeho koncetin je inspirovana stavbou koncetiny hmyzu. Robot
dokéze prizplisobit sviij pohyb okolnimu terénu. Specialni trochanterovy kloub umoznuje
natoceni celé koncetiny robota rovnobézné s gravitaénim zrychlenim, coz vede ke snizeni
spotieby energie, zvyseni stability robota a schopnosti prekonavat strméjsi svahy. Pro pohyb
na rovné terénu je robot vybaven natocitelnymi koly, diky kterym se robot muze pohybovat
vyssi rychlosti s nizsi energetickou spotrebou nez pri pohybu pomoci chiize. Navrzeny kon-
trolér robota disponuje fadou reflext, které byly pozorovany u hmyzu. Tyto reflexy zvysuji
efektivitu pohybu robota ve ¢lenitém terénu a umoznuji mu prekondvat ruzné prekazky.
Robot byl podroben radé experimentu, které prokazaly jeho schopnosti pohybu ve ¢lenitém
a svazitém terénu.

Klicova slova
Biologii inspirovany Sestinohy robot, inspirace v pfirodé, konstrukce a fizeni kracivého
robota, energeticka tispornost.
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Rozsireny abstrakt

Mobilni roboti se stavajl soucdsti kazdodenniho zivota. Jsou konstruovani nejriiznéjsi
roboti, kteri dokazi provadét celou radt riznych tkolt nebo se pohybovat i v mistech,
kam lidé nemohou. Jejich vyuziti lze najit pri zachrannych operacich nebo pti prizkumu
tézko dostupnych mist na Zemi nebo ve vesmiru. Kréacivi roboti tvori specidlni kategorii
mobilnich robotu, protoze se svymi vlastnostmi vyrazné odlisuji od jinych typtu robott.
Dok&zi se pohybovat v ¢lenitém terénu, prekondvat rizné prekazky a mohou vyuzivat svoje
koncetiny k manipulaci s okolnimi predméty. Prestoze jsou kracivi roboti skvéle vybaveni
pro pohyb v naro¢ném terénu, jejich béznéjsimu uzivani zatim brani fada faktora. Jejich
pohyb je relativné pomaly a energeticky naro¢ny, unesou pomérné mélo nakladu a jejich
roboti casto disponuji desitkami kloubi, a jejich rizeni je proto velmi slozité.

Cilem této prace bylo navrhnout a zkonstruovat Sestinohého robota, jehoz konstrukce
by vychéazela ze stavby téla hmyzu. Déle navrhnout a implementovat fidici kontrolér tohoto
robota, ktery by napodoboval pohyb a chovani hmyzu a byl by schopen prizpusobit pohyb
robota aktudlnim terénnim podminkam. V praci jsem se také zamétil na moznosti zvyseni
rychlosti pohybu krac¢ivych roboti na rovném, neclenitém terénu, jejich schopnost pirekona-
vat svazité terény a energetickou spotrebu pri pohybu v riznych terénnich podminkach.

Text této prace se sklada ze sedmi kapitol. Kapitola 1 uvozuje problematiku kracivych
roboti a stanovuje cile prace. Kapitola 2 se zabyva studiem hmyzu, strukturou jejich téla,
nervovou soustavou, vnimanim a pohybem. V Kapitole 3 jsou popsany charakteristiky
kracivych robotl se zaméfenim na Sestinohé roboty. Jsou zde prezentovany ruzné kon-
strukce téla a koncetin téchto roboti, jejich pohybové vlastnosti a fidici kontroléry. V kapi-
tole jsou také uvedeny priklady nékterych kracivych roboti. Kapitola 4 popisuje navrh
nového biologii inspirovaného Sestinohého robota WHexaR (z anglického Wheeled Hexapod
Robot, kolovy Sestinohy robot) a jeho adaptivniho kontroléru. Kapitola 5 nésledné ukazuje
postup pri implementaci tohoto robota. Vysledny robot, kterého jsem navrhl a postavil,
je schopen energeticky tsporného pohybu ve ¢lenitém terénu. Struktura jeho koncetin
je inspirovana stavbou koncetiny hmyzu. Robot dokéze prizpisobit sviij pohyb okolnimu
terénu. Specidlni trochanterovy kloub umoznuje natoceni celé koncetiny robota rovnobézné
s gravitaénim zrychlenim, coz vede ke snizeni spotfeby energie, zvysSeni stability robota
a schopnosti prekonavat strméjsi svahy. Pro pohyb na rovném terénu je robot vybaven
natocitelnymi koly, diky kterym se robot muze pohybovat vyssi rychlosti s nizsi energet-
ickou spotfebou nez pri pohybu pomoci chiize. Navrzeny kontrolér robota disponuje radou
reflexii, které byly pozorovany u hmyzu. Tyto reflexy zvysuji efektivitu pohybu robota
ve ¢lenitém terénu a umoznuji mu prekonavat rizné prekazky.

Robot byl podroben radé experimentii, které jsou uvedené v Kapitole 6. Tyto experi-
menty potvrdily, ze kombinace trochanterového kloubu a pohybového kontroléru umoznuje
mému robotu chodit az do sklonu 32°, jezdit po svazitych terénech az do sklonu 40° a zistat
staticky stabilni ve svazich do sklonu 50°. Tyto vysledky ukazuji zlepseni oproti jinym srov-
natelnym robottum, jako je LAURON [148], ktery je schopen chodit ve svahu o sklonu az 25°
a stabilné stat az do sklonu 42°, a Weaver [24], ktery je schopen chodit ve svahu o sklonu az
30° a zlstat stabilni ve svahu o sklonu az 50°. Zlepseni jsem dosahl také z hlediska energet-
ické ti¢innosti. Naméfend hodnota energetického ukazatele cost of transport (lze prelozit
jako cena presunu) mého robota pri chizi po rovném terénu byla 6,05. Pti pouziti kolového
podvozku bylo dosazeno hodnoty 2,41. Pro srovnani, hexapod Weaver mé pii chizi na
rovném terénu cost of transport 15,2. V Kapitole 7 jsou shrnuty dosazené vysledky.



Sestinohymi roboty jsem se zabyval jiz béhem bakaldfského a magisterského studia.
Zicastnil jsem se také nékolika prehlidek a konferenci. Se svym prvnim robotem jsem
ziskal prvni misto na studentské konferenci EEICT. Pozdéji jsem tohoto robota vylepsil
a ziskal nékolik ocenéni na studentské konferenci Excel @FIT, véetné prvniho mista v kat-
egorii Technologickd droven a cenu zlatého sponzora.

O robotovi vytvoreném v ramci této prace jsem publikoval ¢lanek v ¢asopise Open
Computer Science (Q2), ktery byl jiz nékolikrat citovan. Moje nejnovéjsi publikace vysla
v ¢asopise Robotics (IF 3.7, Q1) a zabyva se energetickou ic¢innosti zkonstruovaného robota.
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Chapter 1

Introduction

In this era of technological advances and enhancements, many tasks are being automated
by robots. The use of robots has spread to many different areas. It is very common
to use robots in manufacturing productions as well as in industrial fields. Robots can
perform repetitive tasks or work in hazardous environments. One type of robots are mobile
robots. Their use can be found for example in rescue operations [50], transporting goods
in warehouses [97] or delivering parcels [32]. At the same time, people use robots to sweep
floors or clean swimming pools. Furthermore, robots are being sent to remote places on
Earth [12] or to the far reaches of space [161] where they must navigate reliably and deal
with the various hazards and obstacles that unfamiliar places can bring. For navigating in
isolated places or difficult terrain conditions, walking robots can be used. Unlike wheeled
or tracked chassis, walking robots can negotiate uneven terrain, steep slopes, deep craters
and large boulders.

Walking robots are most often distinguished by the number of legs. One-legged robots
move by jumping. If they stop, they will fall, therefore they have to keep jumping even if
they stay in place to keep their balance. Although they are very efficient when moving in
the field, their design and control is very complex. An example is one-legged jumping robot
KEN-2 [174].

Bipedal robots (humanoids) have similar body structure to humans and are able to
move with relatively low energy consumption. That is due to the fact that most of their
weight does not load the actuators of the leg directly but rather uses the design of the
leg itself. In this case the actuators are only used to compensate for small fluctuations in
stability or to change the position of the leg. However, bipedal robots are not capable of
static stability and must maintain balance through the dynamics of their movement. This
makes them difficult to control. An example is robot Atlas [177].

Three-legged robots are statically stable because they have three points on the ground.
They also excel in low power consumption, as only three legs need to be powered. However,
they are not capable of statically stable motion. An example of a three-legged robot is
THALeR. [181].

Quadruped robots mimic four-legged animals like horses or dogs. The number of legs
already allows statically stable movement, even at the cost of lower speed, because only one
leg can move at a time. To reach higher speeds, quadruped robots can also use dynamically
stable movements such as trotting, galloping or pacing. They have a lower center of gravity
compared to bipedal robots and therefore higher stability. Representatives of four-legged
robots are MIT Cheetah [160] or BigDog [129].



Six-legged robots offer greater stability than bipedal and quadrupedal robots and are
capable of statically stable motion that mimics the movement of insects. Due to their higher
number of legs, hexapods are able to continue moving even if one of their legs is damaged
or use their extra legs to manipulate objects. Their tripod gait allows for fast movement
while maintaining static stability. In contrast, the wave gait provides exceptional stability
because the robot always rests on at least five legs. Hexapods are extremely versatile
walking robots and are well suited for challenging terrain. Representatives of hexapods are
Weaver [24] or HAntR [199].

In addition, one can find eight-legged robots, crawling robots or hybrid robots that
combine legs and wheels. Although walking robots in most cases excel in their ability to
navigate rough terrain, their mechanical design is much more complex and their control
is more complicated compared to wheeled or tracked robots. Movement by gait is also
far more energy demanding than movement on wheels. The design of walking robots also
severely limits the load that the robot can carry.

1.1 Objectives of the Thesis

I dealt with walking robots during my bachelor and master studies. As part of my bachelor
thesis I have designed and built a prototype of my own hexapod robot that is capable
of moving in rugged terrain (see Figure 1.1). Furthermore, I continued working on the
robot for my master thesis, implementing major improvements in robot’s control system,
mechanical design and overall effectiveness [194]. However, the design and components used
limited its speed and ability to move in sloping terrain. Therefore, I decided to use the
acquired experience and design a new hexapod robot that would be able to move faster on
flat surfaces and be able to move on sloping terrains. This robot will be inspired by the
body structure of insects and will be able to mimic their movement and behaviour.

As this work brings together research from various different fields, it will be necessary
to study all the areas involved. The objectives of this dissertation are as follows:

e Study insects with a focus on the nervous system, body and limb structure, behaviour
and movement.

e Study walking robots with a focus on hexapods, their design, construction and control.

e Design a six-legged walking robot whose body and leg structure is inspired by the
body and limb structure of insects.

e Design a biology-inspired control system for a walking robot that will be able to adapt
the robot’s motion in regard to the complexity of the surrounding terrain and mimic
insect behavior.

e Focus on the speed of walking robots on flat surfaces and the ability to move stably
in sloping terrain, with an emphasis on energy-efficient movement.
1.2 Organization of the Thesis

The Thesis is organized into seven chapters. Chapter 2 deals with the study of insects, their
body structure, nervous system, perception and movement. In Chapter 3, the characteris-
tics of walking robots with a focus on hexapods are discussed. The body and leg structure,
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locomotion and control methods are described. A number of existing walking robots are
presented. Chapter 4 deals with the design of the mechanical structure, electronic system
and movement controller of the WHexaR hexapod robot. Chapter 5 describes the design
of the body and legs of the proposed robot and its electronic system and movement con-
troller. The proposed design is verified and the properties and skills of the resulting robot
are analyzed through various experiments in Chapter 6. The last Chapter 7 summarizes
the important points of the presented research.

Figure 1.1: Hexapod, which I designed and implemented as part of my bachelor and master
thesis.
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Chapter 2

Insect — Inspiration in the Nature

Nature has been a profound source of inspiration for humans throughout history. Its beauty,
complexity and diversity stimulate creativity and influence various aspects of human life.
The complex structures and mechanisms of nature have inspired scientific discoveries and
technological advances. Examples include Velcro inspired by burrs [176], airplane wings
and fuselage inspired by the wings and body of birds [113] (see Figure 2.1) or self-cleaning
surfaces inspired by lotus leaves [196]. Other inspirations do not refer to the shape or
appearance of natural objects, but use their internal mechanisms. Bats in flight emit sound
waves that bounce off obstacles in the environment. The subsequent detection of these
sound waves is used by bats to orient themselves in the environment. Sonar is based on
a similar principle. The study of the structure and function of biologically engineered
materials and biological processes and mechanisms in order to create similar designs that
mimic the properties of natural ones is called biomimetics [9, 10]. The term biomimetics
is often associated with two other terms — bionics and biomimicry. Although researchers
do not agree on a clear distinction between these terms, some similarities can be found in
the definitions. Bionics is a combination of the words biology and technics or electronics
usually refers to the use of biological systems or methods found in nature in artificially
engineered products. Biomimicry (imitation of the living) does not only imitate or take
inspiration from nature, but it also uses an ecological standard to judge the appropriateness
of the innovation. According to the study, almost half of the experts interviewed perceive
biomimetics and biomimicry as identical. However, only a third of experts believe that
bionics corresponds to the meaning of biomimetics [82].

Inspiration in nature can not only be found in Velcro or airplanes, but also in robotics.
The appearance of many robots resembles an animal. These include legged robots that,
depending on their size and number of legs, resemble a spider [175], beetle [110], dog [28]
or horse [135, 27]. Some legged robots have only two legs and thus resemble humans [26].
In addition to legged robots, similarities can also be found, for example, in aquatic robots
that resemble fish [55] or crawling robots that resemble snakes [42] or worms [87]. Even
some flying robots resemble flying animals such as birds [78] or flying insects [99].

Arthropoda (arthropods) is the largest phylum in the animal kingdom. It includes
familiar forms such as spiders, crabs, lobsters and centipedes. About 84 percent of all known
animal species on Earth are members of this phylum [74, 13]. In the case of hexapod robots,
inspiration is most often taken from hexapoda (hexapods) that comprises most species of
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Figure 2.1: Fuselage shape inspired by the shape of a bird in flight. The figure shows that
the fuselage of the fighter aircraft is similar to the shape of a bird of prey in flight.'

arthropoda including insecta (insects), which are best suited to inspiring walking robots
due to their body structure [91, 172].

Insects and other arthropods are built on a segmental structure and their characteristic
feature is a hard, jointed exoskeleton [37]. The cuticle, which forms the exoskeleton, is
continuous throughout the outer side of the body and consists of a series of hard plates
connected to the skin by elastic membranes. The individual segments are grouped into three
main parts — head, thorax and abdomen. The legs used for walking are usually attached
to the three thoracic segments. In the head, the appendages are adapted for sensory and
feeding purposes, and in the abdomen they are lost. The information in the following text
is taken from [37].

2.1 Leg Structure

Insects usually have three pairs of legs. Therefore, the insect is sometimes referred to as the
hexapods, although not all hexapods are now considered insects. Each insect leg usually
consists of six parts, that are connected to each other by joints. The six basic parts are
coxa, trochanter, femur, tibia, tarsus and pretarsus (see Figure 2.2).

The coxa is often in the form of a truncated cone and is attached to the body of the
insect. If the coxa has only one articulation, its movement is very free. In most cases,
however, the coxa has a second articulation that restricts movement to some extent.

The trochanter is a small segment with a dicondylar articulation with the coxa. There-
fore, the trochanter can only move in the vertical plane.

The femur is the largest and strongest part of the leg in most adults. It is often more
or less fixed to the trochanter and moves with it. Usually there are no muscles that move
the femur with respect to the trochanter.

'Figure taken from https://miro.medium.com/v2/resize:fit:4800/format :webp/
0%3nVsBS9LQsnA1hbG.png, 15.7.2023.
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Figure 2.2: Insect leg structure. The figure on the left shows the structure of the insect limb,
which consists of five main segments, the coxa, trochanter, femur, tibia and tarsus. The
figure on the right shows the individual muscles that are attached in pairs to the segments
of the limb.”

The tibia is usually a long segment of the leg that is connected to the femur by a di-
condylic joint and therefore it can only move in the vertical plane. In most insects, the
head of the tibia is bent so that the shank can flex directly against the femur.

The tarsus is divided into two to five tarsomeres in most insects. Unlike the other
segments of the leg, the tarsus has no muscles. The individual tarsomeres are connected
only by a flexible membrane, so they can move freely.

The pretarsus in most insects consists of a membranous base and a pair of claws.

The legs of insects are usually used for walking. Some insects also use their legs to climb
on smooth surfaces. Many insects use adhesive setae, sometimes called tenent hairs, to move
along a vertical surface. These setae are clustered into adhesive pads. Their flexibility and
quantity create contact with the irregular surface much more efficiently than would be true
of a single, larger structure. Except for adhesive setae, hairless adhesive pads can also be
found in insects. Adhesion in both cases is the result of the surface tension of the liquid at
the tips of the hairs or on the pads [58].

In some insects, the structure of the leg has been modified in various ways to perform
other functions such as jumping (e.g. locust), swimming (e.g. whirligig beetles), digging
(e.g. mole cricket), grasping (e.g. mantids), grooming (e.g. cockroaches) and stridulation
(producing sound [116], e.g. crickets).

2.2 Leg Muscles

Muscles allow the movement of the different segments and parts of the body of the insect.
The muscles that move the leg are of two types. Extrinsic muscles protrude out of the
leg. Intrinsic muscles are inside the leg and run from one segment to another and are much
simpler than extrinsic muscles. The innervation of the leg muscles is complex. Most muscles
are innervated by fast, slow and inhibitory axons.

Each muscle consists of a number of fibres. Each fibre is connected to many nerve
endings that come from the corresponding innervating axon. The action potential arriving
from the nerves stimulates muscle contraction. The skeletal muscles are attached to the skin
at both ends and bridge the joint in the skeleton, so that contraction of the muscle moves

2Figure taken from https://media.springernature.com/1w685/springer-static/image/prt%3A978-1-
4020-6359-6%2F12/Medialbjects/978-1-4020-6359-6_12_Part_Fig45-2006_HTML.jpg, 14.8.2023.
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one part of the skeleton relative to the other. The tension exerted by insect muscles ranges
from about 3-9 g/cm?. For comparison, human muscles exert a tension of 6-10 g/cm?.

2.3 Leg Sensory System

Insect legs have an extensive sensory system. Some of the sensory elements are proprio-
ceptors that monitor the position of the leg segments and the posture of the insect. Other
sensory elements are mechanoreceptors and chemoreceptors, which sense the environment.

The proprioceptors include hair plates (a cluster of hairs terminated by neurons that
detect extreme leg positions [190, 14]), campaniform sensilla (respond to stress and torsion
of the cuticle [34]) and chordotonal organs (are found only in Insecta and Crustacea in
almost every exoskeletal joint and between joints within legs and body segments [60]).

Campaniform sensilla measure forces and loads acting in different directions on the leg,
and the femoral chordotonal organ provides information about movement of the femur-tibia
joint. These signals are used by local motor networks to control the timing and strength
of motor activity by activating motor neurons that target leg muscles to maintain stability
of the body. Although the topology of the neural pathways that process signals from
proprioceptors is known in detail, little is known about how these proprioceptive feedbacks
are connected to the local neural network that controls leg movement [65]. The structure of
these connections is only investigated using experiments that examine responses to certain
stimuli. Unfortunately, these experiments provide an understanding of the behavior of
individual local networks, but not their exact structure. Therefore, it is not possible to
replicate the structure of these networks into artificial neural networks. However, it is
possible to replicate their behaviour.

Except proprioceptors there are also many exteroreceptive sensilla on the legs of in-
sects. Mechanosensitive trichoid sensilla (hair-like structure protruding beyond the cuticle
structure, its neurons are connected by axons to the central nervous system [88]) and
chemoreceptors are distributed all over the leg.

2.4 Movement

The possibility of mobility is very important for insects. They have to move to find food
or a mate, or to avoid predators. Despite the fact that insects mostly use flying for their
movement, they also use running or walking for local movements. The movement of each
leg varies according to different speeds of movement to maintain stability. Coordination of
movements is controlled centrally, but local reflexes are also used.

Each leg can serve either as a strut or as a lever. In the case of struts, the leg only
supports the body with the forces acting down it depend on the angle of inclination relative
to the body and the weight of the insect. The force acting down the leg can be resolved
into two components, horizontal and vertical. If the opposing forces of the fore, and middle
and hind legs are in balance, no movement occurs. If this balance is disturbed, the body
moves.

If the leg is used as a lever, the force of the muscles on the leg leads to movement.
However, comparing a leg to a lever is an extreme simplification of the situation, because
a leg, unlike a lever, has a number of muscles and joints that can direct the applied force
and shape the direction of body movement.
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Each step comprises a period of protraction — movement of the leg forward over the
ground, and a period of retraction — movement of the leg, which is on the ground, backward
relative to the body. The pattern of walking is usually dependent on the speed of movement.
At lower speeds, most of the legs are in contact with the ground most of the time. The legs
are protracted individually in the order right hind, right middle, right fore, left hind, left
middle and left fore. At higher speeds, the left middle leg and the fore and hind right legs
are lifted and swung simultaneously, with the remaining three legs providing support for
the body. This tripod-based pattern of locomotion is found in all insects examined so far.
Higher movement speed is achieved by increasing the frequency with which the legs move
and increasing the length of each stride. As the frequency of leg movement increases, the
retraction period shortens significantly. The period of protraction is also shortened, but
less significantly. Some insects do not touch the ground with any leg for a short time at
high speed or run only on their hind legs. It is believed that each movement of each leg
is controlled by its own pattern generator, which are interconnected in the central nervous
system.

2.5 Nervous System

The nervous system processes information from the sensory system and ensures rapid func-
tion, coordination and response of effectors. The basic elements of the nervous system are
neurons (nerve cells). Neurons are conducting cells that transduce, transmit or process
nerve impulses. They are similar to other cells, but have specialized extensions — den-
drites and axons. Dendrites bring information to the soma and axons take information
away from the soma. Communication between neurons is achieved through synapses and
chemicals (neurotransmitters) [45]. Depending on the connection between soma, axon and
dendrite, three types of synapses can be distinguished. The axosomatic synapse is formed
by the connection of the soma and the axon. When the axon and dendrites are connected,
an axodendritic synapse is formed. When two axons are connected, an axoaxonic synapse
is created [71]. Neurons communicate with each other mostly chemically. However, some
neurons are so close that they can communicate directly using electrical signals.

Neurons can be classified according to their function. Sensory (afferent) neurons have
dendrites attached to sense organs and transmit information to the central nervous sys-
tem (CNS). Motor (efferent) neurons conduct signals from the CNS and stimulate responses
in muscles and glands. Association (interneuron) neurons form connections between sensory
and motor neurons and conduct signals within the CNS.

Most neurons in insects are monopolar. They have only one projection (neurite) from
the soma. It then branches into axon and dendrite. The peripheral sense cells are bipolar
with a short dendrite and a proximal axon. They receive stimuli from the environment and
transmit them to the central ganglia. Multipolar neurons occurring at stretch receptors
have several branched dendrites and a single axon projecting from the soma.

Cells are connected together by a large number of synapses. A single retinula cell in
the eye of a fly has about 200 output synapses. Some association neurons of the locust can
have up to one million output synapses.

Signal transmission through the nervous system involves three different processes. The
first is transduction, which is the conversion of a visual, mechanical or chemical signal into
an electrical signal. The second process is the transmission of an electrical signal across the
axon in the form of an action potential. The third process is the conversion of the electrical
signal into a chemical signal, which is then transmitted to the cell at the synapse.
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Larger clusters of neurons are called ganglia. It is composed of association neurons
and motor neurons. Inside the ganglion, the axons and dendrites of individual neurons
are interwoven to form synapses. Except for connections to muscles, there are no synapses
outside the CNS.

