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DESIGN OF MOBILITY, MANIPULATION AND VISION SYSTEM OF A
CONCEPTUAL LUNAR MICRO-ROVER

SUMMARY

The research area for the lunar micro-rovers (LMR) is very extensive such as
navigation, obstacle avoidance, path planning, rover platform design, field-testing,
motion kinematics, slip models, and so on. Since there was no rover platform to work
on within our faculty, the project started with designing a micro-rover platform to
implement and test certain technologies not only during this project but during future
projects as well. Therefore, the thesis presents a simple and versatile rover platform.

According to the future missions, the geology of the Moon, potential resources and
the distribution of them are gaining attention internationally since the Moon itself is
an important planetary body for exploration by both human and robotic missions. For
this reason, lunar micro-rovers must be designed to make scientific research, which
can support these missions by investigating the lunar environment and mission
parameters. Multiple scientific areas such as planetary sciences and geology, plasma
physics, astrobiology, astronomy, space science will be benefiting from the scientific
outcomes of the future lunar missions. Therefore, performing scientific researches
with an LMR and addressing multiple scientific goals are essential objectives.

Landing on the lunar surface can be expressed as another challenge; however, it is
not one of the topics of this project. Many studies suggest orbital missions need to be
coupled with surface investigations in order to validate the interpretation of data sets.
In addition, surface data will show suitability for manned missions as well as validity
of the models on the significant surface characteristics.

The mission is proposed to land on a determined area in South Polar region of the
Moon since longer periods of solar illumination is available by reason of the low sun
inclination is coupled with topographic highs. The main objective is to obtain a
surface sample from the Moon and store it within the micro-rover to study in mini-
laboratory, which is expected to be on the top of the LMR. The sample is desired to
have a volume between 1-3 cm?®; therefore, the robotic arm tool is designed based on
a handling mechanism with a surface geometry, which enables to tip tool grab a solid
rock sample from the ground; however, this tool can also be replaced with a drill
mechanism for subsurface sampling. The main interest of the research is chosen as
investigating the ejecta areas on the lunar surface containing both meteor samples as
well as Moon’s own material. The rover must be able to move to points of interest to
make measurements with its onboard instruments and transmit data.
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An LMR must be lightweight with high mobility, resistant to high radiation, extreme
temperature variations, lunar dust etc. In design process, the most important
considerations were mobility and weight limitations. The mass and inertia properties
are derived from Solidworks after material selection. Most of the time in an LMR,
power is generated using the solar panels and stored in the batteries while onboard
computer would be performing multiple task and the reset capability in emergencies.
All subsystems of LMR have to be protected from high radiation, vacuum and
extreme temperature variance. First, a small lightweight rover provides significant
savings in the launch and lunar landing thruster capabilities; therefore, size and
weight have to be limited. For this reason, there is not enough room for complex
ideas, so everything must be as simple as possible. In addition, the energy limitations
require actuators to be chosen those consume very little power since there will be
limited electrical power from solar panels. Lunar surface temperature varies from
-240°C at night to 121°C during the day, and micro-rover will be operating in micro
gravity environment. Onboard computer and battery is expected to keep the
electronics warm in order to operate in that low temperature. The body structure is
designed to have low volume; however, it must provide sufficient space for the
onboard computer, scientific instruments, actuators, cameras, sensors etc.

The uneven lunar surface requires LMR to sense the obstacles as well as other
hazards in order to get closer to the crater region, and it must be able to identify
interesting sample candidates during the motion. Therefore, the primary technologies
to be implemented within the LMR are chosen as local mapping, manipulation and
sample handling, and path planning. The surface sampling activities will be
commanded from Earth during the communication windows while the instruments
within the mini laboratory analyze samples, and data of the environmental properties
such as radiation, ionization, temperature will be gathered as well. The formal
mission lifetime is expected to be couple of months if the LMR survives the lunar
night that is approximately 13 days. The first phase of the mission will contain
primary scientific activities and measurements before the lunar night period;
therefore, if the LMR does not survive the lunar night, it will gather and transmit data
before it malfunctions.

At the beginning, the design of the lunar micro-rover is chosen as a 6-wheel system
with a rocker-bogie suspension that has a mechanism as passive rotary joint to attach
two links called rocker and bogie. As wheels are free to move up and down on an
uneven terrain with the rotary joint, each wheel carry the weight of the LMR equally,
but it is much heavier than a 4-wheeled suspension, and each extra actuator means
more energy consumption and higher hardware requirements.

By only giving input for the links’ motions, the joints’ torques are derived for the
given system, and for the poses, which robotic manipulators cannot reach, the
singularity of the Jacobian matrix is observed. The computational complexity of
each iteration remained constant, and it grows in a linear fashion with the number of
joints increases. In addition, a closed-form dynamic model is obtained which is the
same as the one obtained by using DH parameters.
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The inertia tensor matrix shows all mass and inertial properties of the robotic system,
and it is very important to be derived for understanding the dynamics of the system
since the inertia of the manipulator has to be surpassed in order to move the links.
Therefore, the effect of Moon and Earth’s gravity ratio is observed in the torques.
Since the robotic arms’ motion is determined to be slow, Coriolis Effect is not
strong. Moreover, the profiles of the both torque graphs seem to be very similar;
however, the magnitude of the torque’s ratio is very close to the ratio of the gravity,
which is approximately 1/6.

Active laser triangulation system operates by sensing the reflected red laser light
from a surface; however, the ambient light variations and the reflectance properties
of different surfaces are the main challenges of this system. The ambient light
variations can be overcome by using optical filters according to the wavelength of
the laser emitter to be used in outdoor environments more accurately. In addition,
active laser triangulation system is desired to be low-cost, low power consuming
while having high response speed and high sampling frequency, and it will be used
for detecting hazards and mapping the rough terrain. In addition, a passive
triangulation system such as stereo-based planner is a reliable choice, and it will be
added to the LMR in the future; however, it cannot detect craters and shadow areas.