The central nervous system of insects usually consists of a brain located in the head,
which is followed by a series of segmental ganglia. Adjacent ganglia are connected by a pair
of interganglionic junctions that contain only axons and glia (non-neuronal cells). These
connections do not contain any somata or synapses. In most cases, the muscles of one
segment are innervated from the ganglion of the same segment. Each segmental ganglion
contains somata of motorneurons that control the muscles of that segment. The number
of motorneurons is usually relatively small, corresponding to the relatively small number
of muscles found in insects. Although there are cases where motor neurons and sensory
neurons are connected directly to each other, in most cases the interneurons provide the
interconnection. The various structures of the insect CNS are shown in Figure 2.3.

The main task of the central nervous system is to integrate individual body parts and
their activities so that appropriate behavioural responses and internal regulating changes
are made. In some cases this is only achieved by interneurons that receive appropriate
input from elsewhere. In other cases, the signal is modulated at the synapses.

Some activities such as walking, flying or breathing involve muscle activity that is re-
peated frequently. These routine movements are controlled by basic sequences of motor
neuron activity that are generated in the CNS. Some essential functions are generated even
when the CNS is isolated (e.g., in an experiment) and receives no input signals from pe-
ripheral receptors. These signals are generated by clusters of interneurons forming a central
pattern generator (CPG). Each activity such as walking or breathing has its own indepen-
dent CPG.

2.6 Perception and Communication

Perception of the environment is an important function that most animals possess. It
enables orientation in space or can be used for communication. Perception can be divided
into three groups — optical, mechanical and chemical.

Optical perception is based on the perception of light, its intensity or colour. Insects
have several types of light-sensitive receptors. Adult insects usually have a pair of compound
eyes and often three single-lens eyes (ocelli) can also be found. Some insects have epidermal
light receptors and in some insects light has a direct effect on brain cells.

The insect eye is composed of many small similar units called ommatidia. Their number
varies from species to species. For example, a dragonfly has an eye composed of 10,000
ommatidia and a worker honeybee has 5,500 ommatidia. In contrast, workers of the ant
has only two ommatidia, one on each side of the head. Sensory elements are elongated
neurons known as retinula cells. In one ommatidium there are usually eight retinula cells,
although some species have seven or nine.

Mechanical perception or mechanoreception is the perception of a mechanical change in
the body. It may be caused by a vibration in the environment or the touch of an object.
Mechonoperception also includes hearing. There are three broad categories of mechanore-
ceptors in insects: cuticular structures with bipolar neurons; subcuticular structures with
bipolar neurons, known as chordotonal organs; internal multipolar neurons which function
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Figure 2.3: Insect central nervous system structure. The insect central nervous system
consists of the brain, which is located in the head, and the ventral nervous cord, which
connects the ganglia in each segment of the body. From these ganglia, nerve endings lead
to the muscles of that segment. The structure of the central nervous system varies between
species. The examples shown can be found from left in dictyopterus and pulex; blatta and
chironomus; crabro and eucera; musca, calliphora and lucilia; hydrometra and rhizotrogus.
The figure is inspired by [45].

as stretch receptors. Cuticular mechanoreceptors are divided into two types: hair-like and
dome-like. Both types have a similar arrangement of neurons and sheath cells and they
respond to touch.

All insects possess a pair of antennae located on the head. Antennae are moved by
muscles and their main purpose is to detect obstacles. Research shows that the antennae
measure the distance to obstacles, which is important for proper leg placement and obstacle
overcoming [72, 156].

For sound perception, the insect is equipped with tympanal organs [77]. They are
composed of tympanal membrane, are backed by an air-filled space and are innervated by
a chordotonal sensory organ. The tympanal membrane is vibrated by the incoming sound.
Depending on the intensity and frequency of the sound wave, the corresponding neurons
are activated. The frequency of sound that an insect is able to perceive varies by species.
For example, tettigoniids (katydids) can perceive sound from 1 to 100kHz. Cicadas can
perceive sound as low as 100 Hz.

Chemoreception is defined as the ability to perceive certain chemicals. This includes in
particular the sense of taste and smell. While in humans taste is mainly associated with
the detection of compounds in solution or in a liquid state by receptors in the oral cavity,
insects have similar receptors throughout the body and their use is not directly related to
feeding. Moreover, insects are able to detect chemicals even on dry surfaces. For these
reasons, the term contact chemoreception is used in insects rather than taste. While the
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axons of neurons associated with smell receptors lead to the brain, the axons of contact
chemoreceptors are terminated in the ganglion of the corresponding body segment.

Perception is not only used to explore the environment, but also to communicate. In
addition to sight, one way of visual communication is colour. Bold colours can serve as
a warning or can attract attention. Some insects can change their colour. This change can
be short-term reversible or permanent. Short-term colour change is rather rare in insects.
It is usually associated with a change in cuticle condition or pigment movement. On the
other hand, permanent discolouration is relatively common. The larval stages of insects are
often colour camouflaged whereas the adults are coloured.

Another way to communicate is by vibration. These can be created by a sound radiator,
which is often part of the wings, rubbing a body part against the ground (percussion) or by
moving a cuticular ridge on one of the body over a toothed ridge on another (stridulation).
The vibrations can be transmitted through the air, water or the substrate on which the
insect is standing. Vibration production is controlled by central pattern generators in the
central nervous system.

The last but not least way of communication is chemical communication. Pheromones
are used for intraspecific communication, allelochemicals are used for interspecific commu-
nication. Pheromones, when given to an individual of the same species, cause particular
behaviours. Pheromones have a wide range of uses, from marking territory, to signalling
the direction of a food source, to reproduction. Allelochemicals usually have the function
of a defense mechanism.

2.7 Reflexes

In most animals that have a nervous system, certain patterns of behaviour can be found
in response to a particular situation. These actions triggered by some stimulus (typically
change in the environment or in the body) are called reflexes [133, 40]. Their activation is
usually unplanned and involuntary and they are used to maintain homeostasis (maintenance
of vital internal variables in a state of relative constancy [8]). Some reflexes are temporary
and eventually disappear, others work for the entire life of the individual. For example, in
newborns we observe a number of reflexes such as the palmar grasp reflex or the sucking
reflex [154], which disappear as they grow.

A number of reflexes can also be found in insects. Some involve maintaining a posture
when the insect stands still. The postural position reflex is activated if an external force
(e.g. a gust of wind) causes the angles between the leg segments to change.

Further reflexes relate to the movement of the legs. The depressor reflex increases the
frequency of muscle activity when the leg comes into contact with an obstacle [132]. The
levator reflex is activated when a leg is touched and leads to a momentary lifting of the leg
in an attempt to place the leg on the stimulating object. Other reflexes relate, for example,
to orientation, speed of movement or reaction to light.
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Chapter 3

Six-Legged Walking Robots

Legged robots come in many different sizes and shapes. They differ in the structure of
the legs, their number or their distribution and position on the body of the robot. They
are driven by various systems such as electric motors or servomotors or hydraulic devices.
Compared to wheeled or tracked chassis, they are capable of overcoming larger obstacles
and are therefore more suitable for challenging rugged and sloping terrain [36]. They also
have less influence on the terrain because they are only in contact with it at a few small
points. On the other hand, due to their more complex design, they are more expensive,
relatively slow, more demanding to control and usually have higher energy requirements
because they require control and they consume energy even when they are standing still.

Many legged robots resemble an animal. Two-legged robots look like humans, four-
legged robots look like dogs or horses, six-legged robots look like bugs, and eight-legged
robots look like spiders. Mimicking evolution-tested structures, body shapes or gaits is very
common in the design and control of walking robots. As the number of legs increases, the
number of gaits of the robot and its stability also increases. The greatest improvement is
observed between four- and six-legged robots [86]. The following text will discuss mainly
the characteristics of six-legged walking robots — hexapods.

Hexapods are characterized by six legs, which gives them unique features compared to
four-legged or two-legged robots. Thanks to this number of legs, they are able to remain
statically stable at any moment of their movement. The greater number of legs also allows
the use of a greater number of stances and gaits, which helps hexapods to move over rough
terrain. They also have a high fault tolerance and are able to continue moving relatively
efficiently when several joints or legs are damaged or even lost. These characteristics de-
termine the hexapod for movement in the most difficult conditions such as space missions
[11, 89, 161] or operations in inaccessible terrain [183] and mine detection [68, 122].

The first hexapods were simple robots with few joints. They were incapable of complex
movements or gaits, not to mention adaptation to rough terrain. One of the first hexapods
was built in 1972 at the University of Rome. This robot was controlled by a computer and
was equipped with electric drives [128, 170]. At the Russian Academy of Sciences in Moscow
a hexapod robot was built whose control was based on a mathematical model [124]. The
robot was equipped with a rangefinder so it was able to overcome obstacles. A ,Six-Legged
Hydraulic Walker* was built at Carnegie-Mello University in 1983. It was the first robot
capable of carrying a human. It was powered by a gasoline engine that produced electricity
for the control computer and powered a set of hydraulic pumps. Each leg had three degrees
of freedom (DOF) [43].
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A six-legged robot ,Functionoid“ was developed by Odetics Inc. in 1983. Odex I is
a hexapod robot with pantographic legs. Its weight is about 170kg and one limb can lift
a load of over 200kg [149]. Each leg is controlled by its own computer. Another computer
receives command from operator and commands leg controllers. The robot is controlled by
joystick control unit. It was powered by aircraft battery.

A large scale six-legged robot called Adaptive Suspension Vehicle (ASV) and powered
by a two-stage hydraulic system was invented in 1985 [180]. Unlike most recent robots, the
ASV is not autonomous, but carries an operator who controls it on the level of path selection
and navigation. The robot controller then provides leg coordination and foothold selection.
ASV is 5m long, 2.4 m wide, 3m high, weighs 2700 kg and reaches a speed of 3.6 m/s. The
robot was able to climb an incline of 31°, cross 1.8 m wide ditches and overcame walls of
1.35m height.

The very common inspiration when designing the body of a hexapod robot is the stick
insect. Many robots have been built whose body resembles or is at least partially inspired
by this order of tropical insects.

Lauron V is one of the robots whose design is inspired by stick Insect. It is a versatile
six-legged robot that has 24 DOF [147]. The robot can traverse slopes with an incline
of 25° and remain stable on slopes up to 42.8°. The robot uses modular, behavior-based
controller. Lauron V is the fifth generation of legged robot. Its first version had only
18 DOF, its weight was 13kg, length 50 cm and its maximum velocity was 1.1m/s [21].
The second version was extended with a head that carries a line laser and two cameras that
are used to detect obstacles. The robot uses a hierarchical controller [41]. Lauron IIT is
the third version of hexapod. Its weight is 18 kg, length 70 cm and its maximum velocity is
0.3m/s. The robot can navigate in sloping terrain up to 30° [64]. Lauron IV features with
fault diagnosis and status monitoring system [146].

HECTOR is a hexapod robot [153]. It is bio-inspired in both biomechanical design and
neurobiological control and serves as a testbed for cognitive approaches. The body structure
of this robot is based on carausius morosus. Each leg acts autonomously and exchanges
information with adjacent legs to achieve coordinated movements. Each leg controller is
implemented as an neural network. It consists of two main parts — swing module and stance
module which inhibit each other and generate gait cycle.

Inspiration for the design of a walking robot can also be taken from other species, such
as cockroaches. Nelson et al. [118, 117] designed a cockroach-like hexapod robot to test
control principles extracted from the cockroach. The uniqueness of the robot lies in the
different number of DOF on the legs. The robot has five, four and three DOF on its front,
middle and rear legs, respectively, allowing it to mimic the different functions of the legs of
a cockroach. The legs are driven by pneumatic actuator, which are commanded by a pulse
width modulation (PWM) controller.

The structure and locomotion control of the hexapod robot Gregor is also inspired by
biological observations of cockroaches [127, 7]. Its legs have different numbers of DOF
and different sizes. The front and middle legs have three DOF and differ only in their
attachment to the body. The rear legs have only two DOF, one of which is prismatic, and
are longer than the front legs. The robot weighs approximately 1 kg.

3.1 Hexapod Architecture

The complex structure and control of walking robots requires careful design of the indi-
vidual robot components. In [198], the author discusses design issues and constraints in
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the development of walking robots. It mentions, for example mechanical structure and leg
configuration, actuating and drive mechanisms, evaluation of expected power consumption,
motion conditions or assumed method of walk. The following section describes existing
body and leg configurations of hexapod robots.

There are two basic types of hexapod bodies: rectangular and hexagonal [49]. The
rectangular body has two groups of three legs distributed symmetrically on the two longer
sides. The hexagonal (or round) body is regular and the individual legs are evenly dis-
tributed around the perimeter of the robot body. Both options have their advantages and
disadvantages. The symmetrical design of the hexagonal body allows the robot to move
in any direction and rotate easily on the spot [131, 167]. The elongated rectangular body
design is more suitable for overcoming large obstacles and height differences. Gonzalez de
Santos [150] optimized the distribution of the legs of the rectangular hexapod. He found
that extending the middle leg reduces the energy consumption of the robot.

The body shape of hexapods and their connection to gaits has motivated a number of
studies in an attempt to find the best body shape and gaits for hexapods. Lee et al. [94]
formulated a mathematical expression that describes the relationships between the stability
margin, the stride length and the duty factor. McGhee and Frank [105] showed that for
quadrupedal robots, of the six known gaits in which at least three legs remain on the
ground, only three satisfy the static stability condition at all times. Of these three gaits,
there is one that maximizes static stability, which corresponds to the normal quadruped
crawl favored by most animals for very low-speed locomotion. The optimum stability is
at 3/4 < 8 < 1, where f is the duty factor (see Section 3.2.3). Bessonov and Umnov [22]
extended this proof to hexapods. They proved that a hexapodal wave gait has the optimum
stability in the range of 1/2 < 8 < 1, where f is the duty factor. This was later confirmed
by several other studies [166, 162].

3.1.1 Leg Design

In addition to the body shape, the kinematic properties of a hexapod are also defined by
the structure of its legs. The design of the robot leg must take into account the purpose of
the robot, the roughness of the terrain in which it will move and the payload that the robot
must carry. A number of legs of different shapes, sizes and purposes were built. Figure 3.1a
shows the classification scheme of hexapod leg types.

At the highest level, a distinction can be made between bio-inspired legs and non
zoomorfic legs. Bio-inspired legs are based on the leg structure of animals and their struc-
ture is suitable for certain gaits observed in reptiles, mammals or arachnids. The legs of
mammals are placed under the body, resulting in less body support and the need to main-
tain stability. At the same time, however, the stance and gait of mammals is less energy
demanding (e.g. Cassino Hexapod III [171]). In the mammalian configuration, the legs are
placed under the body and the knees can be oriented in different directions according to
the application they require. In the aracnid configuration, the legs are positioned evenly on
both sides of the body and their knee joints stick out above the robot body (e.g. MAX [53],
ASTERISK [168], COMET-IV [122]). This configuration is similar to the configuration
of the legs in insects, although in most insects some pairs of legs (typically the hind and
often the middle) are rotated backwards at the coxa joints. During locomotion, the insect
often switches to the last configuration, reptilian, in which the legs, like in the aracnid
configuration, are evenly distributed on both sides of the body, but no longer stick out
above the body, but rather are next to the body (e.g. DLR-Crawler [69], ATHLETE [161],
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Figure 3.1: Leg types and configurations of hexapod robots. (a) The legs of hexapod robots
can be divided on the basis of their shape into bio-inspired legs and non zoomorphic legs.
Bio-inspired legs are further divided into mammal type, arachnid type and reptile type.
Non zoomorphic can be further divided into under actuated, telescopic and hybrid legs.
(b) The orientation of the legs on the robot body is based on the direction of movement.
Frontal, sagittal and circular orientation can be distinguished. (c¢) The configuration of the
joints affects the movement characteristics of the leg. The joints can face outwards from
the body (knee outwards), in the direction of body movement (same orientation) or inwards
(knee inwards). Figure taken with permission of the author from [170].

Weaver [24]). The configuration used for insects also depends on the current stance or gait
and speed.

When designing the body shape and leg structure, it is also important to consider the
orientation of the legs in relation to the body. There are three possible configurations:
frontal, sagittal or circular (see Figure 3.1b). In the case of frontal orientation, the robot
primarily moves perpendicular to the leg. In contrast, in the case of sagittal orientation,
the direction of movement is parallel to the legs of the robot. In the circular arrangement
of the legs, the robot can theoretically move in any direction [90].

Non zoomorphic legs can be under-actuated as THALeR [181] or RHex [151], telescopic
as Ambler [93], or hybrid as ASTERISK-H [192] or Cassino Hexapod III [171].

Many researchers take inspiration from nature when designing legs for walking robots.
Insects are a very common source of inspiration. The insect leg consists of six segments:
coxa, trochanter, femur, tibia, tarsus and pretarsus. The study of insect morphology shows
that the size of individual leg segments is not random. With exceptions, which are often
due to the adaptation of the leg to a specific purpose, the legs of different insects have
similar leg segment sizes. The coxa part is usually less than 10 % of the total leg length
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and is free to rotate with three DOF within definite limits. The trochanter is even smaller,
in the range of 2 — 8% of the total leg length [61]. Femur and tibia are usually the same
size or femur is longer than tibia. Tarsus consists of 3 to 7 segments and its length can
vary [202].

If these proportions and sizes are respected in the design of the leg, the resulting robot
will be able to better mimic the movement of insects. However, since controlling a leg with
a large number of joints is relatively complex, many robots have only three joints, coxa,
femur and tibia [66, 153, 197, 178, 179, 75, 20, 53]. These three joints are sufficient to
create a smooth, non-slipping movement of the leg. The low number of joints, however,
limits the number of stances the robot is capable of, and thus also limits its ability to
negotiate complex obstacles and narrow spaces of various shapes and sizes. On the other
hand, leg control is easier and fewer actuators should consume less power. Increasing the
number of joints in the legs of the robot will enable new stances that can be more energy
efficient or better able to overcome rough terrain [161, 147, 24, 199].

3.1.2 Actuator Types

In order for a robot to move, it must move its legs. Therefore, the legs must be equipped
with some kind of actuator to move it. The most common type of leg drive for hexapods
are electric rotary motors in various forms, which are relatively cheap, easy to control, and
provide sufficient power for walking robots of smaller dimensions. These include direct
current (DC) and alternating current (AC) motors, servomotors or stepping motors. In
addition, electrical power can be easily stored in batteries such as Li-Po batteries, which
have a high energy density compared to lead-acid batteries. Electric motors also exist in the
form of linear motors. However, their use in hexapods is still rather rare because they have
limited movable range to weight ratio. Electric motors are usually equipped with a gearbox
because they have relatively small torque.

Pneumatic actuators have low stiffness, are inaccurate and have low power to weight
ratio. For their operation, a compressor is needed to pressurize the air. Hydraulic actuators
use fluid for their movement, which is pressurized by a hydraulic pump. Due to their high
power/weight ratio they are often used in large scale hexapods such as LSHDSL robot [173],
HexaTerra [46] or COMET-IV [83], which do not mind having to carry a relatively heavy
and large hydraulic pump.

Actuators of individual leg joints can be located in several places. One option is to
place all actuators at the beginning of the leg or in the body of the robot. The advantage
is that the actuators do not burden the leg at individual joints and the leg is thus light and
affects less the center of gravity of the robot when walking. However, the design of the leg
is often relatively complex because the force of the actuators must be transmitted to the
joints of the leg. For this purpose, various rods, pulley and belt or lead screw can be used.
The more joints a leg has, the more complex this solution becomes and is more suitable for
larger robots where there is more space in the leg.

Another option is to place the actuators directly into the joint of the leg or somewhere
nearby. In the case of placement directly in the joint, the actuator forms part of the leg
structure or even protrudes from it. The advantage of this solution is its simplicity, where
no mechanisms are needed to transmit the actuator force to the leg joint and the joints
can move freely to a relatively large range. The disadvantage is that most actuators are
relatively large in size and of considerable weight. This causes the leg to become larger and
the higher weight of the leg can play a significant role in keeping the robot stable when
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walking. In addition, energy, whether electrical or mechanical, must be supplied to the
actuators in the individual joints. The necessary cables or pipes may restrict the movement
of the leg at individual joints or may cause frequent damage to them. Some technologies
allow chaining of actuators, others require each actuator to be powered separately, which
can complicate the leg design.

Leg movement can also be provided by a four-bar linkage structure, which is typical
for mammalian legs. The disadvantage of this structure is the high interdependence of the
movement of individual joints and thus limited effective workspace. Because the movements
are highly coupled, a smaller number of actuators is sufficient. However, their power must
be much greater so they can move multiple joints simultaneously.

3.2 Movement

Operating a legged robot is much more difficult than operating a wheeled or tracked robot.
This is because a wheeled or tracked robot is able to stand in place due to its design, while
the legged robot needs to be controlled even when it is not moving. The forward movement
is also considerably more difficult in the case of legged robot. While a wheeled or tracked
robot typically has only one motor, a legged robot has several motors on each leg and all
the motors need to be synchronously controlled to move the robot in the correct direction.
Walking robots use gait to move. There are also hybrid legged robots with wheels attached
to the foot tips of their legs so they can move by riding on wheels or walking. In this
section, various gait, stability and performance indices of walking robots are discussed.

3.2.1 Gaits

Legged robots use various forms of gait for their locomotion. Gait is a sequence of move-
ments of individual legs. A repeating sequence of the same movements is called a gait cycle
and usually corresponds to one step. Each gait cycle consists of a swing phase (also called
return stroke) and a stance phase (also called power stroke). There are also two significant
positions in the gait cycle for each leg: anterior extreme position (AEP) — the position
where the leg is on the ground at the end of the swing phase, and the posterior extreme
position (PEP) — the position where the leg is on the ground at the end of its stance phase
(see Figure 3.2) [59, 84, 152]. The length of the stance phase trajectory and the swing phase
trajectory are important for the movement itself. A gait can be referred to as periodic if
similar states of the same leg during successive strokes occur at the same interval in all
legs [170].

In insects, several basic gaits have been observed [107, 191, 47]. The most common
gait is the tripod. During tripod gait the legs are divided into two groups. The front and
rear legs on one side of the body and the middle leg on the other side of the body create
one group, the remaining legs form the second group. The legs in the same group move
simultaneously. If the first group performs the swing phase, the second group performs the
stance phase and vice versa. Thus, at least three legs always remain in contact with the
ground. This tends to keep the insect’s centre of gravity in the polygon formed by the legs,
which are currently providing support, a condition for a statically stable gait. Tripod is the
fastest statically stable gait. Although there are faster dynamically stable gaits than the
tripod, observations and experiments show that the tripod is strongly favored in upward,
downward and sideways climbing using leg adhesion. In most insects gait transitions have
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Figure 3.2: Gait cycle phases and significant positions. Each gait cycle consists of a swing
phase (return stroke) where the leg is lifted off the ground and travels in the direction of
the movement, and a stance phase (power stroke) where the leg is on the ground, providing
support to the body and moving against the direction of its movement. There are two
significant points in the gait cycle. The anterior extreme position is the point where the
swing phase ends and the stance phase begins. The posterior extreme position is the point
where the stance phase ends and the swing phase begins. The figure is inspired by [84].

been observed as they gradually increase speed from a slow wave gait to a tetrapod gait
and finally reaching a tripod gait [189, 136]. The individual gaits are shown in Figure 3.3.

Metachronal wave is another gait observed in insect [79, 18]. It is the most stable gait
because at any given moment only one leg is in swing phase and all other legs are in stance
phase.

Ripple is a gait in which the swing phases of the legs overlap and for a short moment
the robot rests on only four legs. Once the leg is at the highest point of the swing phase,
the swing phase of the next leg begins.

Tetrapod is a medium fast gait. At least four legs always remain in contact with the
ground, making the tetrapod gait a more stable but slower gait compared to the tripod
gait [107].

In addition to the above-mentioned gaits, it is possible to encounter free movement of
the legs, which does not have a clear period. The legs move in an undefined order with the
purpose of moving the robot forward. This type of gait is called free gait [106, 56], also
described as periodic support state sequences for straight-line locomotion.