When the LMR uses its active laser triangulation system and captures a new image,
the LMR’s field of view is updated in the image space. The information of outside of
the LMR’s field of view is kept in memory, and the map data are implemented in the
algorithm as 2D grid that shows the coordinates of the nodes and the height values
corresponding to those nodes. Then, the updated image space is used to renew 3D
main map. The LMR’s field of view will be updated on the main map, and the rest
information will be preserved in the memory unchanged. If the captured image is
used to create a local map, and then it is used to update the current map, the new
nodes cannot match the main map’s nodes exactly. Therefore, the image space must
be updated first in mm metric, and then the main 3D map must be updated.

Finally, greedy search algorithm and A* search algorithm are implemented in the
main algorithm to compare their path planning performance. Different tasks are
given to the path planning algorithms, and if there are no obstacles or hollows, which
the robot cannot overcome, both algorithms found the reasonable path. On the other
hand, the complication level is increased for the tasks, and A* search algorithm
found the optimal path each time, if it exists at all. Therefore, A* search is chosen as
the path planning algorithm instead of greedy search. The next step for this project is
to build prototype for verification of the performance and to have a micro-rover
platform to work on within our faculty.
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GEZIiCi MIKRO AY ROBOTUNUN HAREKETLILIiK, MANiPULASYON
VE GORUNTU ISLEME SISTEMLERI TASARIMI

OZET

Ay, Mars ve diger gokcisimleri lizerindeki yiizey kesifleri, giin gectik¢e bilimsel
acidan Onem kazanmaktadir. Jeolojik olarak ilgi ¢ekici bdlgelerde arastirma
yapilmasi, gelecekte yapilmasi planlanan insanli gorevler gibi birgok bilimsel
calisma icin katki saglamaktadir. Ayrica, gezici mikro uzay robotu arastirma ve
gelistirme caligmalar1 son yillarda birgok arastirma kurumunda yaygm bir sekilde
gerceklestirilmektedir. Insanli gdrevler ile karsilastirildiginda robotik gdrevler birgok
avantaj saglamakla birlikte, robotlarin insanli gorevlerde yardimci etmen olarak
kullanilmas1 6ngoriilmektedir. Bu ¢alismada mikro boyutlarda olan hafif bir gezici
Ay robot platformu tasarimi 6nerilmistir.

Calismanin hedefi, Ay ylizeyindeki kraterler etrafinda ¢arpisma sonrasi olusan disa
atim bolgelerinde arastirma yapabilecek bir aracin yiizeyden ornek alabilmesini
saglayacak manipiilatoriiniin ve genel olarak aracin kendisinin tasariminin
yapilmasidir. Bir gezici mikro robot platformu tasarlandiktan sonra kiiglik
degisiklikler yapilarak farkli gorevlere uyarlanabilirligi, 0zgiin tasarim
tamamlandiktan sonra hizli ve daha ucuz sekilde tekrar iiretilebilirligi, firlatma ve
yere inisinin daha kolay yapilabilmesi gibi bircok avantaja sahiptir. Bu 6zellikteki
mikro robotlar, grup halinde saha ¢alismas1 yaptiklarinda daha yiiksek oranda veri
toplama ve daha karmasik davranislar sergileyerek daha zor gorevleri
tamamlayabilme Ozelliklerine sahiptir.

On tasarim asamasmnda, gezici mikro robotun siispansiyon sistemi ondeki iki
tekerlegi doner bir ekleme baglh olan alt1 tekerlekli bir yap1 olarak ongoriilmiistiir,
ancak bu boyutlardaki mikro bir aracin agirlik ve enerji kisitlamalar1 géz Oniine
alindiginda daha hafif olan dort tekerlekli bir tasarima geg¢ilmistir. Bu sayede her bir
tekerlegi donme hareketi ile yonelimini degistirebilen, sekiz hareketlilik derecesine
sahip bir slispansiyon sistemi tasarlanmistir. Bu tipte bir mikro robot, pozisyonunu
degistirmeden kendi etrafinda donerek yonelimini degistirebilmekte, daha keskin
acili doniisler yapabilmekte ve engeller etrafinda daha rahat hareket edebilmektedir.

Tasarimi yapilan aracin siispansiyon sistemi hareket kabiliyeti konusundaki en
onemli etmenlerinden biridir, bu yiizden tasarim sirasinda tekerlekli sistemler gibi
diger mekanik sistemler de goz Oniinde bulundurulmustur. Ancak, tekerlekli
sistemler basit ve gelismis bir teknoloji olup, daha hafif ve diiz ylizeyler iizerinde
daha yiiksek hizlarda yol alma kabiliyetine sahiptir. Ayrica, daha diisiik enerji
tilketimine sahip oldugu gibi daha yiiksek faydali ylik/mekanizma agirligi orani
saglamaktadir. Dezavantaj olarak, tekerleklerin kaymasindan kaynaklanan daha
diisiik tirmanma agis1 ve yiiksek engelleri asamama gosterilebilir.
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Gezici robotun ana gorevi, kesif yaptig1 alandaki yiizey Orneklerini gorsel olarak
tanimlamak ve ardindan robotik manipiilatér kolunu kullanarak hacim ve kiitle
ozellikleri uygun Ornekleri gévdesinde bulunan hazneye aktarip, bilimsel inceleme
igin saklamaktir. Yiizeyden alinan her bir érnegin 1-3 cm® arasinda hacme sahip
olmas1 ongoriilmektedir, bu yiizden robot kolunun u¢ organi ylizeye uzatildiginda
yerden kati bir 6rnegi mekanizmasi ile kavrayabilecek sekilde tasarlanmistir. Robot
manipiilatdr kolunun Solidworks kullanilarak 3 boyutlu ¢izimi, u¢ organ tasarimi,
malzeme secimi ve Denavit Hartenberg parametrelerinin belirlenmesinin ardindan,
robotun kinematik incelemesi yapilmis; dinamik modeli Matlab/Simulink {izerinde
kurularak Ay c¢ekimi ve yergekimi degerleri kullanilarak eklemler iizerindeki
torklarin karsilastirilmasi sunulmustur. Yoriingelerin atanmasinda besince dereceden
polinomlar kullanilarak hareketler sirasinda eklemlerin titresimi minimum seviyede
tutulmaya Ozen goOsterilmistir. Hareketlerin gorsellestirilmesi acisindan Matlab
Virtual Reality Toolbox’tan yararlanilmis, bu sayede tiim ydriingelerin gorsel olarak
da dogrulamas1 gergeklestirilmistir.

Ik galismalarda yiizeydeki kaya drnekleri, robot iizerindeki kamera ile alman siyah
beyaz goriintiiler kullanilarak algilanabilmesi amaglanmstir. Oncelikle, yazilim kaya
goriintiilerini  kullanarak histogramindaki dagilima gore ayarlamalar yapmakta,
boylece 6rnekteki kayanm karanlik olan yan yiizeyinin de gdlge olarak algilanmasi
onlenmektedir. Diger bir sorun da Ay yiizeyindeki kii¢iik goélge alanlaridir, bu
ylizden sisteme bu alanlar1 temizlemek iizere bir filtre yazilmistir. Giines 1sinlarimin
gelis acisi, golgenin boyutlar1 ve kameranin bakis agis1 kullanilarak kayanin
boyutuna ve (eger 6rnek olarak alinacaksa) robot kolunun yiizeye yaklagma agisina
karar verilebilmesi amaglanmistir. Bu sistemin ana problemi, ¢ukurlarin igindeki
karanlik bolgelerle kayalar gibi yiikseltilerden kaynaklanan gdlgeleri birbirinden
ayrramamasi olarak gozlenmistir. Bu yiizden, aktif laser tiggenleme sistemi ile
calismaya devam edilmistir.

Aktif laser liggenleme sistemi; renkli kamera, laser kaynagi, silindirik mercek, laser
huzmesinin yonelme hareketini saglayan mekanizma ve mekanizmayr hareket
ettirecek olan adim motorundan olusmaktadir. Uggenleme ydntemini aktif olarak
kullanacak olan laser tarama sistemi, laser kaynagindan gelen kirmizi renkli 1s1n1
silindirik mercekten gegirerek yiizeye ¢izgi halinde yansitmaktadir. Bu sekilde,
yiizeyin seklini alan laser ismmnin diizleminden gelen yansima goriintiilenmekte,
hazirlanan yazilimla birlikte kirmizi pikseller algilanmaktadir. Bu sistem kullanilarak
yiizey geometrisinin algilanmasinda diisiikk hesaplama yiikii ve enerji ile yliksek
seviyede dogruluk orami saglanabilmektedir. Bu sistem i¢in yiizey ve kamera
arasindaki aci, laser ve yiizey arasindaki aci, laser ve kameranm ylizeyden
yiikseklikleri ve aracin durus agilar1 bilinmesi gereken parametrelerdir.

Prototip iizerinde kullanilacak adim motoru, kamera sabitken laser ve silindirik
mercekli mekanizmay1 belirli bir a¢1 ile dondiirmesi dngoriilmektedir. Bu sekilde,
kameranin goriis agisindaki tiim alan tarandiktan sonra robotun kendi basina bir
sonraki davranisina karar verebilmesi amaglanmaktadir. Robot hareket halinde iken
1sin  diizlemini 20 santimetre Oniine yansitarak olast engelleri ve c¢ukurlar:
algilayabilecek, verilen hedefe dogru giivenli sekilde ilerleyebilecektir.
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Tiim bu sistem ile algilanan yiizey geometrisi, robotun g¢evresinin 3 boyutlu olarak
algilanip haritalanmasinda kullanilmaktadir. Robot hareket ederken engelleri ve
cukurlar1 algilayip, gerekli gordiigiinde durup ydriingesini yenileyecektir. Yoriinge
belirleme agisindan “hirsli” (greedy search) planlama ve A* arastirma algoritmalari
seklinde iki farkli yapay zeka planlama algoritmasi denenmis ve karsilagtirmasi
yapilmistir. Sonug olarak, A* algoritmasi en uygun (optimal) sonucu verdigi igin
gezici ay mikro robotunda kullanilmaya uygun olarak se¢ilmistir.

Bu calismada tasarlanan ara¢ hareketli bir platform olmali ve bulundugu zeminde
ilerleyerek yiizeyden 6rnek alabilmesini saglayacak bir manipiilatorii barindirmalidir.
Yapilan ¢alismanin sonucunda dort tekerlekli bir gezici arag, bu araca tiimlesik dort
hareketlilik dereceli robotik bir manipiilator kol/u¢ organ tasarimi ongoriilmektedir.
S6z konusu aracmn giivenli seyir edebilmesi i¢in gerekli goriilen ¢evre algilama,
ozellikle goriintiileme teknolojisinin gereklilikleri belirlenmis olup {lizerinde ¢aligma
yapilmistir. Bu ¢aligmalar sonucunda, ylizeydeki golgelerden yararlanarak tanimlama
yapan bir sistem ile bu sistemin eksiklikleri dogrultusunda gelistirilen aktif laser
licgenleme sistemi tanmimlanmistir. Bu sistemle birlikte kullanilmak {izere, ¢evre
tanima ve haritalama yapan bir yazilim gelistirilmis ve yoriinge belirleme
algoritmalar ile test edilmistir.

Sonug olarak, kesif ve arastirma gorevlerinde kullanilan gezici mikro uzay robotlar1
daha biliyiik araglara gore daha giivenli ve diisiik maliyetli olma ve ayrica tekrar
iretilebilme nitelikleri ile 6n plana ¢ikmaktadir. Bilimsel arastirmalar icin de
kullanilmas1 planlanan bu araglar farkli gorevler dogrultusunda gelistirilerek,
gecmiste kullanilmis daha biiyiik robotlardan daha hizli bir sekilde goreve hazir hale
getirilebilmektedir. Bu g¢alismanin sonucunda; dort tekerlekli, hareket kabiliyeti
yiiksek, Ay yiizeyindeki kraterlerin etrafindaki diga atim bdlgelerinden ylizey 6rnegi
alabilecek bir ara¢ tasarlamistir. Araca yiikklenmesi planlanan teknolojiler igin
gereklilikler ve hedefler belirlenmis, lizerinde ¢alisilmis ve ilk 6rneginin (prototip)
ileriki aylarda tiretilmesi ile birlikte araca yiiklenmesi hedeflenmektedir.
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1. INTRODUCTION

1.1 The Definition of a Robot

The actual word of robot was invented in a Czech science fiction play “Rossum’s
Universal Robots” by Karel Capek in 1921, and it was derived from the Czech word
robota or robotnik meaning slave, servant, or forced labor [1]. Currently, the term
robot means different things for different applications; therefore, there are many

accepted definitions for it.