3.2.2 Stability

Stability is an important aspect of robot movement. During movement, the robot can be in
two different states of stability — static or dynamic. A statically-stable robot is in a stable
position at every moment of its movement. The center of gravity (CoG) of the robot must
be located in the support polygon — a polygon formed by its legs that are currently providing
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Figure 3.3: The graph shows the movement of each leg in time. A high value represents
swing phase of the leg, low value represents stance phase. Tripod, wave, ripple and tetrapod
gaits are shown in this figure. The tripod gait has two group of legs, all the legs in the same
group move at once. Tripod is the fastest statically stable gait for hexapods, but the least
stable. In the wave gait only one leg is moving forward at any time. The other legs support
the body. This leads to extremely stable movement, which is good for rough terrain. In the
ripple gait all legs move the same way, but their moves are shifted and the swing phases of
neighbour legs are overlapped. Once the first leg is being placed on the ground, the second
leg is already lifted. In the tetrapod gait, there are always two legs in the swing phase.
The other legs support the body. The tetrapod is slower than the tripod, but has greater
stability. The figure is inspired by [201].

support (see Figure 3.4a). A statically-unstable robot is not in a stable position at every
moment of its movement. CoG of the robot is not located in the support polygon and the
robot is basically falling (see Figure 3.4b). Between these two stability states is a critically
stable position where the robot is on the limit of stability (see Figure 3.4c). However,
a statically-unstable robot can become dynamically stable if additional force is supplied,
e.g., by changing the direction of movement or by swinging a leg [19, 195].

The robustness of static stability is measured by the shortest distance from CoG to the
edge of the support polygon, which is called the static stability margin (SSM) [134, 115].
The larger the polygon of support, the larger the displacements that can be tolerated. The
SSM can be calculated according Equations (3.1)-(3.6) [155]. Consider the tripod gait,
where just three legs are in contact with the ground forming a triangle. This situation is
illustrated in Figure 3.5.

The Equation (3.1) describes the area (and therefore the stability) of a triangle as
a triple of distinct points.

1 1 1
S(p1,p2.p3) = 5 a1 22 23 (3.1)
Y1 Y2 Y3
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(a) Statically stable (b) Statically unstable (c) Critically stable

Figure 3.4: Possible stability states of a six-legged robot during its movement. Black dots
represent legs on the ground currently supporting the body of the robot and the symbol
»X* represents the center of gravity. (a) The robot is statically stable, because the center
of gravity is inside the polygon formed by legs supporting the body. (b) The robot is
statically unstable, because the center of gravity is outside the polygon formed by the legs
supporting the body. (c) The robot is critically stable, balancing at the edge of stability,
which is expressed by the centre of gravity at the edge of the polygon formed by the legs
supporting the body. The figure is inspired by [114].

where S(p1, p2, p3) is the area of the triangle that is defined by the points p1, p2, p3 with
coordinates z; and y;. Equation (3.2) is given by expansion of Equation (3.1).

S(p1,p2,p3) = 5 (22 — 21)(y3 —y1) — (23 — 21) (32 — ¥1)] (3.2)

N | —

Then S; is defined by Equation (3.3).

S1(po, p3,Peb) = 5 [(23 — 20) (Yeb — Y0) — (Teb — 0) (Y3 — o)) (3.3)

N

The distance L; between points pg and p3 can be calculated using Equation (3.4).

Ly = /(zo — 23)2 + (yo — y3)2 (3.4)

where xg, Yo, x3,y3 are the coordinates of points pg and ps, respectively. The static
stability margin H; can be determined using Equation (3.5).

St
H =2— .
1 L, (3 5)

Finally, the static stability margin for the situation shown in Figure 3.5 can be calculated
using Equation (3.6).

H = min(Hl,Hg,Hg) (36)
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Figure 3.5: Static stability margin in tripod gait. Three legs, the right front (pg), the left
middle (p3) and the right rear (p4), are in the contact with the ground at points po[zo, yo],
ps[zs, ys3] and pg[xg, ys] respectively, forming a triangle in which the centre of the body
is located at point pep|Tep, Yeb|- L1, Lo, L3 are the distances between the respective legs,
H,, Hs, Hs are the lengths of the altitudes, S1, S, S3 are the areas of the triangles.

3.2.3 Performance Indices of Walking Robots

Walking robots are characterized by their diversity in body shape and size or leg structure
and length. To compare walking robots with different weight, size and shape, the following
indices have been proposed in the literature.

e Duty factor

e Froude number

o Energy cost of transport (specific resistance)
Duty factor 8 [163] is defined by Equation (3.7).

support period

B= (3.7)

cycle time

where support time is time when the leg provides support and cycle period is duration
of one step. Duty factor can also be used to distinguish between running and walking,
where 8 < 0.5 is for running and 5 > 0.5 is for walking [170].
Froude number is another performance index and it is defined by Equation (3.8).

Fr=— (3.8)

where v is the walking or running speed of the robot, g is the the gravitational acceler-
ation and h is the distance of the hip joint from the ground [3].
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Since the length A multiplied by the frequency f has the same dimension as the velocity,
the characteristic velocity hf can be used to calculate the Froude number Fr according to
Equation (3.9) [2].

(hf)* _ hf?
gh g

Fr=

(3.9)

As shown in [3], animals of different sizes use similar gaits when travelling with the
same Froude number. Also, most animals switch between walking and running at a Froude
number of around one and change symmetrical gait to asymmetrical gait at Froude numbers
between two and three.

The power indicator energetic cost of transport (CoT) is defined as the energy required
to move a unit mass over a unit distance (sometimes called specific resistance) [62, 119]. It
is defined by Equation (3.10).

= (3.10)

where F is the total energy consumption for a travel of distance d, m is the total mass
of the vehicle, and g is the acceleration due to gravity. By substituting energy for power
[92], the CoT can be written as Equation (3.11).

P

mguv

(3.11)

€ =

where P is the electric power consumption of the robot during its motion, m is the mass
of the robot and v is the speed of the robot. The electric power P can then be determined
by Equation (3.12).

P=UI (3.12)

where U is the supply voltage of the robot and I is the current drawn from the power
supply.

3.3 Controllers

The control system is the brain of the entire walking robot. Its task is to coordinate
the movements of the joints of the individual legs so that the robot moves in the desired
direction, maintains stability, and eventually overcomes obstacles and terrain irregularities.
Due to the complexity of this task, control systems of actual hexapods are often designed
as distributed hierarchical systems, where individual subsystems are responsible for a small
part of the robot control [170].

These subsystems of a control system may include various levels of navigation, task
planning, coordination of leg movement and robot stance, calculation of leg kinematics,
actuator control, or reading and processing sensor data. They can be located on differ-
ent computing devices either directly on the robot or on the controlling computer. The
communication between these computing centres can be provided by different buses and
protocols. Some robots have a dedicated controller for each leg, other robots have one
central controller that controls all legs.
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There are many different types of control systems. Some are pre-programmed and
generate an unchanging pattern that is translated into the movement of the leg joints.
These controllers typically produce only a limited number of gaits and do not take into
account uneven terrain. At best, they can stop the leg movement on contact with the
ground or an obstacle. Other controllers analyse the data obtained from the sensors of the
robot and adjust the movement of the legs accordingly. There are also controllers that have
no predefined gait and learn all the movements themselves. These controllers are often
based on neural networks.

3.3.1 Control Architectures

The robot control architectures are related to sensing, monitoring and actions of the robot.
Different kinds of robot controllers can be distinguished [84].

o Reactive and subsumption / behavior-based control architectures
o Deliberative controllers (hierarchical) or sense-plan-act control architectures

e Hybrid control architectures

The reactive control architecture (scheme based) is a stimulus-response based archi-
tecture. The reaction of the robot to a specific sensor input is predefined — each action
has a reaction. Although the reactive control architecture response speed is rather high,
which can be an advantage when operating in real world where the response time is very
important, the reactive architecture is not suitable for predictive planned outcomes. The
scheme of the reactive control architecture is shown in Figure 3.6a.

The subsumption architecture (behavior based) is an alternative to the reactive system
architecture. It is based on priority behaviors organized into layers. The lower layer behav-
iors (reflexes) can inhibit higher layer behaviors. The problem of this control architecture is
the right order of the layers. The scheme of the subsumption control architecture is shown
in Figure 3.6b.

The deliberative control architectures are based on the Sense-Plan-Act principle and
for their optimal functioning they usually need full knowledge of the environment. In the
deliberative control architecture the robot first senses the environment, then creates a list of
possible actions. The robot also considers the results of the plans when choosing appropriate
actions. The advantage of this architecture is that the goal can be easily achieved thanks
to the goal oriented architecture. On the other hand this architecture is rather slow and it
is not suitable for purposes where a quick reaction is needed. Also when the environment
changes, the architecture must be changed too. The scheme of the deliberative control
architecture is shown in Figure 3.6c.

The limitations seen by the reactive and the deliberative architectures can be solved by
combining both approaches into a hybrid architecture. There are many different kinds of
hybrid control architecture. In general, the hybrid architecture uses higher level planning
in order to guide the lower level of reactive components. The advantage of the hybrid archi-
tecture is that it incorporates high-level control and planning in the form of a deliberative
layer, while allowing rapid response to unexpected changes in the environment through
a reactive layer. The scheme of the hybrid control architecture is shown in Figure 3.6d.
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Figure 3.6: Control architecture schemes. (a) Reactive control architecture. The reaction
of the robot to a specific sensor input is predefined. A specific perception will trigger
a corresponding response. The advantage of the reactive architecture is its rapid response
to changes in the environment. The disadvantage is, that the architecture lack any planning.
(b) Subsumption architecture. The architecture is based on priority behaviors organized
into layers. The disadvantage of the architecture is the necessity to find the most suitable
order of the layers. (c) Deliberative control architecture. The architecture is based on
Sense-Plan-Act principle and for its optimal functioning it usually need full knowledge of the
environment. In the deliberative control architecture the robot first senses the environment,
then creates a list of possible actions and then chooses the best suited one. (d) Hybrid
control architecture. Hybrid architecture is a combination of reactive and deliberative
control architectures. It keeps the advantages of both architectures. The deliberative layer
enables planning, the reactive layer enables rapid response to changes in the environment.
The figure is inspired by [84].

3.3.2 Neural Network based Controllers

Generating gaits for walking robots is a difficult task because most of these robots have
a large number of degrees of freedom. Six-legged robots usually have 18 joints, but robots
with 24 or even 30 joints are no exception. Neural networks are one of the options used to
generate gaits for walking robots. Beer et al. [15] proposed a heterogeneous neural network
that controls the walking of a simulated insect. Beer [16] also developed a recurrent neural
network based on studies of the American Cockroach. This neural network was hand tuned
to produce the desired outputs. Two years later, Beer et al. introduced a fully distributed
neural network architecture designed for hexapod robot control [17]. The design of the
neural network is based on research on the neuroethology of insects locomotion and was
successfully tested on a real hexapod robot. The reported results were similar to the results
observed in simulated insects. The robot was capable of movement using different gaits.
The scheme of the controller is shown in the Figure 3.7.

Each leg had its own controller, which operates as follows: Normally, the foot motor
neuron is active (supporting the robot body). When the command neuron excites the
backward swing motor neuron, the leg is moved backward (stance phase). Periodically,
the pacemaker neuron interrupts the stance phase and excites the forward swing motor
neuron (swing phase). The frequency of pacemaker bursts and the velocity output of the
backward swing motor neuron depend on the level of excitation provided by command neu-
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Figure 3.7: Leg controller introduced by Beer et al. Each leg is controlled by three motor
neurons, which are driven by the pacemaker neuron whose output rhythmically oscillates.
A single command neuron makes the same two connections on every leg controller. The
forward angle sensor can inhibit the pacemaker neuron and the backward angle sensor can
excite pacemaker neuron and change its rhythm. The figure is inspired by [17].

ron. Additionally, sensors can reset the pacemaker neuron. Adjacent pacemakers mutually
inhibit one another to ensure that adjacent legs will not swing at the same time.

The robustness of the controller based on the gait used is discussed in [38]. The robot
was capable of stable movement at slow, medium and fast gaits with disconnected forward
or backward angle sensor of any leg. Also removing the connections between pacemaker
neurons did not prevent the robot from walking stably at any speed. Finally, after disabling
the lift motor of the middle leg and retracting the leg so it does not support any load, the
robot was ably to walk using slower gaits, but was unable to walk using tripod gait, because
tripod gait requires the middle leg. If the leg was disabled but not retracted, the robot was
turning towards the disabled leg [200].

Goldschmidt et al. [67] present an adaptive neural control mechanism allowing hexa-
pod robots to negotiate obstacles. In the design of a hexapod robot, they addressed four
behaviors necessary for efficient obstacle negotiation observed in insects: a positive change
in body angle, center of mass elevation, body flexion, and local leg reflexes. The resulting
robot is equipped with an adaptive backbone joint that allows the robot body to bend
between the front and middle legs. Fach leg implements a searching and elevator reflex.
The solution was tested in simulated environment and on a real robot (AMOS II) and the
results of testing shows that the robot can efficiently negotiate obstacles with a height up
to 85 % of the robot leg length in simulation and 75 % in a real environment.
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LAURON is a 18-degrees-of-freedom hexapod robot and it is controlled by a neural
control architecture [21]. The first layer of the controller consists of modules for leg control.
For each leg, two neural networks were trained. One for the stance phase and one for the
swing phase. Parameters for these neural networks are provided by altitude (for stance
phase) and foot position (for swing phase) modules.

Parker and Lee [126] used a genetic algorithm to determine the weights of an artificial
neural network that would control the leg of a hexapod robot. A neural network consists
of six fully connected neurons. Two sensors are connected to two neurons that monitor
horizontal and vertical extreme positions. From two other neurons, two outputs lead to the
leg servomotors. Once the network topology and individual connections are established,
a population of individuals is generated whose genomes carry the weights of individual
neurons. Thus prepared neural network is then activated and generates hundreds of con-
trol pulses. The generated pulses are then evaluated by a fitness function that has three
basic parameters. The first parameter is the forward motion, which corresponds to the
movement of the leg at the time of stance phase. The second parameter is the number of
leg lifts. This is a penalty parameter because moving the leg up or down does not lead to
movement forward and only consumes energy. The third parameter is resistance. This is
again a penalty that occurs when the leg is in the most posterior position and is in contact
with the surface. Such a leg only slows down the movement of the robot. Parker and Lee
also propose to train parts of the controller for each leg individually, and then to make
connections between the sub-networks already learned. First, a small network is created
and trained. Subsequently, one large network is created from these small networks.

Researches of animal nervous system show that the pattern of locomotion is controlled
by neural centers located in the neural systems below the brain stem in the spinal cord
known as central pattern generators (CPGs), whose output is an oscillating signal with
a certain frequency. CPGs are used to generate most rhythmic or repetitive movements
such as walking, swimming, breathing, coughing, panting, chewing or swallowing [100].
They generate a periodic muscle control signal that is independent of the sensory input and
is controlled only by the intensity of the excitation electrical signal [103]. The output of
most CPGs can be modulated at the level of output frequency and signal phase by changing
the synaptic force or by changing the intrinsic properties of the membrane [101].

Central pattern generators are commonly modeled as system of coupled nonlinear os-
cillators. The term central means that they do not need any sensory input to function [80].
Still, sensory feedback is important to maintain proper coordination of movements. Many
experiments confirm tight coupling between CPGs and sensory feedback [104, 48, 185].
There are a number of different models of CPGs [80]. The most commonly used are CPGs
based on mathematical models of coupled nonlinear oscillators.

CPGs have been widely used to control the motion of walking robots. Ijspeert et
al. [81] developed a model of a spinal cord focusing on three main problems related to
vertebrate locomotion: changes in the spinal locomotor centre during the evolutionary
transition from water to land, the mechanisms necessary for leg coordination, and the
mechanisms of transition between gaits. They created a model based on CPG, which is
inspired by the movement of the salamander. The model is composed of body CPG and
legs CPG. The model generates motion patterns for walking and swimming that are similar
to those of a real salamander.

Yu et al. [193] proposed a new control architecture for hexapod robots based on CPG.
They split the control into two layers: a motion generation algorithm layer, which is imple-
mented using a ring CPG network based on a modified Van der Pol oscillator, and a layer
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coordinating the motion of each joint of a leg, which solves the problem of controlling
the coordination of the motion of a single leg with several DOF using phase modulation
and changing the amplitude of the neural oscillator. Each leg has its own controller that
produces a rhythmic signal. The six controllers are then connected and produce a periodic
signal with the same amplitude and frequency, but their signals are phase shifted to gen-
erate the desired gait. The transition between gaits is then understood as the ability of
the controller to recover from an initial state that occurs outside the expected phase. The
controller has been successfully tested on a real robot.

Gregor I. is a hexapod robot whose control architecture is base on CPG, which is
composed of nonlinear oscillators [7]. There are six neurons in the CPG made of two cellular
nonlinear networks (CNN). Each neuron generates signals for one leg. The CNN outputs
do not directly drive the leg actuators, but are first transformed to meet the particular leg
kinematics. Single neurons are synchronized by interconnections that ensure coordination
of leg movements.

Chung et al. [39] designed a CPG-based controller for a hexapod robot that uses 24
Matsuoka’s neural oscillators. Omne leg controller has four oscillators, one for amplitude
regulation and three for phase modulation. Using the mapping function, the oscillator
outputs and higher control commands are converted to foot tip positions.

Lele et al. [95] introduced training a legged robot to walk by learning the synchronization
patterns of CPGs. The network of the controller consists of six leaky-integrate and fire
spiking neurons, each controlling one leg of the robot. The neurons are fully connected to
each other. The CPG is driven by an input neuron. Its periodic input causes the CPG
to fire. Another neuron connected to a gyroscope sensor only fires when the robot starts to
lose its balance while walking. The learning process of the network led to the tripod gait in
70 % of the cases. In the remaining cases, the solution converged to suboptimal gaits that
allowed the robot to move.

3.3.3 Central Pattern Generators

Studying animals in order to observe and imitate their behaviour, it was discovered that
even very small life forms are capable of very complex movements, despite the fact that their
brains are of negligible or no size. In 1914, the English researcher Brown suggested that
muscle contraction and relaxation during walking may be controlled by rhythmic centers
that control antagonistic muscles by mutually inhibiting neurons [31, 30]. The first experi-
ments that tried to find an answer involved disabling sensory input to the central nervous
system. Wilson et al. [188, 187] showed that the locust can generate rhythmic flying pattern
in response to non-rhythmic stimulation of the nerve.

The concept of CPG came from experiments, which demonstrated that a group of
neurons could produce a rhythmic pattern while isolated from any sensor input [157]. Mat-
suoka proposed mathematical models for CPG [102, 103] in which the CPG consisted of
two neurons. Equation (3.13) gives one of the frequently used CPG models.

n

rete=3as (&4 (313)
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where x is the membrane potential of the neuron, s; is the weight of the input signals,
6 is the threshold of the neuron, 7 is the time constant, c; are the weights of the neuron
(> 0 for exciting connections, < 0 for inhibiting connections), and y is the output of the
neuron.

However, this model does not match the behavior of a real neuron — when a neu-
ron receives a spiking input, the value of its output increases monotonically over time
and gradually approaches a stationary state.

However, real neurons usually do not show such a dependence on time — their output
first increases rapidly and then gradually decreases to a lower level. This reduction in
output level is called adaptation [98]. Instead of Equation (3.13), the following neuron
model defined by Equation (3.14) can be used, which includes neuron adaptation.

n
TE+x = chsj —bx’
=1 (3.14)
Ti'+2' =y
y=g(z—0)

where 2’ is a variable that represents the adaptation rate of the neuron, and T'(> 0)
and b(> 0) are parameters that specify the time properties of the adaptation. The condition
for such parameters is defined by Equation (3.15) as follows.

(T —7)* > 4T7b (3.15)

The model without adaptation according to Equation (3.13) is then a special case of
the new model with adaptation for b = 0. For n neurons with adaptation that inhibit each
other the oscillator model is then defined by Equation (3.16).

n
T; +x; = —Zaijyj—i—si—bxg
e (3.16)
T; + x; = y;

where a;; is the inhibition level of the connection between the two neurons (a;; > 0 for
i # j and a;; = 0 for ¢ = j, assuming that no exciting connection or inhibiting connection to
itself is considered). The )" a;;y; represents the total input from the neurons in the neural
network and s; represents the total input from the outside of the network. 7 and 6 can be
omitted because by substituting the values 7 = 1 and # = 0 in the Equation (3.14), one
can substitute z; — 0, t/7, T'/7 and s; — 0 for z;,t,T and s;, respectively. Also assume that
the inputs s; are positive and constant in time.

The simplest network producing an oscillating output consists of two mutually inhibiting
neurons (n = 2); see Figure 3.8a. Other possible connections and their outputs are shown
in Figures 3.8b, c, d.
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Figure 3.8: CPG configurations with different numbers of neurons and inhibitory edges.
When neurons are excited, the network starts to generate an oscillating output signal
on individual neurons. The signals are phase-shifted due to the inhibitory edges, but have
the same frequency and amplitude. Figure taken from [102].

3.4 Existing Robots

This section contains descriptions of various legged robots. The presented robots differ in
body shape and size, number of legs and joints, controller or drive system. At the end of
the section, examples of hybrid robots with wheeled legs are presented.

ATHLETE (All-Terrain Hex-Limbed Extra-Terrestrial Explorer) is a vehicle designed
for lunar exploration [184]. Its main purpose is to transport cargo across the lunar surface.
The vehicle concept is based on six wheeled multi-degree-of-freedom limbs. Each leg has
five motors for its movement and additional two motors to drive the wheel movement and
its orientation. The wheel motor can also power drilling or gripping tools. The main
disadvantage of the robot is its low movement speed. The robot is shown in Figure 3.9a.

RHex is another under-actuated hexapod robot that has only six DOF [151]. It uses
a clock excited alternating tripod gait to walk and run. The robot reaches speeds of up
to one body length per second in rough terrain. The design of the robot has several
modifications, such as Rugged RHex [130], EduBot [182] or AQUA [52]. X-RHex, the
latest successor to RHex, has an improved design to offer improvements in power, run-time,
payload size, durability, and terrain negotiation [63]. The X-Rhex is shown in Figure 3.9b.

BigDog is four-leg robot designed for rough terrains [129, 135]. The robot is powered
by combustion engine that drives hydraulic pump as the robot uses low-friction hydraulic
cylinders to move its legs. BigDog is remotely controlled by a human operator. It has about
50 sensors to monitor the environment and the state of the robot. The weight of BigDog is
109kg and it can reach speeds of up to 3.1 m/s. The successor to BigDog is Legged Squad
Support System (LS3) [27] designed mainly for military purposes. The LS3 robot is shown
in Figure 3.9c.

MIT Cheetah is a quadruped legged robot equipped with high torque-density motors
that uses electric regeneration to increase its energy efficiency [160]. At a speed of 5.95m/s
the robot reaches a minimum CoT of 0.5025 that rival the running animals and is sig-
nificantly lower in comparison to other running robots. However, due to its design, the
Cheetah has reduced maneuverability. The robot is shown in Figure 3.9d.
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Figure 3.9: Examples of hexapod robots with different number of joints and quadruped
robots.

THALeR (Tri-Pedal Hyper Altitudinal Legged Robot) is a three-leg robot over three
meters tall with 9 DOF that aims to using as few actuators as possible to achieve mo-
tion [181]. Its predecessors STRIDER 1 [73] and STRiDER 2 [111] were 90 cm and 120 cm
tall, respectively. Although three legs are sufficient for static stability, the robot becomes
unstable when any leg is lifted. The movement of the robot is therefore complex and rela-
tively slow. Because the robot has under-actuated legs, it is not capable of normal walking.
When moving, the swing leg slowly lifts and undergoes the A-frame formed by the remain-
ing legs while maintaining balance. On the other hand, the low number of legs is beneficial
in the case where the robot is not moving because it has low energy requirements. The
final version of THALeR will be up to 10m high, should be able to cross large obstacles
and will serve as a mobile communication or surveillance platform. The robot is shown in
Figure 3.10a.