From space robotics perspective, it can be said that a robot is a goal-oriented
machine that can sense its environment, get information about it and use that
information to plan its actions and act towards a desired goal. These actions can be
moving its manipulator arm, moving from an initial position to a goal position,
interacting with its environment, or waiting for a new task. In order to plan and
perform these actions/tasks, a robot must have a certain amount of intelligence that
interprets the input sensor data and the mission statement and then creates the

required commands to the hardware. It is shown in Figure 1.1 below.

Even though many robot designs are inspired by nature, the robots do not have to
look and act like humans or animals but they do need to be adaptable in order to
perform different tasks. There are some dangerous tasks to be performed by humans,
and the robots can replace the humans in the assistance of performing those repetitive
and dangerous tasks, which the humans prefer not to do, or are unable to due to the

environmental conditions, size limitations, or even their physical power.

Actions
; : C d
Main Control Unit | rtangs Actuators
Tel 1
elemetry | Input Data Actions
I
A
Sensor System 2 Sensor System 1 [«— —‘{ Environment

Figure 1.1 : A general representation of a robotic system.
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The major components of a robotic system:

e A main body structure

e Actuators to move the mechanical parts and particular tools

e A sensory system that receives information about the external world

e A sensory system that observes the robot’s functions and condition

e A data processing and decision generating system, which includes the
hardware and the software, that processes sensory information, plans the
actions and controls the actuators

e A power source to activate the actuators and supplies power to sensors and
the command and data handling system

A robotic system is composed of these major components to provide the stability,
mobility and dexterity. It is certain that robotics is an important technology, and they
will appear in the houses, streets and workplaces. By considering outer space
conditions, they are an important asset of the current space missions as well as the
future missions. Space robots present critical challenges as field and service robots
do since these robots must operate in a changing, complex and severe environments
(e.g. on Mars, Moon or orbit) despite not having an accurate map in advance of their

operations. These topics are explained further in the next chapters.

1.2 Space Robotics

Space robotics is the development of robots which are capable of surviving in the
space environment, at least for a time period, to perform exploration, assembly,
inspection, maintenance, servicing, construction, scientific data collection or other
critical tasks. To perform a task while being controlled by an operator, a space robot
will be experiencing either non-negligible speed-of-light delays as in the Mars
exploration or essentially zero speed-of light delay as in the Space Shuttle’s robotic
manipulator arm [2]. For the case of Mars exploration, non-negligible speed-of-light
delays point out the importance of the autonomous capabilities of a space robot since
it cannot influence the environmental conditions. If the robot’s environment iS not
changing, it can make decisions more accurately; however, the information about the
environment obtained from the sensory data must be understood and used efficiently

in order to perform the tasks and survive while performing them.

Another challenge for these types of robots is that they must operate safely in the

presence of astronauts. Manufacturing robots on Earth are high-speed robots, and the
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safety of humans is achieved by excluding them from the work places on Earth;
however, the case differs for the future space missions. They will operate amongst
the people, help to build and assembly a structure, or carry the astronauts to a
mission area. Therefore, developing and improving required technologies are
essential, and they have long been of interest to space robotics researchers. Examples
are given in Figure 1.2 and Figure 1.3.

Figure 1.2 : A Mars exploration rover (Image courtesy NASA).

The important issues for a space robot can be expressed as:

e Surviving and operating under extreme environmental conditions

e Using arms and tools to perform tasks

e Interacting with its environment and the worksite elements accurately and
safely

e Having navigational autonomy

e Allowing a time delayed control

e Moving safely to a desired position without collisions and hazards

Space robots are generally designed to do multiple tasks such as assembly, sample
retrieval, inspection, planetary exploration, scientific measurements, and so on. The
risky missions for humans can be accomplished by using these robots, and they can
perform these complex tasks less expensively. On the other hand, a critical
malfunction of the robot can terminate the main mission completely while there is no
way to repair the robot. In addition, space robots wait in sleep mode until their
missions begin to preserve their battery. Another important factor of these missions

is that the robot is left in the operational area in the end of the mission.
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There are four main concerns for space robotics [2]:

e Mobility

e Manipulation

e Extreme environmental conditions
e Time delay

Robots can perform many risky missions that humans are not allowed to do without
being tired, and the robotic missions are less expensive than manned missions are.

For these reasons, space robots became more attractive for many missions.

Figure 1.3 : A robotic manipulator arm on Mars exploration rover.

1.3 History of Rovers

There have been an increasing number of space mission programs involving
planetary rovers. It has been proven that these robots have enlarged the operational
areas for the planetary exploration successfully while achieving several missions
such as the investigation of the origin of life, water and the solar system or in-situ

resource utilization for the future.

The first lunar rover Lunokhod 1 landed on Moon in November 1970 by Soviet
Union, which was controlled remotely in Figure 1.4. The rover was driven by solar
energy captured by photovoltaic panels during the daytime, and it was equipped with
a cone-shaped antenna, a directional helical antenna, four television cameras, an X-
ray spectrometer, an X-ray telescope, cosmic ray detectors and a laser device. It must

be noted that Lunokhod was operational more than 10 months even though it was
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expected to operate for 3 months, and it traveled a total distance exceeding 10 km. In

addition, it sent more than 20,000 images and 206 high-resolution panoramas.

Figure 1.4 : Lunokhod 1 (Image courtesy NASA).

Moreover, Lunokhod 2 was the second remotely controlled rover that landed on the
lunar surface. Since it was very similar to Lunokhod 1, it was also driven with eight
wheels that contain independent suspension, electric motor and brake. The rover had
a wide variety of scientific instruments such as a soil mechanics tester, solar X-ray
experiment, and astrophotometer to measure visible and UV light levels, a
magnetometer, a radiometer, a photo detector and a French-supplied laser corner
reflector. In addition, the rover contained four panoramic cameras mounted on the
top, and the energy was supplied by solar panels. Lunokhod 2 holds the record for

the distance traveled on a planetary body that is 37 km on the lunar surface.

The Sojourner rover was the first planetary rover to successfully land on another
planet. It was a six-wheel vehicle, which sent more than 500 images to the Earth, and
it analyzed chemical properties of different locations on the planetary surface of
Mars in Figure 1.5. Its weight was 10.6 kg, and its dimensions were 65 cm x 48 cm X
30 cm. It traveled about 500 meters from its lander. In addition, it had a maximum

speed around 1.0 cm/s.
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Figure 1.5 : NASA - JPL Sojourner Rover (Courtesy of NASA/JPL-Caltech).

Both Spirit and Opportunity rovers also investigated the Martian surface and
geology, and on January 2004, they landed on Mars. They can be seen in Figure 1.6
and Figure 1.7. The rovers had six-wheel suspension and the dimensions of 1.5 m x
2.3 m x 1.6m. Their weight was 180 kg. During their missions, Opportunity found

clues of the water flow presence in the past on the Martian surface.

Figure 1.7 : Curiosity and previous rovers (Image courtesy NASA).
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Curiosity rover is a part of NASA’s Mars Science Laboratory mission. It has
scientific objectives such as investigation of the Martian climate and geology, the
planetary habitability studies in preparation for manned missions, the investigation of
the water flow in the past and the conditions for the microbial life. Both Sojourner
and Spirit/Opportunity were powered by solar cells; however, Curiosity is using a
radioisotope thermoelectric generator as a power source. The design of Curiosity will
be used as the basis for the planned Mars 2020 rover mission. In addition, Curiosity
completed a Martian year (687 Earth days) after finding that Mars once had
environmental conditions favorable for the microbial life according to NASA’s news.
Curiosity is 2.9 m long, 2.7 m wide and 2.2 m in height, which shows that it is larger
than the previous Mars Exploration Rovers.

Corresponding to the results of the planetary rover missions, the space agencies and
universities all over the world are researching and developing robotic vehicles for

planetary exploration mission.

1.4 Lunar Micro-Rover

A lunar micro-rover is a small competent spacecraft that is capable of autonomous
operation, local navigation, manipulation and control on the Moon. Therefore, it is
desired to have some properties such as:

e high mobility

e low energy consumption

e simplicity to be embedded in a small body

e light weight

e low volume

e low cost

According to NASA, there is a need to have an economical solution to use a robotic
spacecraft, which can be easily assembled, repaired, and customized for the
interstellar missions. Further development of an LMR requires technology
developments of miniaturized instruments such as which are used on CubeSats.
Different kinds of mission programs involving lunar and planetary exploration are
increasing in number because of scientific and commercial interests. After orbital

exploration is performed, robotic vehicles can be used for surface exploration to
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investigate a wider area. Then, it is expected to deliver samples to Earth for further

investigation.

An lunar micro-rover (LMR) is a design of a light and small rover that is used for
lunar exploration, micro-payload support, remote operation and scientific
measurement. Recently, mobile robotic systems such as micro-rovers are gaining
attention based on the scientific importance of the Moon. In addition, finding the
fundamental resources for the future missions such as manned mission or a sample
return from the lunar surface to Earth requires exploring interesting geological areas
such as craters by the lunar rovers [3]. A group of micro-rovers can accomplish
missions that are more complex by gathering more data while operating and sharing
their data [4].

All planetary rovers must move safely and accurately from an initial pose to a goal
point without collisions and hazards. In addition, space robots often contain robotic
manipulator arms, handling mechanisms and different tip tools to interact with their
surroundings. Therefore, the required forces and torques are calculated in the

simulations during the design process.

A lunar micro-rover needs to operate despite hard vacuum, lunar dust contamination,
a wide range of temperature variations, significant radiation exposure, and so on.
Operating in the lunar environment poses additional challenges to the LMRs. First,
the robots must be able to discriminate and avoid obstacles that can cause them to
tip-over or be stuck. In addition, the robots have to achieve sensor processing and
planning with limited processing power and thus these actions must be as efficient as
possible. For these reasons, a robotic system must be developed based on a small

robot that operates in an open and dangerous environment such as the lunar surface.

34



2. LUNAR ENVIRONMENT

2.1 Introduction

Previous Lunar missions and new scientific results have shown that operating in the
lunar environment and exploring the Moon still have major challenges for manned
and robotic missions. Regarding lunar surface and its environment, the effects of
them are still unknowns scientifically; however, scientific data are available from the

recent missions to have an idea for preparing for future exploration.

The future exploration activities require addressing some of the environmental
issues. Lunar plasma, dust, radiation, regolith, charge, temperature differences and
their effects must be investigated, researched and considered carefully. The view of

full Moon is given in Figure 2.1.

Figure 2.1 : The view of full Moon.

In the decades following the Apollo and Luna exploration era of the 1960s and 1970s
the Moon fell somewhat out of the international spotlight but a multitude of recent
missions from the USA, Europe, Japan, China and India have reignited interest in our

nearest celestial neighbor.
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2.2 Mission Proposal

According to the future missions, the geology of the Moon, potential resources and
the distribution of them are gaining attention internationally since the Moon itself is
an important planetary body for exploration by both human and robotic missions. For
this reason, lunar micro-rovers must be designed to make scientific research that can
support these missions by investigating the lunar environment and mission

parameters.

As Carpenter states on his report, the scientific results obtained through the Apollo
program are great enough in magnitude to eclipse those of every other planetary
mission to date and are a cornerstone for our understanding of the Moon [5, 6].
Recent missions, however, have shown that our understanding of the Moon is far
from complete; the Moon is far more complex than imagined and further
investigations must be held.