IFigure taken from https://www.nasa.gov/sites/default/files/images/
414103main_r_athlete_full.jpg, 15.7.2023.

2Figure taken from https://kodlab.seas.upenn.edu/wp-content/uploads/2017/10/xrhexdesert—1-
768x576.jpg, 15.7.2023.

3Figure taken from https://cdn.arstechnica.net/wp-content/uploads/2013/12/LS3-
AlphaDog_reduced.jpg, 15.7.2023.

‘Figure taken from  https://www.incimages.com/uploaded_files/image/1920x1080/cheetah-
robot_44933.jpg, 15.7.2023.
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COMET-1V is the fourth version of COMET hexapod robots designed for mine detec-
tion [83]. It has 24 hydraulic DOF that are driven by a hydraulic pump powered by two
gasoline engines. The length, width and height of the robot are 2.8m, 3.3m and 2.5m
respectively and its weight is 2,950kg. The robot uses impedance-based controller. The
first version was COMET-I that exhibited a number of issues while walking and therefore its
speed was very low [120]. Second version, COMET-II, was ten times faster than COMET-I.
Its nonlinear controller is based on neural network so the robot can move autonomously.
COMET-III was build as an scaled-up version of COMET-IIL. It weights 900 kg and it is
4m long, 2.5m wide and 0.8 m tall [121]. COMET-IV is shown in Figure 3.10b.

HexaTerra is an 18 DOF electrohydraulic hexapod robot designed for underwater ope-
rations [46]. The robot maintains stability using feedback from IMU, encoders and foot
force sensors and can overcome various obstacles using wave gait. The robot is shown in
Figure 3.10c.

LSHDSL (large scale hydraulically driven six-legged) robot is an 18 DOF electro-hydrau-
lic robot with a weight of 10,000kg [173]. The distributed control architecture consists of
seven computers — one coordination computer and six leg computers.

TITAN XI is the latest version of the TITAN walking robots [76]. It has four legs — each
leg has three DOF driven by hydraulic cylinders. The robot dimensions are 4.8 x5x3 m and
it weights 7,000 kg.

Il j |.|.I.

< COMETN i

(a) THALeR® (c) HexaTerra”

Figure 3.10: Examples of large scale legged walking robots.

Figure taken from https://www.romela.org/wp-content/uploads/2015/02/smaler_1-768x1024.ipg,
15.7.2023.

SFigure taken from https://onlinelibrary.wiley.com/cms/asset/574fc95a-e893-4a4c-899d-
8be749377def /mfig001.jpg, 15.7.2023.
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(b) HyQ (Hydraulic Quadruped)’

(¢c) AMOS II'0

Figure 3.11: Examples of legged walking robots with different types of leg drive.

Dante II is eight-leg walking robot designed for space exploration [12]. Its pantographic
legs are divided into two groups of four on the inner and outer frame. The robot movement
is achieved by a single motor that moves the frames relative to itself. The frames can
also rotate up to 7.5° relative to each other, allowing the robot to turn. Each leg can
adjust its vertical position to avoid obstacles. The robot can move autonomously or can be
teleoperated from a great distance. Dante II was tested on a five-day mission in a volcano.
The robot was attached to a tether cable that was used to maintain stability while traversing
a steep slope and minimize adverse structural load on the legs. The robot is shown in
Figure 3.11a.

HyQ (Hydraulic Quadruped) is four-leg walking robot with 12 DOF (8 hydraulic and
4 electric) [159]. The robot weights 91 kg and uses torque-controlled hydraulically and
electrically actuated joints. HyQ is 1m long, 0.5m wide and 0.98m tall. The robot is
shown in Figure 3.11b. Its successor HyQ2Max [158] is more rugged and has more powerful
actuators. The movement skills of the robot have also been improved so that the robot can
self right itself.

"Figure taken from https://i.ytimg.com/vi/sKu2AuVaTql/maxresdefault.jpg, 15.7.2023.

8Figure taken from https://media.sciencephoto.com/t2/50/04/76/t2500476-800px-wm. jpg, 15.7.2023.

Figure taken from https://assets.rbl.ms/25565755/origin.jpg, 15.7.2023.

OFigure taken from https://www.sdu.dk/-/media/images/nyheder_sduk/nyheder2018/
insektrobot.jpg, 15.7.2023.
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AMOS IT is a hexapod robot with three DOF per leg and one DOF for active backbone
joint [66]. The robot is controlled by reactive climbing control, which is composed of three
neural networks — backbone joint control, leg reflex control and neural locomotion control.
It allows the robot to efficiently negotiate over obstacles of different heights. The robot is
shown in Figure 3.11c.

Weaver, a six-legged robot with 30 DOF, can climb slopes up to 30° and remain statically
stable in the slope up to 50° [24]. The proposed hierarchical controller reduces the CoT of
the robot and enables movement in rough terrain. This is achieved mainly by the capability
of the robot to rotate its legs parallel to the gravitational acceleration. The robot is shown
in Figure 3.12a.

Abigaille-I1T is a climbing hexapod with 24 active DOF [75]. The use of passive adhesion
spares energy and allows the robot to climb nearly four hours. Unlike its predecessors [108,
96], the newer version of the robot uses active detachment using a dedicated motor. The
parallel control architecture is based on a Field Programmable Gate Arrays (FPGA). The
robot is shown in Figure 3.12b.

Multilegged Autonomous eXplorer (MAX) is an ultralight hexapod with 18 DOF [53].
The robot is 2.25m tall and weights approximately 59.8 kg. The control architecture com-
bines kinematics-based planning with impedance-based control. The robot uses pressure
sensors to detect foot tip pressure on the ground. The robot is shown in Figure 3.12c.

Ambler is a six-legged robot designed for autonomous planetary and lunar explora-
tion [93]. The robot is capable of traversing terrain with a slope of 30° and overcome ditches
and boulders up to 1m in size. The structure of the leg of the robot differs significantly
from the structure of the leg of modern hexapods. Ambler has three DOF on each leg. The
rotational and extensional joints in the horizontal plane are used for movement of the robot
and the orthogonal joint in the vertical plane is used to compensate terrain irregularities.
Ambler is 3.5m long and 4.5 m wide. Its height varies between 4.1 and 6 m and its weight
is 2,050kg. The robot is shown in Figure 3.12d.

Ragno is a hexapod robot with 18 DOF [179]. Each leg has its own micro-controller
that controls three hobby servomotors. One master microcontroller controls the movement
of all legs based on commands from the control computer. Messor, successor of Ragno, has
similar kinematic structure to the previous prototype, but its size is twice as big as Ragno,
allowing the robot to perform more complex locomotion tasks and carry more sensors [178].
Messor II has better power to mass ratio than Messor [20]. It also has more powerful
servomotors and the onboard control computer has more computing power. Force-sensitive
resistors used as ground sensors have been replaced by micro-switches for greater durability.

DLR-Crawler is a six-legged robot developed from DLR-Hand II [33] as an experimental
testbed for legged robots gait algorithms that uses joint torque, foot force-torque sensing
and joint position. Each leg has four joints but only three DOF, because femur and tibia
joins are coupled. The robot is powered by an external power supply and controlled by an
external realtime PC [69]. The robot is shown in Figure 3.13a.

ASTERISK is a hexapod robot with 24 DOF [168]. The robot can be transformed to
quadruped form and use two legs as arms and manipulate objects. The robot is equipped
with pressure sensors to detect ground, gyrosensor and an acceleration sensor, cameras and
infrared sensors. Thanks to the umbrella-shaped leg tip, the robot is able to climb on the
wire ceiling grid. The robot is shown in Figure 3.13b.

Walking robots with hybrid legs form a special group of legged robots. These robots
are able to achieve higher movement speeds due to their wheeled chassis. Thanks to their
legs, they can also move in rough terrain. Some hybrid robots have only a small number of

41



joints on their legs, which they use rather to compensate uneven terrain while riding and
are thus not capable of actual walking. An example of such a robot is Hylos.

(d) Ambler!'*

Figure 3.12: Examples of hexapod robots with different leg types.

Hylos is a wheeled chassis rather than a walking robot [5]. However, it does have legs
that are ended by wheels that can be rotated in different directions. It has 16 DOF (two on
each leg and two as omnidirectional chassis). The controller combine posture and trajectory
control [70]. The robot is shown in Figure 3.14a.

Other hybrid robots have a similar leg structure to walking robots and additionally have
a motorized wheel at the end of the legs. So they can truly combine walking and riding.
Examples of such robots include ASTERSIK H or Cassino Hexapod III.

ASTERISK H [192] is the successor of hexapod robot ASTERISK [168]. It has 30 DOF
(three on each leg and two as omnidirectional chassis). The robot is able to detect the
surface using encoder and torque sensors information, switch from riding to walking and
overcome various terrain obstacles and irregularities.

HPigure taken from https://i0.up.com/research.csiro.au/robotics/wp-content/uploads/sites/96/
2016/09/WeaverOnTestbedNewl.jpg, 15.7.2023.

2Pigure taken from https://www.usine-digitale.fr/mediatheque/7/3/8/000188837_896x598_c.jpg,
15.7.2023.

13Figure taken from https://i0.up.com/research.csiro.au/robotics/wp-content/uploads/sites/96/
2017/03/MAX_outdoor_newl.jpg, 15.7.2023.

MFigure taken from https://www.ri.cmu.edu/app/uploads/2018/11/ambler-cmu-frc.jpg, 15.7.2023.
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(a) DLR-Crawler!” (b) ASTERISK'®

Figure 3.13: Examples of hexapod robots.

Cassino Hexapod III is a hybrid hexapod robot [171]. It has 18 DOF. Each leg is
equipped with a mecanum-wheel (an omniwheel with angle of 45°). The robot is con-
trolled by an Arduino board with servo shield an equipped with several sensors such as
ultrasonic sonar or inertial measurement unit. The legs can only swing in the direction
of movement. A detailed evaluation of locomotion performance of Cassino Hexapod III is
described in [125]. Cassino Hexapod I [35] and Cassino Hexapod II [169], had very com-
plex turning strategy due to the absence of omnidirectional wheels. The robot is shown in
Figure 3.14b.

Unlike the previous two robots, Roller Walker does not have a motorized wheel, but
only a passive wheel, which it uses for roller skating [54]. During walking, the wheel rotates
towards the ground and forms the feet of the robot.

Other hybrid robots include ATHLETE [161], Creadapt Robot [85] (see Figure 3.15a)
or ANYmal [25] (see Figure 3.15b).

The following Table 3.1 compares several characteristics of selected legged robots.

HyLoS 2 / ISIR©2008

ylos'? (b) Cassino Hexapod IIT'*

Figure 3.14: Examples of hybrid wheeled legged robots.

5Figure taken from https://www.dlr.de/rm/en/Portaldata/52/Resources/roboter_und_systeme/
krabbler/Crawler_2011_Rubble_16_9_1440x809.jpg, 15.7.2023.

15 Figure taken from https://robotnyheter.se/wp-content/uploads/2011/12/
Asterisk_hexapod_insect_robot_with_prey.jpg, 15.7.2023.

"Pigure  taken from  https://www.researchgate.net/profile/Philippe-Bidaud/publication/
265752953/figure/figh/AS:66829927267535501536346371850/Hylos-II-a-hybrid-wheeled-legged-
robot.jpg, 15.7.2023.
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e e

(b) Wheeled ANYmal®’

Figure 3.15: Examples of hybrid wheeled legged robots.

8Figure taken from https://pub.mdpi-res.com/robotics/robotics-06-00040/article_deploy/html/
images/robotics-06-00040-g015.png, 15.7.2023.

YFigure taken from https://i.ytimg.com/vi/uIPErWYqiTI/maxresdefault.jpg, 19.8.2023.

2Figure taken from https://wired.me/wp-content/uploads/2022/11/Lead-swiss-mile-robot-.jpg,
19.8.2023.
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Chapter 4

WHexaR Mechanical, Electronic
and Controller Design

The mechanical design of the robot is an important part of the walking robot design. It can
be divided into two main parts, the mechanical design of the body and the mechanical design
of the legs. In the case of the body, it is necessary to choose the shape and size that will
correspond to the intended use of the robot. The size of the body determines the size of the
leg. It is also possible to reverse this procedure and design the body size according to the
leg size. This second approach was applied to the design of WHexaR (Wheeled Hexapod
Robot — a robot built as part of this work).

The body of the robot will be used to house the control systems and batteries. The
individual components will be placed inside the body of the robot and thus protected from
possible damage. The legs will be placed in two groups of three on each side of the body.
One leg at the front of the body, one in the middle and one at the back. Body weight should
be kept as low as possible while maintaining sufficient strength. The estimated length of
the robot body is about 0.5 m.

The task of the electronic system will be to control the robot, power the individual
components and obtain information from the environment and actuators. The electronics
will consist of a power supply, actuators, computing system and sensors.

The first part of this chapter describes the design of the leg structure and its forward
and inverse kinematics. In the second part, the design of the robot controller is presented.

4.1 Leg Design

To design a walking robot leg, it is necessary to decide what type of leg the robot will
have and how it will be attached to the robot body. Next, the type of actuators and their
positioning relative to the leg joints must be chosen. Finally, the appropriate components
can be selected to connect the actuators to form the leg and its joints.

An aracnid type leg with a frontal orientation on a rectangular body was selected for
WHexaR, combining features of a bio-inspired leg and a non zoomorfic hybrid leg. To
simplify the design of the leg, its joints will be formed directly by actuators. Each leg will
have seven degrees of freedom. Five actuators will be used to position the leg. Two more
actuators will form a wheeled chassis. The lengths of the segments will be based on the
size of the leg of the insect. For easier riding in the terrain, the robot will be equipped with
rubber wheels. The proposed leg structure is in Figure 4.1.
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Figure 4.1: Scheme of the proposed leg structure. The leg has seven joints. Coxa,
trochanter, femur, tibia and tarsus are used to position the leg. The trochanter joint
allows rotation of the entire leg, which will be beneficial especially in sloping terrain. The
last two joints form the wheeled chassis. The first joint allows the wheel to turn, the second
joint drives the wheel.

The first joint, the coxa, will be used to rotate the leg forward and backward. Its range
should be at least 180°, so that the leg can be used not only for movement but also for
manipulating objects in the environment. The second joint, the trochanter, will allow the
entire leg to rotate relative to the body. The third joint, the femur, will be used to lift the
rest of the leg during the swing phase and will provide the most support during the stance
phase. Its actuator should be selected accordingly. The remaining two joints, the tibia and
tarsus, will be used to adjust the trajectory of the leg during walking. The load on the tibia
joint depends on the current stance. Its main task will be to support the body during the
stance phase. The tarsus joint is assumed to be parallel to the acceleration of gravity, and
thus should not bear a heavy load since it will only maintain the balance of the leg joint.

4.1.1 Forward Kinematics

The leg will consist of seven servomotors that will be connected together using aluminum
brackets. To create a mathematical model of the robot, each leg is numbered according to
its position I € {0, ...,5}, each joint is numbered as j € {0, ...,6}, where coxa joint is 0 and
wheel joint is 6, and each servomotor will be assigned a unique number ¢ € {1, ...,42} (see
Figure 4.2). The following applies:

i=T+j+1 (4.1)

j=({—1)mod7 (4.2)
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(4.3)

Equation (4.1) determines the servomotor number based on the leg and joint number,
Equation (4.2) determines the joint number from the servomotor number and Equation (4.3)
determines the leg number based on the joint and servomotor number.

@ Leg 1 Leg O
J55
Ja E >,
?;:Zi:y

@ o %
Jo Jo
Ly/2
Leg 3 Leg 2
coxa .

1 <> < <>
o e
(Ejm[]z:z[jz:j[jD\, vc_—7§?E]E%3E]E%3E]@§i}\

trochant:er femur tibia tarsus wheel

Figure 4.2: Robot leg numbers. The legs are numbered in sequence, right front, left front,
right middle, left middle, right rear and left rear. Joint 0 corresponds to the coxa joint,
joint 6 corresponds to the wheel. Servomotors are numbered from coxa joint of leg 0 to
wheel servomotor of leg 5. Point C' represents the centre of the robot body. Body width
Wy, is the distance between the coxa joints of the left and right pairs of legs, body length
Ly is the distance between the coxa joints of the front and rear legs. The figure is inspired
by [92].

The forward kinematics problem deals with the relationship between the individual
joints of the robot leg and the position and orientation of the foot tip [164]. The leg of
the robot can be considered as a set of links (brackets) connected to each other by joints
(servomotors) that have only one degree of freedom. The Denavit-Hartenberg (D-H) [164]
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convention was chosen to describe the relationships between the individual joints. This
convention describes a general open kinematic chain using a series of homogeneous trans-
formations. Each of these homogeneous transformations is represented by Equation (4.4)
as the product of four basic transformations, rotation by ; about the z axis, translation of
d; along z axis, translation of a; along x axis and rotation by «; about the = axis:

A; = Rot,gTrans, g Trans; ., Rot, o,
-CHi —s9, 0 0 1 0 0 O 1 0 0 a4 1 0 0 0
_ fse e 000110 10 0110 10 00 ca —sa O
o 0 0 1 0] (0 0 1 d; 0 01 O 0 sq; Coy O '
| O 0 0 1 0 0 0 1 0 0 0 1 0O 0 0 1
[co, —560,Ca;  S6,5q; @iCy,
_ |%6;  €0;Ca;  TCY;Sa; QiSh,;
a 0 Sa; Ca; d;
0 0 0 1

where s, denotes sin(x), ¢, denotes cos(x), quantities a;, v, d;, §; represent the param-
eters of the corresponding links ¢ and joints ¢ as translation along x, rotation around =,
translation along z and the rotation around z, respectively (sometimes called link length,
link twist, link offset, and joint angle, respectively) [164]. The D-H leg parameters will be
measured on the 3D model and will be adjusted according to the real robot.

The transformation matrix TJJ 41 between the coordinate system of leg joint j and the
coordinate system of leg joint j + 1 is given by Equation (4.5).

co; —S60,Ca; 560;5q; QjCo,
7 — |80, €0;Ca;  TCO;5a; @556, (4.5)
J+1 0 d. :
Say Ca, ]
0 0 0 1

where s, denotes sin(x), ¢, denotes cos(z) and aj, aj,d;, 6; are the DH parameters of
the joint j. The mapping between the global coordinate system and the foot tip coordinate
system is given by Equation (4.6).

T = YT, T T} (4.6)
where f is the foot tip frame.

4.1.2 Inverse Kinematics

The task of inverse kinematics is to calculate the joint angles 6! = {6, 61, 02,603,604} of the
individual servomotors of the leg [ so that the foot tip is located at the specified coordinates.
Unlike forward kinematics, whose task is to determine the end position of the foot tip based
on the rotation of individual servomotors, inverse kinematics may not find a solution or may
find infinitely many solutions. To avoid this issue, one solution is to add a constraint as
in [24]. However, the proposed solution to avoid an infinite number of solutions is the
reduction of controlled degrees of freedom of the leg. The control of the trochanter joint
will be based on data from the inertial measurement unit (IMU), which senses the tilt of
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the robot’s body, and is controlled by the reactive layer. The tarsus joint will also be
controlled by the reactive layer that will keep the joint parallel to the gravitational force.
The resulting system has only three degrees of freedom. The inverse kinematics can then be
solved using the following Equations (4.7)—(4.17), where x, y; and z; are the coordinates of
tarsus joint, d; is trochanter offset (the distance between trochanter and femur joints), ay is
femur length, ag is tibia length, L is the distance between coxa joint and tarsus joint, L is
the distance between femur joint and tarsus joint and 6y, 2 and 63 are the angles for coxa,
femur and tibia joints [202]. The established coordinate system is shown in Figure 4.3.
First the distance L between the coxa joint C' and the tarsus joint W must be deter-
mined. By considering the xz-plane of the tarsus joint, Pythagorean theorem can be used

(Equation (4.7)).
L =\/x} + 2} (4.7)

Next, the distance L; between the femur joint F' and the tarsus joint W must be
calculated. By considering the right triangle FWX, it is possible to use the Pythagorean
theorem again. The distance between points W and X can be determined as the difference
between L and d; and the distance between F' and X corresponds to y; (Equation (4.8)).

L= \J(L—d)? +¢? (4.8)

Before calculating the angles g, 02, 03, it is first necessary to determine the auxiliary an-
gles a, 3, . First the angle . Knowing the distances L, | F X | and |IW X/, the trigonometric
functions can be used (Equation (4.9)).

v = arccos (%) (4.9)

t

The angle § can be determined using the Law of Cosines (Equation (4.10)). With
appropriate modifications, Equation (4.11) can be derived.

& =a® 4 b* — 2abcosy (4.10)

2 2 _ 2

as + Ly — a3
= - 4.11
B = arccos ( Sl (4.11)

Using the Law of Sines (Equation (4.12)), the value of the angle o can be found (Equa-
tion (4.13)).

b
- ___° (4.12)
sina  sinf8 siny
Isi
a = arcsin < tsmﬁ) (4.13)
as
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Alternatively, the a angle can be calculated without using the second trigonometric
function using the Law of Cosines (Equation (4.14)).

(4.14)

2 2 2
ay +az — L
2a9a3

. = arccos <

Finally, the angles 6,602,605 can be calculated using Equations (4.15)—(4.17). The
method of their calculation is obvious from Figure 4.3. By considering the xz-plane of
the tarsus joint, angle 0y can be calculated using trigonometric functions. The angle 65 can
be determined as the difference of 7/2 and the sum of the angles $ and . Angle 63 is equal
to the difference between 7 and «.

0y = arctan <Zt> (4.15)

Tt

b2 =5 —(B+7) (4.16)

O3 =7 —a (4.17)

Equation (4.18) can be used to calculate the angle of the trochanter joint 6;.

91 = ebodyipitch (418)

where Oyo4y piten is the pitch angle of the body of the robot acquired from IMU. The
tarsus angle 64 can be determined using Equation (4.19) based on the angles 6, and 63 and
the assumption that the tarsus will always be parallel to the gravitational acceleration, i.e.
perpendicular to the flat surface.

@:—g—&—% (4.19)

4.2 WHexaR Controller Design

The controller, together with the hardware, is the most important part of the robot. It
handles actuator operation, sensor control and higher robot functions such as navigation
or task planning. A neural network will not be used to control the robot. The structure
of the insect’s nervous system is not sufficiently explored and the resulting controller could
not copy its structure. Instead, reflexes and behaviors observed in insects will be mim-
icked. Since the control of a walking robot with a large number of joints is a non-trivial
task, a hierarchical controller architecture can be chosen to allow the control to be divided
into smaller parts, which can then be more easily implemented or replaced with a new
version without affecting the other parts. However, the hierarchical control architecture is
more suitable for static environments. In dynamic environments that change frequently,
the planning phase causes the response to these environmental changes to be too slow [84].
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Coxa joint Femur joint

Tarsus joint

Foot tip

Figure 4.3: The leg coordinate system established for the purposes of inverse kinematic
calculations. d; is trochanter offset, as is femur length, as is tibia length, L is the distance
between coxa joint and tarsus joint, L; is the distance between femur joint and tarsus joint,
0o, B2 and 63 are the angles for coxa, femur and tibia joints, o, 8 and -y are angles used
during inverse kinematic calculations and z;, y; and z; are the tarsus joint coordinates. Both
trochanter and tarsus joints are controlled by a reactive layer and are, thus, not included
in the inverse kinematic calculations. The figure is inspired by [51].

A reactive control architecture could be used because it has a fast response to changes in
a dynamic environment. However, this architecture lacks the possibility of any planning.
For these reasons, a hybrid architecture that combines the fast response of a reactive archi-
tecture and the planning capability of a hierarchical architecture was chosen for the robot
controller.