For instance, researches previously believed that lunar volcanic activity ended a
billion years ago; however, new data from NASA's Lunar Reconnaissance Orbiter
(LRO) suggests that lunar lava flowed perhaps less than 100 million years ago. It is
seen in Figure 2.2. John Keller, LRO project scientist at NASA's Goddard Space
Flight Center in Greenbelt, Maryland, stated that this finding is actually going to

make geologists edit the textbooks about the Moon.

Figure 2.2 : Young volcanic rock deposits (Image courtesy of
NASA/GSFC/Arizona State University).
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Multiple scientific areas such as planetary sciences and geology, plasma physics,
astrobiology, astronomy, space science will be benefiting from the scientific
outcomes of the future lunar missions. Therefore, performing scientific researches

with an LMR and addressing multiple scientific goals are important objectives.

Figure 2.3 : Lunar rock sample example.

The mission is desired to land within a determined area in South Polar region of the
Moon since longer periods of solar illumination is available by reason of the low sun
inclination is coupled with topographic highs [7]. For this reason, one lunar day will
be longer while enabling using solar power and batteries. A significant characteristic
of this region can be shown as shorter periods of darkness, which is beneficial since
surviving very low temperatures such as 100K poses thermal and power subsystem

challenges [7]. A lunar crater example is given in Figure 2.4 below.

Figure 2.4 : Lunar crater example.

The main objective is to obtain a surface sample from the Moon and store it within
the micro rover to study in mini laboratory, which is expected to be on the top of the
LMR. The sample is desired to have a volume between 1-3 cm®; therefore, the arm
tool is designed based on a handling mechanism with a surface geometry, which
enables tip tool to grab a solid rock sample from the ground; however, this tool can

also be replaced with a drill mechanism for subsurface sampling. The main interest
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of the research is chosen as investigating the ejecta areas on the lunar surface that

contains both meteor samples as well as Moon’s own material.

The uneven surface requires LMR to sense the obstacles as well as other hazards in
order to get closer to the crater region, and it must be able to identify interesting
sample candidates during the motion. Therefore, the primary technologies to be
implemented within the LMR are chosen as local mapping, manipulation and sample
handling, and path planning. The surface sampling activities will be commanded
from Earth during the communication windows while the instruments within the mini
laboratory analyze samples, and data of the environmental properties such as
radiation, ionization, temperature will be gathered as well. The formal mission
lifetime is expected to be couple of months if the LMR survives the lunar night. The
first phase of the mission will contain primary scientific activities and measurements
before the lunar night period; therefore, if the LMR does not survive the lunar night,

it will gather and transmit data before it malfunctions.

Landing on the lunar surface can be expressed as another challenge; however, it is
not one of the topics of this project. Many studies suggest orbital missions need to be
coupled with surface investigations in order to validate the interpretation of data sets.
In addition, surface data will show suitability for manned missions as well as validity

of the models on the significant surface characteristics.

Table 2.1 : Physical properties of the Moon.

Physical Property Parameter Value
Lunar Gravity 1.6222 m/s? (~ggarth/6)
Lunar Vacuum ~1x 102 mm Hg
4 3
Lunar Atmosphere 10 m(;lecules/cm day .and
2 x 10°molecules/cm3night
Surface Temperature 121°C and — 240°C
Sidereal Rotation Time 27.322 days
Inclination of Equator/Orbit 6°41’

2.3 Lunar Dust and Plasma Environment

Moon does not have an intrinsic atmosphere or a global magnetic field; however, it is

seen that the dust particles are flowing around near the ground level due to the
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gravitational and the magnetic affections during the investigations of the exterior
lunar surface [8]. The surface is directly facing the solar wind particles providing
potential to investigate the solar interactions from the surface. A lunar rover could
collect the environmental data needed by its on-board magnetometers and plasma
instruments, and the restored data would be useful for the determination of the lunar

surface conditions. Lunar dust and plasma environment is represented in Figure 2.5.

Electron Driven =
Negative Charging

Figure 2.5 : Lunar dust and plasma environment (Image courtesy NASA).

As Saito et al. include in their article, Lunar Prospector satellite has unveiled the
plasma interactions with crustal magnetic fields, surface charging and wake structure
of the lunar plasma environment by its three axis measurements after the 1990s [8].
In 2000s, several missions investigated the lunar environment. Recent in-situ
measurements of Kaguya (SELENE) spacecraft have revealed the dynamics of lunar
plasma environment. The low energy ions measured around the Moon made by
MAP-PACE (MAgnetic field and Plasma experiment — Plasma energy Angle and
Composition Experiment) on Kaguya has been used for the investigations. Launch of
the Kaguya was successfully held on 14 September 2007 by the H2A launch vehicle
[8]. Although there are several more missions like Chang’E-1 of China,
Chandrayaan-1 of India and LAIDEE of NASA that measures low energetic ions, the
information gathered by the Kaguya’s data are going to be presented in order to

comprehend the lunar plasma environment on a basis.
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Kaguya has found four evidently distinct ion distributions on the dayside of the
Moon by its 100 km altitude: (1) solar wind ions backscattered at the lunar surface,
(2) solar wind ions reflected by magnetic anomalies on the lunar surface, (3) ions that
are originating from the solar wind ions reflected/scattered at the lunar surface and
are picked up and accelerated by the solar wind convection electric field, and (4) ions

emerging from the lunar surface/lunar exosphere [8].

Although there is an expectation that the all of the ions are absorbed by the surface of
the Moon, Saito et al. have discovered that about 0.1% to 1% of the incident solar
wind ions were backscattered. These backscattered protons were found losing their
energies and did not contain alpha particles, which were mostly consisted of the solar
wind, because of the collisions at the lunar surface. Also, it has been seen that there
is a gradual decrease of the backscattered ions going from the equator to the poles
indicating that the more vertical collisions were creating more backscattering [8].

Secondly, Kaguya also spotted several magnetic anomalies on the surface where the
protons having more energy than the backscattered and incoming solar wind
particles. The scientists, who are investigating these anomalies, claim that these
abnormal particle reflections could be caused by regional closed field lines created
by the magnetically dense regions on the surface or by the electric field occurring

from the wake side to the night side of the Moon, creating a magnetic field also [8].

Third ion population found by the sensors of Kaguya is solar wind ions backscattered
or magnetically reflected, then accelerated. The solar wind creates and magnetic and
electric fields alongside of the surface that could accelerate the backscattered ions
coming with the right angle. Saito has called this mechanism as “self-pickup

acceleration” [8].

Finally, Yokota et al. observed the alkali ions originating from the lunar surface from
the same mission [9]. Solar wind conducting electric field on the surface accelerates
the ions generated from the surface by solar wind sputtering, solar photon stimulated
desorption, or micro-meteorite vaporization. Heavy ions including C+, O+, Na+, K+
and Ar+ have been found by the IMA (lon Mass Analyzer) of Kaguya. Even though
the particles inside of the Earth’s magnetic field are not energetic as the solar wind
ions, the backscattering of the heavy ions was observed. When Moon enters to the

magnetosphere lobes, it was expected not to observe these heavy ions but Tanaka et
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al. have been confirmed there were samples found by IMA data and believed that the
reason for this mechanism is either photon stimulated desorption or the potential
between the lunar surface and Kaguya [9,10].

Both solar wind and magnetospheric plasmas are incident on the Moon’s surface, and
since the Moon is in the magnetotail, which it means passing through the
magnetosphere for around 25% of its orbit, the solar wind composes the most of the
incident particles. These particle interactions are needed to be measured in order to
gain further understanding the dust, radiation and plasma environment on the lunar
surface by providing additional data to the present. As seen in the space environment
models and spacecraft’s scientific instrument data, solar wind particles (SWP) are
naturally regarded as cold plasma where magnetospheric plasma have greater
energies with lower density compared to SWPs. Therefore, the measurement of the
velocity, energy and distribution of these particles can be chosen as a significant
mission objective for the LMR. Lunar orbit can be seen in Figure 2.6.

Figure 2.6 : Lunar orbit (Image courtesy NASA).

Additionally, during Apollo missions on the Moon, it was seen that the lunar dust
can be a significant problem for the robotic missions as well as manned missions
since it reduces visibility and covers the surfaces of the equipment and instruments.
It is stated that re-analysis of data from the Dust Detector Experiments (DDES)
showed that lunar dust prevented the Apollo 11 module may have failed because of

the lunar dust contamination during ascent of the Apollo 11 module [11,12].
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In addition, the clothing of the astronauts was affected by lunar dust contamination,
and it should be noted that breathing the dust particles is adversely affects the human
health as seen in Apollo mission. Moreover, it is also found that the dust prevented
decent sealing of the containers since none of them, which contains rock samples,
was able to hold vacuum after returning to Earth [13]. It is shown in Figure 2.7.

Figure 2.7 : Lunar dust.

2.4 Lunar Radiation Environment

Different kinds of radiation on the lunar surface are a significant risk for the LMR as
well as humans. Four specific populations are dominating sources on the surface of
the Moon such as [12]:

e low energy Solar Wind Particles (SWPs)

e high energy Galactic Cosmic Rays (GCRs)

e occasional high energy particles released during Solar Energetic Proton (SEP)
events

e Secondary radiation generated by the interactions of the surface and

subsurface of the Moon and the first three sources

Particle interactions with materials in the LMR would generate secondary radiation
as well as the interaction with the lunar surface and subsurface. Understanding the
radiation environment and the techniques of the radiation protection is necessary for
the LMR mission as well as the future missions. There are recent studies for the
radiation protection of interstellar CubeSat and other miniature spacecraft such as the

LMRs. The radiation environment influences spacecraft electronic instruments such
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as single event effect, displacement damage and total ionization dose, and the chosen
electronics of the LMR must also be considered according to their radiation tolerance
from their data sheet. The electronic instruments which are sensitive to radiation can
be placed together in order to use local radiation shield, also it must be stated that
different materials are needed in order to stop different kind of particles such as

protons, electrons, photons etc.

Aluminum is an acceptable option due to its density and shielding properties. Further
studies indicated that since the light materials reduces the energy of the protons
better, using low density materials reduces the risk of producing secondary particles;
however, increasing the shield thickness would become essential. On the other hand,
weakening the energy of electrons and photons by high-density materials is superior
to those low density materials; however, increasing the high-density material
thickness would cause many secondary particles. Therefore, multi-layered radiation
protection with high density and low-density materials is optimal radiation shield due
to different radiation effects [14]. Further investigation on radiation shielding for the

LMR will be done in the future for this project according to the environment.
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3. LUNAR MICRO-ROVER PROTOTYPE DESIGN

3.1 Introduction

The primary mission objectives determine not only the tasks performed by the LMR,
but also the system requirements that define completely the micro-rover’s abilities,
and the research area for the lunar micro-rovers (LMR) is extensive such as
navigation, obstacle avoidance, path planning, rover platform design, field-testing,
motion kinematics, slip models, and so on. Since there was no rover platform to work
on in our faculty, the project started with designing a micro-rover platform to
implement certain technologies for testing not only during this project but during the

future projects as well.

A small lightweight rover provides significant benefits in the launch and landing
since the size and the weight of the vehicle is limited. For this reason, there is not
enough room for complex ideas. In addition, the energy limitations require actuators
to be chosen those consume less power since there is limited electrical power from
the solar panels. Most of the time in an LMR, power is generated using the solar
panels and stored in the batteries whereas the onboard computer performs multiple
tasks and plans the actions. In the design process, the most important considerations

were mobility and weight limitations. The final design can be seen in Figure 3.1.

Figure 3.1 : Cad drawing of lunar micro-rover design.
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An LMR design is lightweight with high mobility, energy efficient and resistant to
hard vacuum, lunar dust contamination, a wide range of temperature variations,
significant radiation exposure, and so on. The body structure generally has low
volume; however, it must provide sufficient space for all the subsystems. Therefore,
the rover platform must be simple and versatile as much as possible.