The proposed controller will consist of several parts. A scheme of the control system is
shown in Figure 4.4. The first part of the controller is represented by a reactive layer which
receives data from the sensors. This layer evaluates whether any of the reflexes have been
activated based on the sensor data. If so, the reactive layer sends an instruction to the leg
controller of the respective leg.

The sensor data is then sent to the terrain controller that analyses the data obtained
from the sensors and evaluates the terrain characteristics. This information is then used
by next block of the movement controller, the gait selector. Its task is to select the most
appropriate gait considering the terrain. The next block of the movement controller is the
leg coordinator, which synchronizes the movement of each leg by sending control signals to
the leg controllers. Each leg has its own leg controller that manages all its joints following
the commands from the leg coordinator.
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Figure 4.4: Scheme of the designed robot controller. The sensors provide data to the
reactive layer, which can directly control the legs in the event of a threat. Data from
the sensors are simultaneously sent to the input of the terrain controller, where they are
analyzed and used by the gait selector to choose the most appropriate gait for the current
terrain. The selected gait is then executed by the leg coordinator, which controls the leg
controllers. Taken from [201] and modified.

4.2.1 Sensor Layer

The sensors are the only source of data for the robot about itself and its environment. The
sensors of the robot will be designed largely as proprioceptive. Specifically, the robot will be
equipped with force-sensitive resistors (FSR) and an inertial measurement unit (IMU). The
sensor layer will also read data from all servomotors such as present position, current and
temperature. The only exteroceptive sensors will be several rangefinders that will detect
obstacles in front of the robot. Data obtained from sensors and servomotors will be passed
to the reactive layer.

4.2.2 Reactive Layer

The reactive layer of the movement controller is used to react quickly to unexpected changes
in the environment. These changes are detected by analyzing the data obtained from the
sensors of the robot. These rapid responses are inspired by reflexes observed in insects.
Based on the input, an immediate unconscious reaction is triggered. The reactive layer
will implement several reflexes that will ensure stability and constant body support of the
robot.

The first reflex will control the rotation of the whole leg at the trochanter joint based
on data from the IMU. Leg rotation will occur mainly on sloping terrain and should reduce
the required power of the servomotors. This will reduce the energy consumption of the
robot and extend the battery life. Less stress on the servomotors will also extend their
lifetime and reduce the risk of failure. Unlike conventional hexapods, which usually do not
have a trochanter joint, the WHexaR should be able to move on much steeper terrain. This
situation is outlined in Figure 4.5.
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(a) (b)

Figure 4.5: Difference between hexapod with (a) and without (b) trochanter joint. Hexapod
with trochanter joint can rotate its legs so the foot tip is parallel to the gravity vector. This
reduces power consumption, better supports the body and allows the robot to climb more
difficult and inclined terrains. This extra joint can also be used to turn the legs when the
robot falls on its back. Taken from [201].

The second reflex is the stepping reflex. It is used to increase the support of the body
in case of leg slippage. This reflex is illustrated in Figure 4.6a.

The elevator reflex is another leg reflex that is activated when the leg hits an obstacle
during the swing phase and cannot complete its movement. The elevator reflex causes the
leg to attempt to repeat the movement, but the step height is increased. This reflex is
illustrated in Figure 4.6b.

The searching reflex is used when the leg does not find support at the expected loca-
tion. The leg begins to iteratively search the immediate area and attempts to find another
foothold to support the body and finish the step. This reflex is illustrated in Figure 4.6c.

The robot should also be able to overcome various obstacles. Low obstacles can be
stepped over or overcome by walking, where the leg movement will be stopped at the
obstacle. Higher obstacles can be avoided or climbed over. Rangefinders are used to decide
whether an obstacle can be climbed over or should be avoided. The robot stops in front
of the obstacle and measures its height. If the obstacle is not too high, it starts climbing.
Otherwise, it will have to avoid the obstacle.

Figure 4.6: Reflexes implemented in the reactive layer of the robot controller. (a) Stepping
reflex. The leg can step from the position (2) to the position (3) to better support the body.
(b) Elevator reflex. If the leg encounters an obstacle (2), it tries to lift the leg higher to
step over the obstacle and find new position for the foot tip (3). (c) Searching reflex. If the
leg cannot reach ground at the expected location (2), it tries to find another foothold (3).
Taken from [57, 201].
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4.2.3 Terrain Controller

The terrain controller will analyze data from sensors, namely IMU, encoders, torque meters
and thermometers of the servomotors, and rangefinders, and will evaluate the characteristics
of the terrain in which the robot is currently moving. Based on the acquired terrain data,
the gait selector will choose the most appropriate gait. The terrain controller will monitor
the following metrics [201]:

o the height of the step — if a leg does not hit any obstacle on the ground while lifted only
to specific threshold, the terrain is considered flat. Otherwise the terrain difficulty is
increased.

e the tilt of the body — if the body reaches threshold tilt the terrain difficulty is in-
creased. Different counters will be used for pitch and roll of the robot as it has
different impact on the gaits.

o count of obstacles — increased number of obstacles in the environment indicates higher
difficulty of the terrain. There are two kinds of obstacles. Either the robot can
overcome the obstacle or the robot has to circumvent the obstacle. Only the first
type of obstacles have impact on the terrain difficulty because the second type of
obstacles is avoided by navigation of the robot and does not have effect on the gait
selection. Conversely, the number of obstacles that can be overcome indicates difficult
terrain leading to an increase in terrain difficulty to prevent the robot from falling.

o vibrations, bumps and impacts detected by the IMU — if the robot travels on wheels,
the higher count of bumps means the robot is travelling through difficult terrain and
the robot should change to some walking gait.

o count of disappeared leg support — when the robot often loses leg support, it indicates
unstable or interchangeable terrain. Once a threshold is reached, the terrain difficulty
is increased.

4.2.4 Gait Selector

The gait selector will use information from the terrain controller to select the most appro-
priate gait. The chosen gait is then passed to the leg coordinator which starts to execute
it. The goal will be to select the fastest, most energy efficient and sufficiently stable gait
for the given terrain conditions. The selection of the most suitable gait will be made on the
basis of individual terrain characteristics and their thresholds. If the threshold value for at
least one parameter is exceeded, the gait will be changed to a more stable one.

4.2.5 Leg Coordinator

Gaits consist of synchronized sequences of swing and stance phases of each leg. The resulting
gait is shaped by the time intervals between leg movements. The task of the leg coordinator
is to synchronize these movements so they form the gait selected by the gait selector. This
will be accomplished by sending signals to the leg controllers. The sent signal will identify
the command to start the swing phase of the leg with defined parameters.

The leg coordinator will control the speed of movement, the step height and the step
length. These parameters will be passed to the leg controllers and will influence the resulting
foot tip trajectory and robot locomotion speed.
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4.2.6 Leg Controller

Each leg will have its own leg controller that will control it. It will receive information
about the desired leg movement from the leg coordinator and will generate the desired leg
trajectory. The leg coordinator specifies only basic step parameters such as its height or
length. This information will need to be converted into a trajectory consisting of several
points so that the leg movement is smooth and satisfies the specified parameters.

However, the leg consists of rotating servomotors where only the angle of rotation can
be adjusted. It will therefore be necessary to convert the desired foot tip position to a set of
individual servomotor angles. This problem can be solved using inverse kinematics, which
task is to find such values of the angles of individual servomotors that the foot tip ends at
the given coordinates.
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Chapter 5

WHexaR Implementation

The construction of the robot and implementation of the controller followed the design
described in Chapter 4. First, suitable actuators were selected to meet the required param-
eters. Then six legs were constructed according to the design and attached to the body of
the robot. Next, the components of the robot control and power supply system were se-
lected and suitable sensors were chosen. The communication with the selected servomotors
and sensors was implemented. The resulting six-legged robot WHexaR (Wheeled Hexapod
Robot) is able to travel by gait and wheels.

5.1 Leg Actuators Selection

The selection of suitable actuators depends on the desired characteristics of the robot,
especially its size. If the resulting robot has to be able to carry a person and tens of
kilograms of payload, it is appropriate to use hydraulic actuators, which are characterized
by high load capacity. For large robots, the presence of additional equipment, such as
a hydraulic pump or motor that drives it, is not an issue. For smaller robots, it is convenient
to use electric actuators that are relatively light, easy to operate and have sufficient power.
Due to the planned size of the robot, electric rotary actuators, specifically servomotors, were
chosen. They will be positioned directly in the leg joints. The advantage of servomotors is
that there is a clear relationship between the control electrical signal sent and the resulting
horn position.

There are a number of servomotors on the market that vary in size, design, torque or
price. Several criteria were investigated to find the most suitable servomotors.

5.1.1 Torque

One of the main parameters to watch when selecting a servomotor is its torque, i.e. with
what force the servomotor is able to turn the horn. The torque of the selected servomotors
must be sufficiently large to support the weight of the robot and potential payload. It
should also have enough reserve so that the servomotors do not run at their limits.

The torque is often dependent on the input voltage of the servomotors, which can usually
be in a certain range. Therefore, it is necessary to know what power supply will be used to
power the robot and what voltage will be used to power the servomotors.

When moving, servomotors produce heat, which mostly reduces their torque. This
results in a reduction in servomotor performance during continuous movement of the robot,
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which also needs to be considered in the design. A detailed analysis of the calculation of
the required actuator performance is described in [198].

5.1.2 Mechanical Construction

From the perspective of mechanical design, the size of the servomotors should be consid-
ered. It should correspond to the expected dimensions of the resulting leg and robot. The
servomotor does not have to form only the leg joint itself. It may also form part of the rele-
vant leg segment. The servomotor body itself should be adapted to the conditions in which
the robot will be operated, such as dusty or humid environments, high or low temperatures,
or the possible occurrence of fire or water.

Weight is also an important factor, especially if the servomotors are used directly in the
leg joints. A heavy leg can affect the centre of gravity of the robot during movement and
therefore its stability. The gearbox, which most servomotors are equipped with, is usually
made of plastic or metal gears. Metal gears are of higher quality and can handle a greater
load, but they are also heavier.

5.1.3 Control

Control in most servomotors is either by PWM signal or by more complex communication
based on some protocol. In the case of PWM control, a 50 Hz signal is sent with a duty cycle
ranging from 5% to 10 %, which corresponds to a 0° or 180° rotation of the servomotor.
Most of these types of servomotors are hobby servomotors for models. They are usually
not capable of a larger range of movements.

Protocol control of servomotors involves sending instructions to the servomotors typ-
ically via a bus to which all servomotors are connected simultaneously. In addition to
setting the goal position of the servomotor, other parameters such as movement speed
or acceleration can be set. Unlike hobby servomotors, information can be retrieved from
protocol-controlled servomotors, e.g. about their position or current temperature. Thanks
to the bus connection, motors can often be daisy-chained to a single cable, reducing the
number of cables needed for communication, but their control is more complicated.

Besides the way of position control and possible data reading, it is also important to
examine other parameters such as the resolution of the servomotor. Servomotor resolution
refers to the smallest possible shift (step) that the servomotor is capable of. For example,
if the resolution were 2°, then with a segment length of 15 cm the end of the segment would
be moved more than 0.5 cm and the movement would not be smooth.

Last but not least, we can focus on different motion modes of the servomotor such as
wheel mode, in which the servomotor rotates infinitely and has no end points. Or the
possibility to set endpoints so that incorrectly entered target position does not damage the
servomotor or the robot.

5.1.4 Price and Availability

The price of servomotors and their availability can also be a decisive factor. In the event of
failure or damage to a servomotor, it is good to be able to obtain a replacement easily and
quickly. With custom manufactured servomotors, this may not be possible or there may be
a long wait for a new part.
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To simplify the robot design and servomotor control, it was decided that the selected
servomotors must meet the following criteria:

e protocol-based control with the possibility of reading servomotor position and load
e possibility of bus connection

o sufficient torque

e resolution of at least 0.5°

e range of movement at least 270°

e wheel mode option

The Dynamixel MX servomotors [139] were selected based on the established criteria. They
are controlled using TTL Half Duplex Asynchronous Serial bus, can be daisy chained,
have sufficient torque and acceptable size and weight. The range of motion is 360°, their
resolution is 0.088°, they can be limited in end positions and have a wheel mode. Besides
the goal position, acceleration and other motion characteristics can be changed, and the
present position, load or temperature of the servomotor can be read. Servomotors also
have overheat, overvoltage, undervoltage or torque and speed limit functions. Another
interesting feature is the ability to reverse the direction of rotation, thanks to which the
servomotors can be controlled by the same signals on the left and right side of the robot.

Because each of the leg joints is stressed differently, and because the servomotors at
the end of the leg should have rather lower weights in order to maintain stability during
walking, three different servomotor sizes were chosen for different joints of the robot (see
Table 5.1 for the parameters of the selected servomotors).

Table 5.1: Parameters of selected Dynamixel servomotors.

Parameter MX-28 MX-64 MX-106
MCU ARM CORTEX-M3
Motor Coreless(Maxon)
Baud Rate [kbps] 8 — 4500
Resolution [pulse/rev] 4096 (~ 0.088°)
Input Voltage [V] 10.0 - 14.8
Standby Current [A] 0.1

Operating Temperature [°] -5 - 80

Range [°] 0 — 360

Weight [g] 77 135 153
Width [mm] 35.6 40.2 40.2
Height [mm)] 50.6 61.1 65.1
Depth [mm|] 35.5 41 46
Stall Torque at 12V [Nm] 2.5 6.0 8.4

Coxa, tibia and tarsus joints are driven by MX-64 servomotors. These joints are not
subjected to as much stress and the middle size of the servomotor is sufficient. In contrast,
the trochanter and femur joints are the most stressed joints. The trochanter rotates the
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entire leg of the robot and its use will be especially in the terrain. The femur lifts the
weight of the entire rest of the leg. Therefore, the largest servomotors in the series were
chosen — MX-106. For the construction of the wheeled chassis, two MX-28 servomotors
were chosen, which are relatively small and lightweight and therefore will not disturb the
centre of gravity of the robot. Also, these servomotors are not loaded during the robot
walk. The servomotor that turns the chassis is only loaded during its movement and not
during body support. The servomotor that drives the wheel is loaded when it is moving or
when the robot is standing on inclined terrain. All the selected servomotors have a metal
front cover that reinforces the servomotor body structure and also serves as a heat sink.

5.2 Leg and Body Construction

First, the six legs of the robot were assembled. The legs differ only in the orientation of
the coxa and trochanter servomotors. Those on the front and rear legs point towards the
body so that they do not extend outwards from the body. The servomotors that form the
leg joints are connected by aluminum brackets. These provide sufficient strength and are
lightweight. M2.5 screws of various lengths and corresponding nuts were chosen to fasten
the servomotors and brackets. The dimensions of the brackets determined the final size of
the leg. When selecting the brackets, the aim was to mimic the structure and dimensions
of an insect leg. The size of the coxa segment in insect is around 10 % and the trochanter
is 2-8 % of the total leg length [61]. Femur and tibia are usually the same size or femur is
longer than tibia. The tarsus in insects usually consists of 3 to 7 segments.

The size of the coxa of the resulting robot leg is approximately 13 % and the trochanter
approximately 11 % of the length of the entire leg. The femur is the longest segment followed
by the tibia segment. In the case of a robot leg, however, the tarsus will have only one
part. The constructed leg has a length of 558 mm. The lengths of the segments and the
ranges of each joint of the leg are shown in Table 5.2.

Table 5.2: Joint angle ranges and leg dimensions.

Part Joint angle Dist. to the next Dynamixel % of the total
name ranges [°] joint/ground [mm] servomotor leg length
Body - 74 - ]

Coxa (—135,135) 0 MX-64 13.26
Trochanter  (—360, 360) 63 MX-106 11.29
Femur (—120,120) 127 MX-106 22.76
Tibia (—150, 150) 124 MX-64 22.22
Tarsus (—155,170) 95 MX-64 17.03
Direction (—360, 360) 42 MX-28 7.53
Wheel endless 33 MX-28 5.91

During the design of the leg structure, the option of interchanging the coxa and trochanter
joints was considered. The servomotor rotating the leg (trochanter) would be first and the
servomotor moving the leg forward and backward (coxa) would be second (see Figure 5.1).
This option was eventually rejected because the weight of the coxa servomotor would rest
on the trochanter joint. The current proposal assumes that the trochanter will only rotate
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the servomotors further from the femur and thus be less loaded. Since in the trochanter
joint, the rest of the leg is connected through only one point (the horn of the trochanter
servomotor), it is important that this joint is stressed as little as possible.

Figure 5.1: Early CAD robot design. This design was not implemented because the weight
of the entire leg would rest on only one point, the horn of the first servomotor. On the
other hand, this design has conveniently housed the first servomotor, inside the body of the
robot, which would increase the overall stability.

The selected wheels, which the robot will use when moving on flat terrain, are large and
soft in order to provide sufficient adhesion to the surface and prevent the legs from slipping,
especially in sloping terrain. The larger wheel radius will also increase the maximum speed
of the robot when driving. The chosen wheels were originally designed for racing car models.
Their strong and lightweight construction together with rubber tyres ensure long durability
and high grip. The wheels are shown in Figure 5.2.

The servomotors were interconnected by three-wire cables that provide power and com-
munication. Each leg creates its own bus. These are then connected on the body of the
robot to form one complex bus that will be connected to the control system. The con-
nection of the leg buses is realized by a power hub. It provides the interconnection of the
communication buses and is used to supply power from the power source. During the ex-
periments, power was provided by an industrial power supply which was connected using
a long 2.5 mm? copper cable.

The design of the robot body is based on the dimensions of the resulting leg. It is
important to determine what working space will be available to each leg to avoid collisions
when moving the legs. Alternatively, collisions can be prevented within the control system
and the leg working spaces can be larger and overlapping. The distance of the legs on the
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Figure 5.2: Wheels with rubber tyres. The inside of the rim is filled with foam reinforcement
to strengthen the structure.', 21.7.2023.

robot body was set to 30 cm. This distance will give the legs sufficient working space for
basic gaits. In order to increase this working space, the control system will prevent possible
collisions. The total body length will therefore be approximately 60 cm. This size of the
robot is sufficient to overcome obstacles in the real world.

The body is made of aluminium rectangular tube with dimensions 60x10x6 cm. Inside
the profile there is space for batteries, control units and other equipment. The D-H param-
eters obtained from the real robot leg are shown in Table 5.3. The resulting leg prototype
and its dimensions are shown in Figure 5.3 and the robot is shown in Figure 5.4.

Table 5.3: Values of the Denavit-Hartenberg parameters of the leg.

Link 1 d; a; «; 0;
[mm] [mm] [rad] [rad]
coxa 0 0 0 /2 o
trochanter 1 65 0 /2 01+ m/2
femur 2 0 127 0 02
tibia 3 0 124 0 03
tarsus 4 0 95 0 04

5.3 Electronics System

The electrical control system consists of a Raspberry PI 4 model B mini computer, an AT-
mega2560 microcontroller on an ArduinoMega2560 development board and sensors such as
inertial measurement unit (IMU), force-sensitive resistors (FSR) and rangefinders. These
components were interconnected as follows. Raspberry Pi and ATmega2560 are connected

'Figure taken from https://eshop.reichard.cz/media/catalog/product/cache/1/image/
9df78eab33525d08d6e5£b8d27136€95/5/0/500900551_00-2.jpg
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Figure 5.3: A prototype of the robot’s leg. The coxa and trochanter joints are linked in
a single bracket. The femur and tibia are the longest segments of the leg. The last two
servomotors on the bottom left are used to turn and drive the wheel. The servomotors are
connected by a three-wire cable that provides power and communication.

via serial link through USB port. The IMU is connected directly to the Raspberry Pi.
The FSRs and the rangefinders are connected to the analogue pins of the ATmega2560.
Servomotors and electronic components are powered from a central power source.

5.3.1 Power Supply

The power source will provide electrical power to the entire robot system. It will power the
servomotors and the control electronics with sensors. Selected servomotors require a power
supply in the range of 10V to 14.8 V. The recommended voltage value is 12 V. As the voltage
increases, the torque and current also increase. The dependence of torque on current and
other dependencies are shown in Figure 5.5. For experiments in controlled conditions, the
robot will be connected to a switching industrial power supply with a voltage of 12V, which
corresponds to the recommended servomotor voltage. This prevents voltage fluctuations
caused by the gradual discharge of the batteries. Also, the lifetime of the batteries will not
be reduced if they are not used.

When selecting batteries, in addition to the battery voltage, the capacity of the battery
and the maximum current it can deliver must also be considered. A three-cell Li-Po battery
with a nominal voltage of 11.1V was selected for the robot. This battery can reach a voltage
of up to 12.6 V because the voltage value of one fully charged cell is up to 4.2 V. For these
reasons, a four-cell Li-Po battery was not considered, although it has a nominal voltage
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Figure 5.4: A prototype of the robot. It is 60 cm long, 117,6 cm wide and 10 cm high.

of 14.8 V, which is within tolerance for the selected servomotors. However, its voltage will
reach up to 16.8 V when fully charged, which already exceeds the maximum voltage allowed
for servomotors. Thus, it would be necessary to use an additional voltage regulator. The
lowest voltage that a three-cell Li-Po battery can have is between 9.6 V and 9.9V. Below
this value there is already a risk of damage to the battery and such a situation should never
occur. This voltage is slightly below the value of 10V, which is specified as the minimum
for proper operation of servomotors. The control system will therefore monitor the current
battery voltage and interrupt the operation of the robot in time.

However, the computing systems that will drive the robot usually require 5 V. Therefore,
it is necessary to use a voltage regulator to reduce the voltage of the power supply to the
desired value of 5V.

It is difficult to estimate the battery life of the robot in advance because the consumption
of the servomotors during operation is unknown. From the documentation can only be
obtained the current at stall torque, which is for MX-106 5.2 A, for MX-64 4.1 A and for
MX-28 1.4 A at 12 V. Assuming that none of the motors are blocked in their movement, an
average motor current of about 0.5 A can be expected. Considering that some servomotors
are not loaded, their current will be close to the standby value, which is 0.1 A. When
using the tripod gait, an average of 6 servomotors are moving simultaneously. With 36
servomotors in standby and 6 servomotors moving, the estimated current is 6.6 A. Electric
power can be calculated using Equation (5.1) as the product of voltage and current.

P=UI (5.1)

where P is electric power, U is voltage and I is current.
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Figure 5.5: Dynamixel servomotors performance charts. From left, MX-28, MX-64 and
MX106. The charts show the dependence of torque (x axis) on current (right y axes, red
line), on speed (left y axes, black line) and on efficiency (left y axes, green line).?

This corresponds to approximately 80 W at 12 V. Furthermore, the power consumption
of the control system and sensors must be considered. The estimated power consumption
is about 5W (1 A at 5V). With a battery capacity of 6 Ah, voltage of 12V and an instan-
taneous robot consumption of 85 W, the expected operating time ¢ can be calculated using
Equation (5.2).

t=—— (5.2)

where C is electric capacity of battery, U is the battery voltage and P is the power
consumed by the system. This can be simplified by substituting one equation into the
other to obtain Equation (5.3).

,_C
T

(5.3)

The resulting operating time is about 50 minutes. This time can be extended by adding
a second battery connected in parallel. Due to the increase in weight of the robot and the
need for higher performance of the servomotors, the resulting operating time will be less
than double.

5.3.2 Computing System and Sensors

Every robot needs a control system that commands its actuators and thus determines its
movement and behavior in the environment. This usually consists of a computing system
that runs the operating software of the robot and sensors that collect data both from the
environment and about the robot itself. Choosing the right sensors is important because
these are the only ,senses“ the robot will have. Various forms of rangefinders, such as
lidars or sonars, are often used to detect obstacles in the environment. They use laser

’Figures taken from https://emanual.robotis.com/assets/images/dx1/mx/mx-28_ntgraph.jpg,
https://emanual.robotis.com/assets/images/dx1l/mx/mx-64_ntgraph.jpg, https://
emanual.robotis.com/assets/images/dx1l/mx/mx-106_ntgraph.jpg, 21.7.2023.
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beams or sound waves reflected in the environment to determine the distance to obstacles.
A map of the nearest environment in which the robot is moving can then be constructed.
More advanced sensors such as cameras capture images of the surroundings. This is then
processed by a computing system to identify obstacles or terrain complexity. Other sensors,
for example, are capable of creating depth maps of the surrounding environment and can
be used to detect the roughness of the terrain.

The sensors used must be considered when selecting the computing system. For simple
lidars or sonars, a small development board with a single-chip processor such as Arduino is
sufficient. For high-resolution camera data processing, a more powerful device such as an
ODROID [123] or Raspberry Pi [138] mini computer is needed.

The communication with the selected servomotors can be implemented by several meth-
ods. Their communication is realized using a TTL Half Duplex Asynchronous Serial Bus,
which is routed on a single wire. One wire allows communication in one direction only,
i.e. it is not possible to send commands to servomotors and read values at the same time.
However, since most processors support only the full duplex variant and therefore have two
pins, where one sends data and the other simultaneously receives data, it is necessary to use
additional hardware that allows the connection of these pins into one. It is possible to use
e.g. integrated circuit 7415241 [112], which allows switching RX and TX pins to the single
wire bus. Another option is to emulate communication on any input/output pin of the
processor. This approach is relatively difficult. Various converters can also be used. The
variant with the 7415241 integrated circuit was chosen to control the robot servomotors.
The circuit will be connected to the ATmega2560 microcontroller [109] on the Arduino
Mega 2560 [6] development board. The main control system will be on a Raspberry Pi 4
model B microcomputer [137]. This will be connected to the ATmega2560 microcontroller
via a serial line. A scheme of the proposed electronic system is on Figure 5.6.

Raspberry Pi 4 model B is a single board computer with a size of 8.5x5.6 cm. It features
a quad-core 64-bit processor, 4 GB RAM, gigabit Ethernet port, 2.4/5.0 GHz wireless LAN
and four USB ports. It can also connect a speaker, microphone or camera. Its maximum
power consumption is between 5W and 6 W and approximately 0.6 W while idling. Its
input power supply is 5 V. The Raspberry Pi will run a control script written in Python.

ATmega2560 is an 8-bit microcontroller equipped with 256 KB ISP flash memory, 8KB
SRAM and 4KB EEPROM. The chip has 86 general purpose 1/0O lines, PWM, four USARTSs
and a 16-channel A/D converter. Its input power supply is 5 V.

The robot will be equipped with an inertial measurement unit (IMU) and several
rangefinders. The IMU will be used to monitor the position of the body of the robot
and to detect any bumps or shocks. The rangefinders will detect obstacles around the
robot.

Load sensors in the form of force-sensitive resistors (FSR) will be built into the legs
to detect ground. FSR can be replaced by switches that detect when a certain position
is reached. The authors of [20] replaced the FSR with switches because of their longer
lifetime. Unlike FSRs, switches provide only 1 or 0 values at the output (e.g., touching the
ground, not touching the ground). FSRs, on the other hand, provide a continuous value
about the leg load.

5.3.3 Force-Sensitive Resistors

Force-sensitive resistors will be built into the legs of the robot because the legs have wheels
at their end and it is not possible to place these sensors in the foot tip. The most suitable
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Figure 5.6: Scheme of the robot’s electronic system. The core of the system consists of a mi-
crocomputer Raspberry Pi 4 model B and an microcontroller ATmega2560 on an Arduino
development board. The Raspberry Pi communicates with the ATmega2560 and the ser-
vomotors using the UART buses. Furthermore, an inertial measurement unit is connected
via an 12C interface. Force-sensitive resistors and infrared rangefinders are connected to
A /D converter of the ATmega2560 microcontroller. The servomotors are powered directly
from the power supply or battery. Computing units and sensors require a voltage of 5V,
which is created by a voltage regulator.

placement for the sensor is the tarsus segment, which will always be perpendicular to the
surface. FSRs are available in different sizes. Larger sensors have a larger surface area and
therefore better detection capability. However, large sensors cannot be built into the leg of
the robot. It is therefore necessary to choose the largest possible size of FSR that can be
placed in the leg.

At the same time, two wires will need to be run to each sensor so that data can be read
from them. The FSR itself has no output signal. Its principle is the decrease of resistance
with increasing load. The current resistance of the FSR can be converted to voltage using
a voltage divider [186]. The voltage value can be read e.g. by an A/D converter, which is
available on the ATmega2560 chip. The voltage divider is created by connecting one pin of
the FSR to +5V and the other to a 10k{2 resistor, which is connected to ground, and to
a pin of the microcontroller. The circuit scheme is shown in Figure 5.7.

A voltage divider is a circuit that gives part of the input voltage at the output depending
on the ratio of resistors in the divider. Its principle is based on Ohm’s law and can be written
as Equation (5.4).

Ry

V;)u = ‘/mi
t R1+ Ro

(5.4)
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where V¢ is the output voltage, V;;, is the input voltage and R; and Ro are the values
of the resistances in the divider.
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Figure 5.7: Force-sensitive resistor (FSR) circuit scheme. The FSR is connected as a volt-
age divider. The resulting voltage value is measured using an A/D converter on the AT-
mega2560.°

The force-sensitive resistor is located in the tarsus segment of the leg. It consists of three
servomotors. The first one directly forms the tarsus joint, the second one is used to turn
the wheel and the third one drives the wheel itself. The FSR cannot be placed on the wheel
or in any of the servomotors. Therefore it will have to be placed in the servomotor linkage.
Since the rotation servomotor is directly connected to the wheel servomotor, there is only
one place where the FSR can be installed and that is on the bracket between the tarsus
and the direction servomotor. The proposed location of the FSR is shown in Figure 5.8.
The advantage of this placement is that the reactive layer ensures that the tarsus segment
is always parallel to the gravitational acceleration and the FSR will be evenly loaded. To
allow the FSR to bend, a spacer is inserted between the bracket of the rotation servomotor
and the FSR.

The FSR itself consists of three layers [29]. The first, active layer, consists of a pattern
of conductors that are connected to the input leads. The second layer is a non-conductive
spacer that creates an air gap between the other two layers. The third layer consists of
a flexible substrate which is covered with a thin conductive film at the active area. When
an external force is applied to the sensor, the active layer flexes and comes into contact with
the conductive film on the third layer. As the pressure increases, the amount of contact
increases and the resistance of the sensor decreases. The structure of the FSR. is shown in
Figure 5.9.

If the leg is not loaded, pressure must not be applied to the FSR. For this reason, the
bolts connecting the brackets will be tightened only partially to make space for the FSR.
The leg load will bring these segments closer together and create a load on the FSR.

3Figure taken from https://cdn-learn.adafruit.com/assets/assets/000/000/435/medium800/
force___flex_fsrpulldownsch.gif?1447975571, 23.7.2023.

68


https://cdn-learn.adafruit.com/assets/assets/000/000/435/medium800/force___flex_fsrpulldownsch.gif?1447975571
https://cdn-learn.adafruit.com/assets/assets/000/000/435/medium800/force___flex_fsrpulldownsch.gif?1447975571

Tarsus servomotor
FSR Spacer

=

Direction servomotor

Figure 5.8: Placement of the force-sensitive resistor (FSR) in the leg. The FSR is located
between the brackets of the tarsus servomotor and the direction servomotor. When the leg
is loaded, a force is applied to the FSR and its resistance changes. This change is detected
by the microcontroller and used to evaluate the leg load. To allow the FSR to bend, a spacer
is inserted between the bracket and the FSR. Taken from [201] and modified.
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Figure 5.9: Force-sensitive resistor structure. The sensor consists of three layers. The first
layer contains a pattern of conductors. The second layer serves as a separator. The third
layer connects under pressure the conductive pattern of the first layer.*

5.3.4 Inertial Measurement Unit

An inertial measurement unit (IMU) is an electronic device that combines several separate
sensors. An accelerometer is a sensor that is capable of measuring acceleration forces
acting on an object [44]. Acceleration forces can be classified as static and dynamic. Static
forces are forces that are unchanging, such as gravity. Dynamic forces are forces caused by
motion. The second sensor that is usually included in the IMU is the gyroscope. This sensor
is capable of measuring angular velocity. There can also be a magnetometer in the IMU
that measures the magnetic field and can be used, for example, as a compass to measure
the Earth’s magnetic field. All these three sensors are usually able to measure in three
different axes simultaneously. For the purpose of detecting the current orientation of the
robot, the accelerometer would be sufficient. The remaining sensors could be used for other
purposes.

The inertial measurement unit was chosen with respect to the presence of the men-
tioned sensors, but also with respect to the interfaces that the IMU has to make data
reading simple. Therefore, an IMU LSM9DS1 [165] on a breakout board that has 12C and

4Figure taken from https://sensorwiki.org/_media/sensors/fsr_diagram.png, 23.7.2023.
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SPI interface support was selected [1]. It is connected via 12C interface to Raspberry Pi.
A python library is used to read the data.

5.3.5 Rangefinders

To measure the distance of the robot from obstacles, simple infrared rangefinders were
chosen, which are able to detect an object up to 150 cm away. The main factor in choosing
rangefinders was their size because they will be placed on the front legs of the robot. The
output of these rangefinders is a voltage value corresponding to the measured distance. To
function properly, the rangefinders must first be calibrated, which involves measuring the
output voltage for several reference distances and creating a function of this dependence.
Figure 5.10 shows the dependence of the measured distance on the output value from
the A/D converter of the microcontroller. By interleaving the points with the trend line,
a mathematical relationship was determined as Equation (5.5). The reference calibration
distances and corresponding output voltages are shown in Table 5.4. The measured output
value is the average of 500 values with a sampling rate of 4Hz. A second meter — a tape
measure — was used as a distance reference.
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Figure 5.10: Calibration of IR rangefinders. The graph shows the dependence of the mea-
sured distance on the output value from the A/D converter of the microcontroller. By
interleaving the points with the trend line, a mathematical relationship was determined.

y = 149, 630.2188732250; ~ 1-4841404565 (5.5)

where y is the resulting distance in centimeters and z is the output value of the A/D
converter.
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Table 5.4: Reference distances and output A/D values for rangefinder calibration.

Distance Output Distance Output

[cm)] Value [cm)] Value
10 723 80 159
15 503 85 156
20 405 90 152
25 336 95 143
30 299 100 139
35 265 105 137
40 248 110 134
45 227 115 130
50 213 120 125
55 199 125 121
60 189 130 115
65 181 135 113
70 174 140 112
75 167

5.3.6 Communication with Servomotors

Selected Dynamixel servomotors are controlled by TTL half duplex asynchronous serial bus,
which is implemented over a single wire. In one moment, data can be read or written over
the bus, but not both at the same time. However, the selected ATmega2560 microcontroller
has only a standard serial interface, which has one RX pin for receiving and one TX pin for
transmitting. To connect the servomotors to the controller, a 7415241 integrated circuit was
selected. This approach was tested but did not bring the expected results. Communication
was unstable, with packets being lost or corrupted. The source of these issues could not
be clearly identified. Most likely the issue was the large number of servomotors. When
communicating with two servomotors, there were almost no errors. Therefore, an alternative
option was chosen, specifically a USB converter U2D2 [145], which is connected on one side
to the PC via a USB port and on the other side to the servomotor bus. This converter is
connected to the Raspberry Pi.

Communication with the servomotors is achieved via the Dynamixel protocol. At the
beginning of the project the Dynamixel Protocol 1.0 [140] was used because the Protocol
2.0 was not supported for the MX series servomotors. The servomotors are identified by
a unique ID from the range 0 — 253 (ID 254 can be used for broadcast). This unique
ID corresponds to the unique number ¢ introduced in Section 4.1.1. Communication is
realized by sending Instruction packets to servomotors that respond with a Status packet
(see Table 5.5 for the Instruction packet structure and Table 5.6 for the Status packet
structure). Both packets start with a 2-byte Header with fixed OxFF values. This is followed
by the 1-byte number, which represents the servomotor ID. The packet also contains the
Length, which indicates the Byte size of the Instruction, Parameter and Checksum field.
Next is the identification of the Instruction and its Parameters. The last value is Checksum,
which is calculated as binary complement of sum of ID, Length, Instruction, Parameterl, ...,
Parameter N. The structure of the Status packet is similar, but instead of an Instruction
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there is an Error describing the result. Besides the success status, the servomotor may
report one of the following errors: instruction error, overload error, checksum error, range
error, overheating error, angle limit error or input voltage error. The instructions that can
be sent to the servomotors are listed in the documentation [144]. These include setting
a new goal position, speed or reading the present current or position of the servomotors.
Some instructions have length one byte, others two bytes.

Table 5.5: Instruction packet structure of Dynamixel protocol 1.0. The two-byte header
is followed by the ID of target servomotor, length of the packet, instruction identifier,
parameters and packet checksum.

Headerl Header2 Packet ID Length Instruction Param 1 ... Param N Checksum
OxFF OxFF Packet ID  Length  Instruction Param 1 ... Param N CHKSUM

Table 5.6: Status packet structure of Dynamixel protocol 1.0. The two-byte header is
followed by the ID of servomotor that sent the response, length of the packet, result of the
communication (success or error), response parameters and packet checksum.

Headerl Header2 Packet ID Length Error Param 1 ... Param N Checksum
0xFF OxFF Packet ID  Length  Error Param1l ... Param N CHKSUM

The servomotors have ten different communication speeds ranging from 9600 bps to
2Mbps. The experiments reported in [23] recommend setting the highest possible servo-
motor communication speed for maximum bus throughput. Therefore, the speed was set
to the highest possible, i.e., 2 Mbps. Furthermore, the USB port latency has been adjusted
to the lowest possible according to [143].

Because communication is only over one wire, it is not possible to transmit and receive
at the same time. Therefore, the servomotors do not send any information unless explicitly
prompted to do so by the appropriate command. In order to differentiate the commu-
nications and to give the converter time to switch from transmit mode to receive mode,
there is a time delay called Return Delay Time between receiving the Instruction packet
and sending the Status packet. The communication scheme is showed in Figure 5.11. To
increase the bus throughput, the Return Delay Time parameter was set to 20 us.

Direction Output Duration

——< Instruction Packet >——< Status Packet >—

Return Delay Time

Figure 5.11: Dynamixel communication scheme. After the Instruction packet is received by
the servomotor, a Status packet with the required values is sent. The time delay between
receiving the Instruction packet and sending the Status packet is defined by the adjustable
parameter Return Delay Time.”
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The Dynamixel software development kit (SDK) [142] was used to communicate with
the servomotors using the specified protocol. It supports many programming languages
such as C, C++4, C#, Java or Python. Functions for setting the position and speed of the
servomotors were created using this Python SDK. Each servomotor was set to a default
stance position. The resulting robot stance is shown in Figure 5.12.

o

Figure 5.12: WHexaR in default stance.

During the development of the project it became possible to install the Dynamixel Pro-
tocol 2.0 [141] also in the MX series servomotors. Protocol 2.0 has better support for bulk
control and reading data from servomotors. Therefore, the firmware in each servomotor
was updated, which involved a complete disconnection of the buses, because only one ser-
vomotor can be connected to the controller during the update. Protocol 2.0 works similarly
to its predecessor, but it has more features. Therefore, the structure of the Instruction and
Status packets are different (see Table 5.7 for the Instruction packet structure and Table 5.8
for the Status packet structure). The biggest difference is in the number of bytes for each
item. The header has four bytes (three with value and one reserved with zero value), the
length and CRC now have two bytes instead of one.

Table 5.7: Instruction packet structure of Dynamixel protocol 2.0. The four-byte header
is followed by the ID of the target servomotor, two-byte length of the packet, instruction
identifier, parameters and two-byte packet checksum.

Header 1 Header 2 Header 3 Header Reserved Packet ID Length 1 Length 2 Instruction Param Param Param CRC1 CRC 2
OxFF OxFF 0xFD 0x00 D Len L Len H Instruction Param 1 Param N CRC_L CRC_H

®Figure taken from https://emanual.robotis.com/assets/images/dx1/halfduplex.png, 31.7.2023.

73


https://emanual.robotis.com/assets/images/dxl/halfduplex.png

Table 5.8: Status packet structure of Dynamixel protocol 2.0. The four-byte header is
followed by the ID of servomotor that sent the response, two-byte length of the packet,
instruction identifier (in the case of Status Packet its always 0x55 — Status), result of the
communication (success or error), response parameters and two-byte packet checksum.

Header 1 Header 2 Header 3 Header Reserved Packet ID Length 1 Length 2 Instruction ERR PARAM PARAM PARAM CRC1 CRC2
0xFF 0xFF 0xFD 0x00 D Len_ L Len H Instruction ~ Error Param 1 Param N CRC_L CRC_H

5.4 WHexaR Controller

The robot controller implementation reflects the proposed controller structure. The flow
diagram of the controller is in Figure 5.13. The Python scripting language was chosen for
the implementation. The controller layers are represented in the program by classes. The
source codes can be found on the attached storage media.

Sensors
> Read sensors < Move legs
A
Leg
Reactive layer & Controller
Handle yes Reflex > Calculate foot tips <
reflex trigered? trajectories
A
no
v Leg Coordinator
Analyze sensor Select swinging
data legs
Terrain
Controller
Gait Selector

Step
finished?

Terrain
changed?

Legs on
ground?

Select new
gait

Figure 5.13: Controller flow diagram. Sensors provide data to the reactive layer, that can
control leg movement directly in case of reflex activation. Sensor data is also sent to the
terrain controller, where the data are transformed and used by the gait selector to determine
the most appropriate gait for the current terrain. The chosen gait is executed by the leg
coordinator, which controls the leg controllers.
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Sensor Layer The Sensors class integrates the management of the sensors, their control
and the reading of new values. The class has the update () method that refreshes all sensor
values. This includes updating the accelerometer values from the inertial measurement unit
(IMU) and calculating the current tilt angles, reading the present positions and currents
from the servomotors, and parsing the incoming data from the ATmega2560 microcontroller,
which periodically sends the values of the infrared rangefinders (IRR), force-sensitive re-
sistors (FSR) and eventually from the IMU. The program for ATmega2560 is written in
C++ programming language. The frequency of sending messages with sensor data is 20 Hz.
A simple text protocol was implemented, where individual values are marked with a unique
identifier and separated by the ; character. Each message is terminated with a # sign. The
message sent by the protocol is as follows.

ir1=5;ir2=7;accx=0;accy=1;accz=2;fsr0=5;fsr1=7;fsr2=3;fsr3=2;fsr4=6;fsr5=8#

Values of IRR are read at 50 Hz, averaged and filtered for outliers. The relationship
obtained during calibration is used to calculate the distance from the sensor output voltage
(Equation (5.5)). The communication speed between Raspberry Pi and ATmega2560 over
the serial line is 1 Mbps.

The I12C bus on the Raspberry Pi is used to read data from the IMU registers. A library
was used to operate the 12C bus. The obtained values represent the accelerations in the z,y
and z axes, which must be converted into tilts in each axis. The terms roll, pitch and yaw
are used for these tilts and have their origins in avionics. Roll represents left and right roll
about x axes, pitch represents up and down roll about y axes and yaw represents rotation
about the vertical z axis (see Figure 5.14).

The tilts can be determined by trigonometric functions using Equation (5.6) for roll and
Equation (5.7) for pitch. Yaw will not be used to control the robot.

¢ = arctan (Zzzx> (5.6)
0 = arctan <accy> (5.7)
acc,

where acc,, accy, acc, are the acceleration values in the x,y, 2 axes, respectively. These
equations are implemented in the updateAccelAngles() method, which also converts the
angles from radians to degrees.

The updateServomotorsPositions () and updateServomotorsCurrents () methods use syn-
chronous communication and read in bulk the present position and current from all servo-
motors. The readSerialSensors() method is used to read and parse sensor data sent by
the microcontroller over the serial line. The sensor layer also provides the possibility to
create logs of the motion of the robot, which contain the present and goal position of the
servomotors and their present current and velocity.
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RO%XI (North)

Y, (East)

Pitch (0)

Yaw (y)

Z, (Down)

Figure 5.14: Roll, pitch and yaw. Roll represents tilt left and right, pitch represents tilt up
and down and yaw represents rotation about vertical z axes.’

Reactive Layer The ReactiveLayer class forms the reactive layer of the controller. The
methods define the behaviour of the different reflexes of the robot. The checkReflexes()
method is used to check all reflexes (namely trochanter, tarsus, stepping, searching and
elevator reflexes) simultaneously and is called from the main control loop of the program.
The reactive layer also detects obstacles.

The trochanter reflex is activated when the body tilt detected by the IMU exceeds
a threshold value. If this situation occurs, the leg rotation is adjusted using the trochanter
joint.

Terrain Controller The TerrainController class represents the Terrain Controller block,
whose task is to analyse the complexity of the terrain. In order to do this, it uses data
from the sensory layer and information from leg controllers about leg movements. The step
height changes when the elevator reflex is activated or can be set by the operator when
the robot is activated. The body tilt is sensed by the IMU. Obstacles are detected using
rangefinders. The number of disappeared leg supports is based on the number of activations
of the searching reflex.

Gait Selector The GaitSelector class represents the Gait Selector block, which selects
the most suitable gait based on the terrain information obtained from the Terrain Controller.
It monitors step height, body inclination, number of obstacles, vibrations and disappeared
foot supports. The proposed values of the thresholds of the these parameters are shown in
Table 5.9. If any of the parameters exceeds the threshold value, it will change to a more
stable gait. This approach requires ranking the gaits according to the degree of stability
they provide to the robot during its movement and their expected ability to traverse complex
terrain.

Riding on wheels is suitable mainly on flat, easy terrain, even though it has all six legs
in contact with the ground at all times and therefore high stability. Unfortunately, the

Figure taken from https://i.stack.imgur.com/ge9sN.png, 16.8.2023.
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wheels are unlikely to be able to negotiate larger holes or rocks. The specific size of these
obstacles that the robot will be able to overcome using only the wheels will have to be
determined experimentally, but given the size of the selected wheels it will be in the order
of centimetres. Anyway, riding on wheels should be the fastest and most energy-efficient
locomotion the robot will be capable of.

Table 5.9: Proposed Gait Selector thresholds. The gaits are ordered according to stability
of movement and usability in difficult terrain. For each gait, the threshold values of the
parameter are given, which, if exceeded, will lead to a change to a more stable gait.

Move- Max. step Body Obstacles IMU bumps Disappeared

ment high [mm] tilt [°] count count supports count
Wheels - (=7,7) 0 <10 <3
Tripod 100 (—20, 20) >0 > 10 <3
Tetrapod 120 (—25,25) >0 > 10 <4
Ripple 220 (—30,30) >0 > 10 <5
Wave 350 (—30,30) >0 > 10 <5

Tripod gait is the fastest possible gait. Its disadvantage, however, is that the robot
rests most of the time on only three legs. While this number satisfies the static stability
conditions, the stability of a robot resting on three legs can easily be disturbed by the
dynamics of its own motion or by external interference such as external forces or changes in
the environment. The energy consumption of the tripod gait is also expected to be rather
higher, because the entire body weight rests on only three legs and the servomotors have
to exert more torque. Regardless of these features, the tripod gait is the most used gait for
both insects and hexapods.

Tetrapod gait is a modification of tripod gait. Instead of three legs, the robot always
rests on at least four legs and only two legs are in the swing phase. This increases the
stability of the robot during movement, but also reduces its speed, because instead of two
groups of legs there are three groups. Energetically, the tetrapod gait should be slightly
less demanding compared to the tripod gait.

Wave gait is the most stable gait because there is always only one leg in the swing
phase. This also results in its low speed, which is approximately three times lower than
in the tripod gait. The energy consumption of the wave gait should be the lowest possible
because the weight of the robot is distributed over the maximum possible number of legs.
This gait is particularly suitable for rugged, difficult terrain.

Ripple gait is a modification of wave gait and in terms of stability, speed and energy
consumption it is between wave and tetrapod gaits. There is no more than two legs in the
swing phase. The second leg starts its swing phase when the first leg is in the middle of
its swing phase. Its period is thus one half compared to the wave gait, which makes the
ripple gait faster. The time the robot rests on only four legs is also half compared to the
tetrapod, making the ripple gait a more stable gait.

In addition to these gaits, it would be possible to include a hybrid gait that combines
the features of gaits and riding on wheels. However, its characteristics are far from clear and
therefore it will not be part of the gait selector in the first version. This type of locomotion
could use e.g. tripod gait combined with riding on wheels. This could theoretically achieve
even higher movement speeds than using a gait or riding on wheels separately.
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Based on the listed characteristics of each gait, a ranking of gaits from gaits suitable
for flat terrain to gaits suitable for difficult terrain was made as follows: riding on wheels,
tripod gait, tetrapod gait, ripple gait, wave gait.

Leg Coordinator The Whexar class represents the Leg Coordinator block. Its task is to
synchronize the movement of the legs. The Leg Coordinator runs the main control loop of
the program. There are also methods for initializing the robot. There are several methods
for generating and managing gaits and riding on wheels. Different gaits are generated by
sequences of movements of the legs. Movement by riding on wheels has several types. The
first type is a straight drive, where the robot moves along a straight line. The second type
is sideways movement, where the robot body stays in the original direction of movement,
but moves sideways depending on the current rotation of the direction servomotors. The
last two types of movement on wheels are rotation on the spot and riding along a circle. In
both cases, the wheels are rotated towards the centre of rotation. The location of the centre
of rotation and the direction of rotation of the wheels determine the resulting motion (see
Figure 5.15).
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Figure 5.15: Movement types using wheels. (a) Straight movement. The wheels are not
turned. (b) Movement sideways. The robot maintains its body direction and moves side-
ways. (c) Rotation on the spot. The wheels move in a circle and the robot rotates on the
spot. (d) Turning. By turning the wheels properly, the robot can turn. The wheels move
on concentric circles with different radii. The rotation speed of the wheels depends on the
radius of the circle.

When rotating on the spot, the wheels must be rotated parallel to the tangents of
the circle on which they move. To determine these angles, it is necessary to calculate the
position of the wheels relative to the centre of rotation, which is the same as the centre of the
robot body. The angle of rotation can then be determined using trigonometric functions.
The situation is illustrated in Figure 5.16a. If the center of the robot, denoted by point C,
is the origin of a coordinate system with coordinates [0,0,0] and the end of the leg is at
point P with leg coordinates [x,y, 2], then the position of the end of the leg P’ relative to
the center of the body C' can be expressed using Equations (5.8) and (5.9).

W,

P = 7” + P, (5.8)
L

P = 7” + P, (5.9)



where P’ is the point of the end of the leg relative to the centre of the body C, W}, is
the distance between the coxa joints of the front legs, L; is the distance between the coxa
joints of the front and middle legs, P, and P, are the coordinates of the end of the leg
in the leg coordinate system. The angle a of the direction servomotor is then defined by
Equation (5.10).

P/
a = arctan <I;> (5.10)

xT

For wheels on middle legs, the angle a of the direction servomotors is 0. The rotation
angle for the other direction servomotors can be obtained by adding pi/2, pi and 3pi/2 to
the a angle.

When rotating around a point that is off the axis of the body of the robot, the robot
rides on concentric circles. In this case, the rotation angle needs to be expressed relative
to the rotation point S. This situation is illustrated in Figure 5.16b. For the direction
servomotors of the middle legs, the angle of rotation remains 0 assuming that the axis of
the leg points to the point of rotation. For the remaining direction motors two cases can be
distinguished. Servomotors on the far side relative to the rotation point S (in the Figure
the left side of the robot) with rotation angle a; and on the near side relative to the rotation
point S (in the Figure the right side of the robot) with rotation angle aa. As in the case of
rotation on the spot, it is necessary to express the positions of the ends of the legs relative
to the centre of rotation S. These can be obtained using Equations (5.11)—(5.14).

Pl,=R- % — Pz (5.11)
P, = % + P, (5.12)
Py, =R+ % + Py, (5.13)
=" 1P (5.14)

where P| and Pj are the points of the ends of the legs relative to the centre of rotation
S, Wy is the distance between the coxa joints of the front legs, L; is the distance between
the coxa joints of the front and middle legs, Py1, P,1, Py2, P.o are the coordinates of the
ends of the legs in the leg coordinate system and R is the distance between the centre of
the body C' and the point of rotation S. The angles al and a2 can be expressed using
Equations (5.15) and (5.16).

/

P,
a1 = arctan ( }Z> (5.15)
Pl:v
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Py,
as = arctan | —; (5.16)
P2x

The rotation angle for the direction servomotors on the rear legs can be obtained as
the inverse of a; and ao, respectively. It can be seen that rotation on the spot is just
a special case of rotation around a distant point where R is 0. Because the wheels move
along different trajectories, they must rotate at different speeds. The angular velocity is

defined by Equation (5.17).

Af
= —— 5.17
W= 5 (5.17)

For the speed v then applies Equation (5.18).
v =Tw (5.18)

where 7 is the turning radius. Since all wheels must move with the same angular velocity,
their speed depends only on the distance r from the centre of rotation.

o W2 4P Wy/2 + Pyy Wy/2 + Pyy
Py X, v, 2]
PIx, Y, z]
y o= N ; 2 v
L,/2 + P, Ly/2 + Py,
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Figure 5.16: Turning using wheels. (a) Rotation on the spot. Direction servomotors are
rotated by an angle « to the center of rotation, which lies in the center of the robot body
C. W, is the distance between the coxa joints of the front legs, L; is the distance between
the coxa joints of the front and middle legs, P[x,y, z| are the coordinates of the end of the
leg in the leg coordinate system. (b) Turning around a point off-center of the body of the
robot. The wheels on the left side of the body are at a different angle to the wheels on the
right side of the body. The rotation of the wheels is towards the point of rotation S.
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Leg Controller The Leg class represents the Leg Controller that integrates the control
of all seven joints (servomotors) of one leg. Using various methods, it allows to change the
properties of each joint, such as their speed, acceleration, PID controller settings, return
delay time, goal position or torque on and off. The calculateFK() and calculateIK() meth-
ods calculate the forward and inverse kinematics of the leg, respectively. Other methods
are used to activate the swing or stance phase and to perform the parts of the step of the
leg. There are also methods for calculating the rotational effect of the force (torque) acting
on the leg segments. These methods use the value of the present current in the servomotors
and information about the length of the segments. The resulting torque is calculated using
Equation (5.19).

I;

Fi=——7
! Lz‘ sin(aiﬂ)

(5.19)

where Fj is the resulting torque acting on servomotor ¢, I; is the current I flowing through
servomotor %, L; is the length of segment ¢ to the next joint, and ;41 is the present angle
of the next servomotor. Torque can be used to detect leg contact with a surface or obstacle
and can replace the FSR function.

Actuators The Dynamixel class uses methods from the Dynamixel SDK to control the
servomotor bus and to send Instruction packets.

Additional Classes The Robot class represents the robot and all its legs and provides
an interface to control all legs simultaneously. This is used e.g. when setting the stances
or initializing the robot.

The VRepHexapod class provides an interface for communication with a simulated robot
in the CoppeliaSim (formerly V-REP) simulation environment. The class contains the basic
methods for connecting to the simulator API and handling objects in the simulation.

The Base class contains helper methods. The objects module contains helper classes
especially for data storage.

The LogPlotter class can process logs generated by the robot control system and create
graphs containing the present and goal position, velocity and current of each servomotor.
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Chapter 6

Experiments

To verify the proposed robot design, a series of experiments were performed with both
simulated and real robot. The simulated experiments were performed in the simulation en-
vironment V-REP (now Coppelia Sim). The robot was controlled by the proposed controller
and its actions were transmitted using an API to the simulated environment. Experiments
with a real robot used artificial obstacles. The robot was connected to a power supply
during the experiments to prevent the results of the experiments from being affected by the
fading battery. The robot controller was run on a desktop computer.

The proposed experiments aimed to verify the functionality of individual parts of the
robot such as sensors or servomotor control, but also the functionality of the robot as
a whole and its ability to navigate in rough terrain. The last part of the experiments is
focused on the energy consumption of the robot.

6.1 Servomotors, Sensors and Computing Units

Several experiments were designed to verify the correct functioning of the servomotors and
sensors. In the case of servomotors, the maximum frequency of reading and writing was
investigated. For the sensors, the output values were examined and compared with other
meters.

6.1.1 Servomotor Control

Experiments focused on servomotors were aimed at finding the most appropriate servomotor
communication setup to obtain data from servomotors as often as possible. The search for
suitable parameters was based mainly on [23]. The authors concluded that it is desirable
to use the highest baud rate provided by the servomotors and to use the sync functions for
reading and writing. The servomotors were therefore set to a baud rate of 3 Mbps.

When the power was turned on, the bus experienced a large number of errors and
the servomotors could neither be found nor controlled. After lowering the baud rate to
2 Mbps, it was possible to find the servomotors, but there were a number of dropouts
in the responses during synchronous reads. Only after setting the baud rate to 1 Mbps
communication without errors was achieved.

The following two types of experiments investigated the maximum possible frequency
of reading and writing of servomotor values. The sync read and sync write functions of
the Dynamixel protocol were used in these experiments. These functions allow reading and
writing different values to the same registers of several servomotors. Unlike bulk functions,
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which allow different values to be written to different registers of several servomotors, sync
functions have a smaller instruction packet length, which results in a lower load on the
communication bus and therefore a higher frequency of reads and writes.

Maximum Reading Frequency

In this experiment, current temperature, position and current data were read from the
servomotors and the frequency of data reading was measured. The goal was to determine
how many times per second data could be retrieved from the servomotors. In the first part
of the experiment the temperature value was read, in the second the position value was
read and in the third the position value and the current.

Fach measurement was performed for 5 seconds, when the servomotors were cyclically
queried for data using sync read functions. Ten of these measurements were taken and the
resulting values were averaged. The results of the experiments are shown in Table 6.1.

When reading only servomotor temperature value from all 42 servomotors, the average
measured reading frequency was 118.18 Hz with a variance of 0.6. The result shows that
the communication was stable as the frequency does not change much throughout the
experiment.

Reading only value of servomotor present position from all 42 servomotors, the average
measured reading frequency was 100.2 Hz with a variance of 0. It can be seen that the com-
munication was very stable as the frequency does not change throughout the experiment.

When reading two values (servomotor present position and current) from all 42 servo-
motors, the average measured reading frequency was 52.8 Hz with a variance of 0. Again,
the communication was stable. Interestingly, the frequency is not half as expected, but
slightly higher. This is due to the length of the data being transmitted. While the present
servomotor position is 4 bytes long, the present servomotor current is 2 bytes long and the
present temperature is only 1 byte long. In order to verify the correct measurement of the
present position and current of the servomotor, the frequency of the servomotor current
reading was measured separately.

When reading only one present current value from all 42 servomotors, the average
measured reading frequency was 111.2 Hz with a variance of 0. Again, the communication
was very stable. The measured data confirms the previously measured frequency of reading
position and current of the servomotor of 52.8 Hz.

Table 6.1: Tested servomotor registers during reading experiments.

# Register Name(s) Reg. Size [B] Frequency [Hz] Variance
1 Present Temperature 1 118.18 0.6
2 Present Current 2 111.20 0.0
3 Present Position 4 100.20 0.0
4 Present Position, Present Current 442 52.80 0.0

It is therefore not possible to clearly determine the maximum frequency of reading values
from the servomotors because it depends on the length of the registers being read. However,
the frequency of reading a single value from all servomotors exceeds 100Hz in both cases,
which is more than sufficient for robot control purposes. If multiple values need to be read
simultaneously, it is necessary to consider how often the present value is actually needed
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and whether it is necessary to know it for all servomotors. Similar values were achieved on
the Raspberry Pi in all experiments.

Maximum Writing Frequency

In this experiment, the value of the goal position was written to all servomotors and the
frequency of writing was measured. The goal was to determine how often a new goal
position could be sent to all servomotors. It should be noted that the servomotors were not
active during this experiment, i.e., they did not perform any movement to avoid damage
due to frequent writing of the desired position change.

Each measurement was performed for 5 seconds, when a new goal position was sent to
the servomotors using sync write functions. Ten of these measurements were taken and the
resulting values were averaged. The results of the experiments are shown in Table 6.2.

When writing a new goal position to all 42 servomotors, a writing frequency of 446.6 Hz
with a variance of 0 was achieved. It can be seen that the communication was very stable
even during writing as the frequency does not change throughout the experiment. The
measured frequency is relatively high. It is because only one packet is sent to the servomo-
tors during the writing of the new goal position. In the case of reading, each servomotor
responds individually.

During the experiment, the same value of the servomotor goal position was sent over
and over again. The frequency remains the same even if the value of the servomotor target
position is changed between write cycles.

The size of the servomotor goal position register is 4 bytes. In contrast, the servomotor
goal current register has a size of 2 bytes. The achieved frequency of writing to this register
was 714.6 Hz with a variance of 0. Writing in a register of size 1 byte has not been tested
because it is usually not used. Registers with a size of 1 byte are mainly used to initialize
servomotors and are not useful for servomotor control.

As in the case of reading data from servomotors, the frequency of writing depends on
the length of a particular register. The maximum observed write frequency is several times
greater than the read frequency. For robot control purposes, this frequency is sufficient.
Similar values were achieved on the Raspberry Pi in all experiments.

Table 6.2: Tested servomotor registers during writing experiments.

# Register Name(s) Reg. Size [B] Frequency [Hz] Variance

1 Goal Position 4 446.6 0.0
2 Goal Current 2 714.6 0.0

6.1.2 IR Rangefinders

In order to verify the accuracy of the output values, an experiment was designed to compare
the IR rangefinder output values with a second meter — tape measure. Ten distances were
measured. The measured distances and the results of the experiment are shown in Table 6.3.
One measurement consisted of averaging the rangefinder output values. The output values
were sampled at a frequency of 50 Hz for 5 seconds.
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Table 6.3: Tested distances and rangefinder output values.

# Distance Average Measured Variance Error

[mm)] Value [mm)] [mm] [mm]

1 50 53.9 0.00 -3.9
2 100 84.7 0.01 15.3
3 150 137.7 0.03 12.3
4 200 193.0 0.06 7.0
5 250 245.5 0.26 9.5
6 300 302.9 0.25 -2.9
7 500 504.2 2.74 -4.2
8 750 762.6 19.92  -12.6
9 1,000 998.7 27.65 1.3
10 1,250 1,257.4 27.46 -7.4

The measured values show that infrared rangefinders have a relatively high measure-
ment error. Especially at longer distances, the variance of the measured values increases
significantly. The influence of these deviations can be mitigated by suitable filtering of
the output values. More accurate values could be achieved by calibrating with a smaller
step. The sensors will be sufficient for basic orientation of the robot in the environment.
However, more reliable rangefinders would be needed to create a map of the surrounding
environment.

6.1.3 Inertial Measurement Unit

In an experiment with an inertial measurement unit (IMU), the accelerometer output was
tested. The dependence of the IMU roll about = axis on the output value and the calculated
roll angle was investigated. The tilt of the IMU was verified using an external meter.
Individual measurements were taken in 10° increments ranging from -90° to +90°. Table 6.4
shows the individual measurements and the results obtained.

The measured values show that the accuracy of the accelerometer is relatively high
and sufficient for the purpose of measuring body tilt. The cause of the deviation from the
expected gravitational acceleration of the earth of 9.81 is explained by imperfect calibration
of the accelerometer, however, the resulting values are not significantly affected.

6.1.4 Raspberry Pi

To verify the performance of the selected Raspberry Pi 4 model B computing device, an
experiment was designed to investigate at what frequency the computing system is able
to execute the main control loop of the program. This involves reading new values from
all sensors and servomotors, writing new goal positions to the servomotors and evaluating
the movement controller tasks. During the experiment, new goal positions were written to
servomotors that were inactive to prevent damage to them.

The measured frequency of the main loop of the program was 48 Hz, which is relatively
low. However, this value was expected given the results of previous experiments where
only servo motors were communicating. Based on these experiments, the method of data
collection from the servomotors was modified so that only the necessary values are read. The
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present position for the wheel and trochanter joint servomotors is not needed for normal
control. The values can be obtained by a special command if necessary. The present
position of the direction servomotor is also not needed when walking. After applying these
adjustments, the frequency increased to 80 Hz.

Table 6.4: Tested angles and output values of inertial measurement unit.

# Angle X Y Z Calculated
] [m/s?] [m/s?] [m/s?] Angle [°]
1 -90 -0.06  -10.00 0.08 -90.45
2 -80 -0.09 -9.81 1.72 -80.04
3 -70 -0.25 -9.30 3.36 -70.13
4 -60 -0.53 -8.51 4.88 -60.17
5 -50 -0.39 -7.48 6.25 -50.10
6 -40 0.30 -6.23 7.40 -40.13
7 -30 -0.38 -4.82 8.32 -30.06
8 -20 -0.25 -3.27 8.98 -20.00
9 -10 0.34 -1.66 9.35 -10.05
10 0 0.00 0.00 9.79 0.00
11 10 -0.10 1.66 9.31 10.08
12 20 -0.30 3.23 8.87 20.05
13 30 0.16 4.76 8.16 30.26
14 40 -0.42 6.09 7.24 40.07
15 50 -0.55 7.23 6.03 50.14
16 60 -0.21 8.29 4.80 59.96
17 70 -0.32 9.01 3.28 70.02
18 80 -0.29 9.49 1.67 80.03
19 90 -0.28 9.66 -0.01 90.09

6.1.5 ATmega2560

A similar experiment as for the Raspberry Pi was also designed for the ATmega2560 micro-
controller, in which the frequency of the main program control loop was monitored. In the
case of the microcontroller, however, the situation is different. The microcontroller operates
rangefinders that emit infrared rays into the environment. These bounce off obstacles and
return to the sensor detector, where the distance is evaluated and converted to an output
signal. These rays are constantly emitted into the environment and the sensor output value
changes continuously. Thus, although it is theoretically possible to read distances at high
frequency, this is not desirable. The microcontroller is not able to send such a large amount
of data over the serial line. Furthermore, processing this data would put an unnecessary
load on the Raspberry Pi. Therefore, the sampling interval of the sensor outputs was chosen
to be 50Hz. The frequency of sending data to the Raspberry Pi was then set to 10 Hz due
to the low speed of the movement of the robot. These read and send frequencies were then
tested. Communication and measurements were performed without issues. Force-sensitive
resistors behave in a similar way as rangefinders. The read and send frequency values were
set in the same way as for rangefinders.
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6.2 Forward and Inverse Kinematics Experiments

To verify the correctness of the proposed forward (FK) and inverse kinematics (IK) and
their correct implementation, an experiment was designed in which the leg was moved to
a given coordinate and it was verified whether the leg arrived at the target location with
sufficient accuracy. Next, the angles calculated by IK were used to calculate the position of
the tarsus servomotor using FK. The result was compared with the coordinates at which
the foot moved. Only one leg was tested because all legs are the same design and the results
would be identical. Several test points were selected. Their list and the resulting values of
forward and inverse kinematics are shown in Table 6.5.

The results show that the design and implementation of FK and IK are correct. During
the experiment, it was found that the servomotors are not able to achieve the exact angle
set for them. Thus, there is a deviation within millimeters when calculating the FK from
the angles obtained from the present positions of the servomotors.

Table 6.5: Coordinates of tested points, angles calculated by inverse kinematics and co-
ordinates of points calculated by forward kinematics from angles of inverse kinematics.

# Goal Coordinates Coxa Femur Tibia Tarsus FK Coordinates

[x, ¥, 2] [°] [°] [°] 1 [x vy 2]
1 [190, 120, 0] 0.00 1.80  -92.69 0.90 [190, 120, 0]
2 [190, 160, 100] 27.76 -18.09  -58.39 -13.52  [190, 160, 100]
3 [190, 80, -100] -27.76 18.59  -94.90 -13.68  [190, 80, -100]
4 [150, 120, 0] 0.00 -1.50 -108.28 19.78 [150, 120, 0]
5 [240, 120, 0] 0.00 -2.58  -64.58 -22.84  [240, 120, 0]

6.3 Stances

In these experiments, different stances that the robot is able to achieve were tested. In
different stances, the resulting dimensions of the robot varied, allowing it to overcome
obstacles of different shapes and sizes. The different stances are shown in Figure 6.1.
During the experiments it was found that the reflex that controls the position of the tarsus
joint to always point parallel to the gravitational acceleration is not fast enough, because it
reacts only to the present position of the other servomotors and therefore there is a delay in
movement caused by reading the present positions of the other servomotors and activating
the tarsus servomotor. Therefore, the control of the tarsus joint was moved to the inverse
kinematics calculation, where the new position of the tarsus servomotor is calculated based
on the calculated values of the other servomotors. The tarsus reflex is implemented in the
reactive layer but is turned off. Some stances are affected by dead zones of servo motors.
This effect is amplified by the relatively long length of the femur, tibia and tarsus segments.
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Figure 6.1: WHexaR stances. Several different stances are shown in this figure. Fach
stance can be used to overcome obstacle of different size and shape. (al), (a2): The highest
stance the robot is capable of. This stance can be used to get over high obstacles up to
38 cm. (bl), (b2): One of the basic basic stance of the robot that is used during ordinary
movement. (cl), (c2): Stance with the smallest height (only 20 cm) can be used to crawl
under a low obstacle. (d1), (d2): This stance is lower modification of the basic stance and
is also used during ordinary movement. (el), (e2): The shortest stance. (f1), (f2): Third
variant of the basic stance, which is the lowest.

6.4 Movement using Gaits

The gait testing of the robot was performed on a flat surface. All the basic gaits, tripod,
wave, ripple and tetrapod, were investigated. The robot moved with the selected gait and
its speed and stability were analyzed.

Present positions, goal positions and servomotor current were monitored during move-
ment. It was investigated whether the goal positions matched the actually achieved posi-
tions of the servomotors. The graphs in Figure 6.2 show the goal and actually achieved
positions of coxa, femur, tibia and tarsus servomotors of the first leg in time during tripod
gait. From the graphs it can be seen that the movement of the individual servomotors
relatively corresponds to the desired goal position. In the end positions, especially at the
femur and tarsus joints, there are slight deviations due to servomotor clearance. The initial
differences in the graphs are due to the absence of a target position.

During walking experiments with the tripod gait, the robot exhibited occasional insta-
bility (when the rear legs were swung forward, it did not have sufficient support and leaned
backwards). This issue was fixed by adjusting the default stance with the front and rear legs
rotated 25° forward and backward, respectively. The inertial forces of the robot’s motion
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Figure 6.2: Goal and actually achieved positions of the first leg coxa, femur, tibia and tarsus
servomotors during tripod gait.

were also evident during movement, especially at longer stride lengths. These effects were
mitigated by adjusting the speed and acceleration of the coxa servomotors.

6.5 Movement using Wheels

In these experiments, the omnidirectional chassis characteristics during ride were tested.
Both, straight driving and turning were examined. During these experiments, the robot

was moving on a flat surface. The robot was connected to a power supply and a control
computer by cables.

6.5.1 Straight Movement

Straight driving on wheels was tested on a 2 metre long track. The robot gradually accele-
rated to its maximum speed. At the end of the track, it slowed down in a similar manner.

The straightness of the trajectory was verified. The maximum speed of the robot was also
measured.
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The robot was able to maintain its direction of travel during its movement and tra-
veled the track in 10 seconds. The maximum speed achieved was 0.2m/s. The graphs
in Figure 6.3 show the velocity of all wheels and the angles of the coxa, femur, tibia and
tarsus servomotors of the first leg. These angles change slightly due to the load on the
robot structure and wheel movement.
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Figure 6.3: Straight movement using wheels. The tibia angle was shifted by 7/2 when
plotted on the graph for better readability.

6.5.2 Turning

There are two ways of turning the robot while moving on wheels. The first variant uses the
direction servomotors for turning, where all wheels are turned in the same direction. The
robot then starts moving in the direction of the wheels. Its body remains rotated in the
direction of the original motion. After the direction servomotors are rotated to the initial
position, the robot continues driving in the original direction. Thus, the robot does not
turn, but moves sideways and can therefore go around possible obstacles without the body
going off course.

The second variant of turning also uses direction servomotors. However, their rotation
varies across the legs. This causes the whole robot to turn or to rotate on the spot depending
on the direction of rotation of the individual wheels. The trajectories of the wheels are
formed by concentric circles of different radii. In the experiments, both turning variants
were analyzed because each of them is suitable for a different way of movement.

Driving Sideways

The testing of sideways driving on wheels was similar to the testing of straight driving. The
robot moved along a 2 metre long track. The robot gradually accelerated to its maximum
speed. At the end of the track, it slowed down in a similar manner. The direction servo-
motors were rotated to 45° and -45°, respectively. The straightness of the trajectory was
verified. The maximum speed of the robot was also measured.

The robot was able to maintain its direction of travel during its movement and traveled
the track in 10 seconds. The maximum speed achieved was 0.2m/s.
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Rotation on the Spot

Testing of rotation on the spot while riding on wheels was conducted on a flat surface. The
aim of the experiment was to verify that the robot maintains a stable centre of rotation.
After reaching a constant speed of rotation, the robot was rotating at 4 revolutions per
minute. The speed of rotation could be increased by reducing the radius of the circles on
which the wheels move, but at the expense of stability. The robot remained stable at the
initial point of rotation throughout the experiment.

Riding along a Circle

Testing of riding on wheels along a circle was performed on a flat surface. The robot moved
along a circular track. The speed of each wheel was monitored. The main objective of the
experiment was to verify the repeatability of the movement of the robot, i.e. whether the
robot is able to arrive back at the starting point after traversing the whole circle.

After completing two circuits, the robot returned to the original starting point with
a deviation of 1.5 cm. During the movement, occasional tension was observed on the inner
legs, because their wheels have a low rotation speed and do not keep turning.

6.6 Movement using Gait and Ride

When moving by walking, the robot puts its legs in the direction of movement and leans on
them. When driving, it only stands on its legs and the movement is provided by rotating
wheels. However, these two methods can be combined to create hybrid gait, in which robots
move using walking and riding simultaneously. The ripple gait pattern was chosen to be
combined with wheeled locomotion because of its high stability. The robot moved similarly
to the previous experiments on a flat surface in order to achieve the maximum possible
speed.

The robot completed the 2 metre long track in 9 seconds. Despite the slight increase in
speed of movement of the robot compared to riding, there are significant vibrations during
the combined movement and therefore this movement is suitable mainly for flat surfaces.
The robot also has a higher power consumption. The graphs in Figure 6.4 show the goal
and actually achieved positions of coxa, femur, tibia and tarsus servomotors of the first
leg in time. It can be seen that the goal positions are in most cases close to the actually
achieved positions.

6.7 Movement in Terrain

Movement in terrain can be divided into movement on a flat surface with potential obstacles
and movement on sloping terrain. Some obstacles the robot is able to overcome, others it
must avoid. When traveling on inclined terrain, the robot uses trochanter joints to rotate
the entire leg parallel to the acceleration of gravity, which increases its stability and reduces
the load and energy consumption of the servomotors. Reflexes help to overcome irregular
terrain and respond to sudden changes in the environment. The robot is able to change the
type of movement according to the current terrain conditions.
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Figure 6.4: Goal and actually achieved positions of the first leg coxa, femur, tibia and tarsus
servomotors during hybrid gait that was generated using ripple gait and riding on wheels.

6.7.1 Stepping Reflex

Stepping reflex was tested on a flat surface. The robot was moving by gait. During the
movement, one of the legs was prevented from reaching its goal position. It was observed
whether the activated stepping reflex returns the leg to its original position. During the
testing, other reflexes were also activated and therefore disabled for the duration of this
experiment. After activation of the stepping reflex, the leg returned to its original direction
of movement.

6.7.2 Elevator Reflex

To verify the correct operation of the elevator reflex, an experiment was designed in which
the robot moved on flat terrain and during the movement one of the legs encountered an
artificial static obstacle. The reaction of the leg was observed and its trajectory of the new
movement was analyzed. The activation of the reflex occurred in all cases. Based on the
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results of the experiment, the torque coxa joint threshold for activation of this reflex was
adjusted.

Furthermore, the reflex was tested during movement in sloping terrain without using
the trochanter joint. During testing, several incorrect activations caused by loads on the
coxa joints due to the slope of the terrain occurred. These problems did not occur when
moving on inclined terrain with the use of the trochanter joint.

Moreover, a situation where the obstacle is very light and the robot is able to shift it
by moving its leg was tested. When the leg encountered such an obstacle, no reflex was
activated during testing, but the obstacle was pushed by the robot’s leg. This behaviour is
not entirely desirable as it puts unnecessary load on the leg servomotors. However, lowering
the threshold is not possible because the reflex would be activated too often.

These experiments revealed that the activation threshold of the elevator reflex may
depend on the actual terrain, the robot stance and the character of the obstacle. Setting
a universal threshold is therefore difficult. In the end, a higher threshold was chosen to
ensure that the reflex is activated only when necessary, at the expense of a higher load on
the servomotors as the leg may push an obstacle.

6.7.3 Searching Reflex

Several experiments were conducted to verify the behaviour of the searching reflex. The
first was to determine whether the leg is able to find a new foothold when it loses its support
during the stance phase, i.e. when the leg supporting the body loses its foothold. The leg
detects the surface and thus the transition from the swing phase to the stance phase using
a force-sensitive resistor (FSR). If there is a change in the amount of pressure the leg applies
on the surface, the searching reflex is activated and attempts to find a new foothold, first
in the downward direction and eventually in other directions.

The loss of leg support during the stance phase always triggered the searching reflex.
However, finding a new foothold takes some time and therefore the robot may be desta-
bilized. This was observed especially in the tripod gait, where loss of support of any leg
caused the robot to fall. For more stable gaits, the robot compensated the loss of support
of one leg and the searching reflex found new foothold. This reflex significantly improves
movement in rugged terrain.

As part of the searching reflex, the function of stopping the leg when stepping early
on a surface or obstacle has also been implemented. The experiment tested whether the
leg stops its movement on an obstacle even though it has not yet reached the expected
goal position. During the experiment, the robot stood still and its front leg stepped on
an obstacle. Two alternatives were tested to determine the moment of stopping the leg
movement. The first used information about the current flowing through the femur joint,
i.e., with how much force, if any, the servomotor is pushing on the ground. The second
alternative used the present values from force-sensitive resistors (FSR). When the threshold
value of the monitored metric was exceeded, the leg movement was stopped. The threshold
was set according to the initial load on that leg after the robot was calibrated. During the
experiments, the alternative using FSRs performed better because their values show less
fluctuation.

6.7.4 Obstacles Negotiation

During its movement on a flat terrain the robot may encounter different types of obstacles.
The first type of obstacles can be considered as uneven terrain and when using gait, they
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will be crossed or the leg will stop its movement on them. The second type are obstacles
that the robot is unable to step on or step over during normal walking because they are
too high, but it should be able to climb over them. At such obstacles, the robot stops and
measures their height and depth using a rangefinder. If the height of the obstacle is within
a threshold, the robot starts climbing over the obstacle. Insects exhibit similar behaviour
when moving. It uses its antennae to detect obstacles. The robot has no antennae, so it
has to use its sensors or legs. The last type is high obstacles that the robot must avoid.

6.7.5 Terrain Controller and Gait Selector

Testing of the Terrain Controller and the Gait Selector was performed simultaneously be-
cause their functioning is related. The robot moved in different terrain conditions and
indicators of terrain complexity, their threshold values and stability of robot movement
were monitored. Based on the experiments, the thresholds for the activation of each type
of movement were adjusted. For wheeled movement, the possible tilt of the robot has been
increased to 20°. For the number of disappeared supports, a floating time window was
specified in which the values are registered. The window length was set to one gait cycle.

6.7.6 Inclined Terrain

Two types of experiments were designed in inclined terrain. The first experiment involved
placing the robot on a wooden board with an adjustable slope. Different inclinations of the
board were sequentially set and the movements of the robot generated by the reactive layer
were observed (see Figure 6.5a). In the second experiment, the robot moved on flat terrain
with a transition to an inclined plane (see Figure 6.5b).

In the first experiment, the robot was able to respond to a change in the tilt of the
plate. This response is not instantaneous because the servomotors take a while to initiate
their movement. For this short period of time, the legs are perpendicular to the body of
the robot and not parallel to the gravitational acceleration, and they have a higher energy
consumption and provide less stability.

Tripod gait and riding on wheels were used to test locomotion on inclined terrain. The
robot was able to move by gait up to a 32° inclination, ride up to a 40° inclination, and
maintain balance while standing statically up to a 50° inclination.

6.7.7 Discussion

The performed experiments have shown that each part of the movement controller is func-
tional. Furthermore, the robot’s ability to overcome terrain irregularities was confirmed. It
was also found that the selection of thresholds for the activation of different reflexes affects
the way the robot walks. The advantage of using explicit thresholds is that they can be
easily adjusted.

Experiments in sloping terrain proved that the combination of trochanter joint and
the terrain controller allows WHexaR to walk up to an inclination of 32°, to ride inclined
terrains up to 40° and remain statically stable on slopes up to 50°. This is an improvement
compared to LAURON [148], which is able to walk at an inclination of 25° and stand
stably up to 42° and Weaver [24], which is capable of walking up to 30° and remain stable
until 50°. Using wheel locomotion, the robot should be able to negotiate steeper slopes.
Unfortunately, at higher inclinations of the test bed there was considerable wheel slippage.
The same applied for gait movement.
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(a) Posture of the robot on a inclined board with (b) Movement of the robot on an inclined plane
the legs rotated using trochanter joints. with the legs rotated using trochanter joints.

Figure 6.5: Experiments in inclined terrain.

6.8 Robot Energy Consumption

The goal of these experiments was to determine the actual energy consumption of the robot,
which was moving with tripod gait and riding on all six wheels on both flat and sloping
terrain [202]. The goal was also to verify whether the use of a trochanter joint would
reduce the energy consumption of the robot when moving in sloping terrain. The robot
was powered by a 12V power supply and the servomotors were controlled by an U2D2
controller from desktop computer. The inclined terrain was simulated by a wooden board
with an adjustable slope. The load on the individual servomotors was measured as the
current flowing through the servomotor. The actual current of each servomotor was read
from the servomotor present current register. Another way to measure the load on the
servomotors would be the usage of an external current sensor. However, one sensor would
need to be attached to each servomotor, which would be very complicated. In addition,
the servomotors themselves measure their current with a resolution of 3.36 mA, which is
sufficient accuracy for this experiment. The total current of the robot was measured at
50 Hz using a hall effect-based linear current sensor ACS712 [4], which was connected to
the Atmega2560 on a development board Arduino Mega 2560.

Three different static stances and two movements (tripod gait with a maximum speed of
0.12m/s and a period of 1.6 s and ride using six wheels with a maximum speed of 0.2m/s)
were tested at six different inclinations (see Table 6.6). All tested stances were based on
the default stance of the robot (Figure 6.6a). The first derived stance (No. 1) did not use
the trochanter joint and all legs were at the same height (Figure 6.6b). The second derived
stance (No. 2) also did not use the trochanter joint, but the individual legs were at different
heights that corresponded to the slope of the tested terrain (Figure 6.6¢). Finally, the third
derived stance (No. 3) used the trochanter joint and all legs were at the same height. The
angle of rotation of the trochanter joint was identical to the slope of the tested terrain
(Figure 6.6d).
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Table 6.6: The parameters of the proposed experiments. This table describes the pa-
rameters of each experiment, specifically the slope of the terrain, the stance used and its
characteristics. Each experiment was performed for static stance, walking using tripod gait
and driving all six wheels.

Terrain Slope [°] Stance No. Trochanter Joint Angle [°] Stance
0 1 0 same height
14 1 0 same height
14 2 0 different height
14 3 14 same height
23 1 0 same height
23 2 0 different height
23 3 23 same height
32 1 0 same height
32 2 0 different height
32 3 32 same height
40 1 0 same height
40 2 0 different height
40 3 40 same height
50 1 0 same height
50 2 0 different height
50 3 50 same height

 In terrain with zero slope, there was no point in testing the other two stances because they corresponded

to stance number 1.

Each stance was measured three times. Measurements of static stance contained 40 va-
lues, which were then averaged. Measurements of the moving robot were collected at a
frequency of 50 Hz. In some cases, the servomotor did not respond within the specified limit
or the response was corrupted. These occurrences were removed from each measurement.
The resulting value of the servomotor current was determined according to Equation (6.1).

n .
I, = =11l 6.1)
n

where I, is the current of the servomotor with ID s, x; is the ith value of the measurement
and n is the count of accepted values in the measurement.
The resulting total leg current was given by Equation (6.2).

L=> 1 (6.2)
s=1

where I; is the total current of the leg with ID [, I, is the current of the servomotor
with ID s and m is count of servomotors in the leg.
The resulting current for the given stance was determined using Equation (6.3).
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Figure 6.6: Robot stances during experiment. (a) The default stance. (b) The trochanter
joint is not used and the legs have the same height. (c) The trochanter joint is not used, but
the leg height is adjusted according to the slope. (d) The angle of rotation of the trochanter
joint is adjusted to the slope of the tested terrain.

6
I=>"1 (6.3)
=1

where [ is the resulting current of the given stance and I; is the current of the leg with
1D 1.

The power indicator energetic cost of transport (CoT) was used to compare the energy
consumption with other robots. It is defined as the energy required to move a unit mass
over a unit distance [119, 92]. By substituting energy for power, we can write CoT as
Equation (6.4).

P
mguv

e =

(6.4)

where P is the power consumed by the robot during the motion, m is the mass of the
robot and v is the speed of the robot. The power can then be determined by Equation (6.5).

P=UI (6.5)

where U is the supply voltage of the robot and I is the current drawn from the power
supply.
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6.8.1 Results

All measurements were calculated according to the presented methodology. The results for
each stance and movement are shown in the following charts. Figure 6.7a shows a chart of
the total current of the robot at three static stances. The stance using the trochanter joint
had the lowest current value and, therefore, the lowest power consumption. The stance
with different leg heights had low energy requirements compared to the stance that did
not use the trochanter joint, which had a significant increase in energy consumption with
increasing terrain slope. The stance using the trochanter joint was more than 23 % more
energy-efficient in the case of a 32° slope.

The chart also shows that the robot was no longer able to stand stably on slopes greater
than 32° without the use of a trochanter joint.

Figure 6.7b shows a chart of the current of the robot during tripod gait and wheeled
movement with, and without, the usage of the trochanter joint. Up to 40 % energy could be
saved when using the wheeled locomotion. When driving on wheels on 40° slopes, there was
already considerable slipping. The robot was no longer reliably able to ride on such a slope
without using the trochanter joint. This could also be seen in the drop in the current of
the robot at an inclination of 40°.

8
6.0
5.5 74
z 5.0 <
= =64
5 451 o
5 5
3 4.0 O 54
3.5 1
4
3.0 A
0 14 23 2 0 14 23 32 40
Slope [°] Slope [°]
—e— Without trochanter joint —e— Different leg height —e— Tripod w/o trochanter —e— Wheels w/o trochanter
With trochanter joint Tripod w trochanter —e— Wheels w trochanter
(a) Static stances. (b) Movement using tripod and wheels.

Figure 6.7: Overall current on different slopes for static stances and movements. ’w/o’
stands for without and 'w’ stands for with. (a) Static stances: The graph shows that the
stance using the trochanter joint and the stance with different leg heights had almost the
same energy requirements. In contrast, the basic stance required more and more energy as
the terrain slope increased. (b) Tripod and wheel mode: The movement with the usage of
the trochanter joint had a lower power consumption in all measured inclinations. The use
of a trochanter joint also reduced the power consumption when using wheels.

The results are presented in more detail in the graphs, which show the current of
individual servomotors of each leg on 0° and 32° terrain slopes for three static stances
(see Charts a—d in Figure 6.8). It can be seen that, as the slope of the terrain increased,
the robot’s centre of gravity shifted backwards, increasing the load on the rear legs. In
contrast, the front legs were loaded significantly less. Furthermore, the coxa servomotors
were significantly more loaded when standing without a trochanter joint at a 32° inclination.

The graphs also show uneven loading on the legs. This was mostly due to minor slippage
of the legs on the surface and the tolerance of the controller that controlled the leg loading.
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Figure 6.8: Charts of all legs and servomotors for 0° and 32° slopes in different static
stances. The graphs show the load on each servomotor of each leg in different terrain slopes
using basic stance, stance with different leg heights and stance using the trochanter joint.
The abbreviations used for the leg names are as follows: FR—front right, FL—front left,
MR—middle right, ML—middle left, RR—rear right, RL—rear left.

It can also be observed that the difference between the stance using the trochanter joint
and the stance with different leg heights was relatively small. It appeared that the use of
these stances had similar energy demands. Even so, a robot with a trochanter joint can
use more stances and tilting the robot on sloping terrain is easier than using a stance with
different leg heights. In the case of our robot, the trochanter joint was also used in case the
robot fell on its back. The robot can use the trochanter joint to rotate its legs by 180° and
continue its movement.

The charts in Figure 6.9 show the current of the robot when moving using tripod gait
and wheeled locomotion with, and without, the use of the trochanter joint on flat terrain
and on a 23° slope. The speed of the tripod gait ranged from 0.07m/s to 0.12m/s and its
period was 1.6s. The tripod gait on flat terrain had the lowest energy consumption and
regular swing phase of the legs. When walking on sloping terrain, small slips occasionally
occurred, especially when using the stance without the trochanter joint.
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Figure 6.9: Current during movement in different slopes. (a) Current of the robot when
moving using tripod gait with, and without, trochanter joint on 0° and 23° slopes. The chart
shows two periods of tripod gait (one period was 1.6s). Between 0.4 and 2s, respectively,
2 and 3.6, the stance phase was followed by the swing phase of one group of legs and, at
the same time, the swing phase was followed by the stance phase of the other group of legs.
The maximum speed of the robot using the tripod gait was 0.12m/s. (b) Current of the
robot when moving using wheeled locomotion with, and without, trochanter joint on 0° and
23° slopes. The chart shows the first two seconds of the movement. In the first part, the
robot accelerated to its maximum speed and the current gradually increased. In the second
part, the speed of the robot no longer changed and the current oscillated around a constant
value. The maximum speed of the robot using the wheeled locomotion was 0.2m/s.

When using wheels, the energy consumption was constant throughout the movement
except for minor fluctuations. At the beginning of the movement, we observed a gradual
increase in power consumption caused by the acceleration of the robot. The power con-
sumption when riding on wheels with the trochanter joint was up to 36 % lower than when
riding without it. The maximum speed of the robot moving by wheeled locomotion was
0.2m/s.

The power indicator energetic cost of transport (CoT) was used for comparison with
other robots. It was calculated with a robot mass of 8.8 kg, power supply voltage of 12V
and a gravitational acceleration of 9.81m/s2. The CoT for each experiment is given in
Table 6.7. The CoT ranged from 6.05 to 15.97 for the tripod gait and from 2.41 to 5.11 for
wheeled locomotion, depending on the slope of the terrain and the usage of the trochanter
joint.

6.8.2 Discussion

The experiments showed that the proposed leg structure reduces the energy consumption
of the robot and allows it to traverse steep slopes that would be impossible for the robot
to navigate without the trochanter joint. As can be seen in the charts showing the current
of the individual servomotors, using a trochanter joint significantly reduces the load on the
coxa joint. There is also better load distribution across all leg servomotors. The energy
consumption of the movement is further reduced by the wheeled chassis, which is suitable
for movement on flat terrain. In addition, this chassis increases the speed of the robot

100



and can also be used to climb slopes without terrain irregularities. The novel leg design
also increases the stability of the robot, especially when navigating steep slopes. The
experiments showed that, at a certain inclination, the robot is only able to move with the
use of a trochanter joint.

Experiments have confirmed the improvements achieved in terms of energy efficiency.
The power indicator energetic cost of transport (CoT) on flat terrain was 6.05 when using
gait and 2.41 when using wheeled locomotion. In comparison, hexapod Weaver [24] has
CoT 15.2 on flat terrain.

Table 6.7: The power indicator energetic cost of transport for both tripod gait and wheeled
locomotion on different slopes.

Movement Slope Speed Current Current T!{ CoT ! CoT T1?

tripod 0 0.12 5.22 - 6,05 -

tripod 14 0.12 7.87 6.30 9.12 7.30
tripod 23 0.10 7.83 7.16 10.88 9.95
tripod 32 0.07 - 8.04 - 15.97
wheels 0 0.20 3.47 - 2.41 -

wheels 14 0.20 5.37 4.52 3.73 3.14
wheels 23 0.20 6.29 4.59 4.37 3.19
wheels 32 0.20 7.35 4.80 5.11 3.34
wheels 40 0.15 - 4.72 - 4.37

t without the use of trochanter joint; ¥ with the use of trochanter joint.
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Chapter 7

Conclusion

This thesis explores the field of walking robots, in particular hexapods, and the possible
inspiration in nature for their design, construction and control. Suitable inspiration for
six-legged robots can be found in insects. The basic characteristics of insects are discussed,
focusing on their body and limb structure, nervous system, behaviour and movement. The
second part of the thesis focuses on the aspects of walking robots, their body and leg
structure, motion and stability, and controllers. Examples of existing robots are also pre-
sented. The following parts of the thesis describe the innovative hexapod robot WHexaR
(Wheeled Hexapod Robot, see Figure 7.1) and its adaptive controller I designed and im-
plemented. This robot has a total of 42 degrees of freedom. Each leg has seven joints.
Five of them are used for positioning the leg and the remaining two form a wheeled chassis.
One joint is used to adjust the direction of the wheel and the other drives the wheel itself.
The segmentation of robot’s leg and the architecture of its controller has found inspiration
in nature. The number of joints and the length of the leg segments were chosen based on
the researched insect characteristics. The proposed controller is capable of changing the
movement pattern based on the current terrain conditions and the use of the implemented
reflexes that mimic insect behaviour increases the stability and reliability of the robot’s
movement. The trochanter joint allows the entire leg to be rotated parallel to the accelera-
tion of gravity, this feature is used especially when moving on sloping terrain. The rotation
of the leg better distributes the weight of the robot over all legs and reduces the torque
required for the servomotors to move, resulting in overall energy savings. Rotating the leg
also increases the stability of the robot, allowing it to move across steeper terrain than
robots that do not have this joint. The wheeled chassis increases the robot’s movement
speed on flat terrain and reduces its energy consumption.

The experiments confirmed that the combination of trochanter joint and the terrain
controller allows my robot to walk up to an inclination of 32°, to ride inclined terrains up
to 40° and remain statically stable on slopes up to 50°. This is an improvement compared
to other relevant robots such as LAURON [148], which is able to walk at an inclination of
25° and stand stably up to 42° and Weaver [24], which is capable of walking up to 30° and
remain stable until 50°. I've also achieved an improvement in terms of energy efficiency.
The measured value of power indicator energetic cost of transport of my robot when walking
on flat terrain was 6.05. When using wheeled locomotion, a value of 2.41 was achieved. In
comparison, hexapod Weaver has cost of transport 15.2 on flat terrain.

I dealt with hexapod robots already during my bachelor and master studies. I have also
participated in several exhibitions and conferences. With my first robot I built I have won
first place in the EEICT student conference. Later, I improved this robot and won several

102



awards at the Excel @QFIT student conference, including the first place in the Technological
level category and the gold sponsor award.

I have published a paper about my robot WHexaR in the journal Open Computer
Science (Q2), which has been cited several times [201]. My most recent manuscript deals
with the energy efficiency of my robot. It was published in the journal Robotics (IF 3.7,

Q1) [202].

Figure 7.1: WHexaR (Wheeled Hexapod Robot) is a six-legged robot designed and con-
structed as part of this work.
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