The mass and inertia properties are derived from Solidworks after material selection.
The material of the suspension and the main body is predicted to be Al 2219-T87
alloy, which was successfully used for the Apollo mission, Saturn V, and Space
Shuttle; therefore, it has already proved its reliability for the extreme lunar

environment as well as outer space.

The rover must be able to move to goal points to make measurements with its
onboard instruments and transmit the data; therefore, the development of intelligent
and autonomous motion guidance is important as much as the mobility system of the
prototype. In addition, the micro-rover must be able to provide images of the Moon,
telemetry data for the scientific uses and high-resolution panoramic imagery of the
lunar terrain while the micro-rover safeguards itself during operations against the
local hazards and survives radiation environment during transfer to the Moon as on

the lunar surface.

The lunar surface temperature varies from -240°C at night to 121°C during the day,
and the onboard computer and batteries can keep the electronics warm in order to
operate in that low temperature. The next step for this project is to build prototype
for verification of the performance and to have a micro-rover platform to work on in

our faculty.

3.2 Design Progress

Previously, it is said that the primary mission objectives determine not only the type
of tasks performed by the LMR, but also the system requirements that define exactly
the rover’s abilities. These properties were then utilized to determine the subsystem

requirements for the LMR system.

At the beginning, the design of the lunar micro-rover was a 6-wheel system with a
rocker-bogie suspension that has a mechanism as passive rotary joint to attached two

links called rocker and bogie as in Figure 3.2. As wheels are free to move up and
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down on uneven terrain with the rotary joint, each wheel carry the weight of the
LMR equally, but it is much heavier than a 4-wheel suspension, and each extra

actuator causes more energy consumption and higher hardware requirements.

Figure 3.2 : Cad drawing of lunar micro-rover design 01.

Overall architecture of the LMR contains mechanical hardware, electronics,
computing hardware, sensors, actuators, real-time onboard software, mission

operations software and mission tools.

After considering easier and quicker production value and the simplicity, the
design was adjusted to have a different suspension. The following design is used
to compare the suspension system of the rover, which is shown in Figure 3.2
above. LMRs move most of their time on roughly even surfaces where wheeled
mechanisms have maximum performance, and the micro-rovers avoid obstacles
and highly uneven surfaces most of the time. Further considerations and trade-off
work lead the design to have a 4-wheel suspension since the suspension system is the
key design issue for the mobility, which is detailed in the mobility section. The

chosen final design is shown in Figure 3.4.

Figure 3.3 : Cad drawing of lunar micro-rover design 02.
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Considering that, LMRs travel most of their time on roughly even surfaces where
wheeled mechanisms have maximum performance, a wheeled drive system has some
advantages as having better speed on even terrain, being simple and a mature
technology, having adequate mobility, providing high ratio of payload to micro-
rover’s weight, consuming relatively low power and therefore being energy efficient.
On the other hand, the disadvantages can be shown as having relatively low slope
climbing capacity due to wheel slippage and obstacle traverse capability that is
relatively less compared to other concepts.

Figure 3.4 : Cad drawing of lunar micro-rover design 03.

The final design of the LMR is desired to use CubeSat architecture since
interplanetary CubeSat missions are gaining attention increasingly in the recent
years, and miniaturized instruments are being developed as their radiation resistance
increases. A CubeSat platform is a type of a miniaturized satellite for space missions,
and it can support scientific research while being inexpensive and using mostly
commercial off-the-shelf components for its electronics. The final design of the
LMR is determined to contain at least 4U CubeSat while benefiting from the
knowledge of interplanetary CubeSat designs and missions especially for radiation

protection and temperature variations. A CubeSat example is given in Figure 3.5.

Figure 3.5 : 1U CubeSat example.
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The CubeSat standard has been extensively used to implement science missions with

low cost with many purposes. Many factors such as low complexity, low mass and

volume motivate the development, and the micro-rover will benefit the properties

such as reusability of the components, extendibility of the platform with no changes,

short development timelines, available hardware. In addition, the similarities

between a micro-rover and CubeSat are limitations of payload sizes, short life

expectancy, being ideal platforms for technology demonstrations.

Mission and system requirements can be listed as:

365 mm

Mission Target:
Dimensions (mm):
Maximum weight:
Maximum speed:

Payload:

Surface properties:

Moon

365 x 575 x 575

10 kg

5 cm/sec

Robotic Manipulator Arm, Mini Lab, several scientific
instruments for environment

flat, rocky, crater, regolith, steep slopes

Power source: Solar panels and battery

Sample collection:

Locomotion:

Mapping:

Hazard Detection:

handling from the ground, subsurface (if drill
mechanism is added)

4 wheel suspension (independently steered and driven
wheels)

Active Laser Triangulation System

Active Laser Triangulation System

1
| 8
|
|
i
[ = —
’| éié" !7“_;‘ 365 mm
o | - |
— I =
= =
= =
s —
- \ _
! 7
Rl > '@

575 mm

575 mm

Figure 3.6 : The final dimensions of lunar micro-rover.



A design concept is chosen after considering different design configurations. The
locomotion subsystem consists of a four-wheel suspension with all four wheels
independently steered and driven to increase terrainability. The thermal system is
expected to be mostly passive, and the heat produced by the onboard computer and
batteries is utilized. Another additional choice can be heat-generating devices placed

to control the temperatures of the critical hardware components.

3.3 Mobility System

There are some choices for mobility system for a wheeled lunar micro-rover such as:

e 3 wheeled drive system

e 4 wheeled drive system

e Multi wheel drive system (6 and more wheeled suspension)
e Rocker-bogie suspension

e A mechanism and rocker bogie suspension

For a micro rover, a 4-wheel suspension mechanism has some features as simplicity,
easier to build, lightweight, having less actuator but no mechanism to improve the

mobility of LMR. It is shown in Figure 3.7.

Figure 3.7 : The suspension mechanism of the LMR without the wheels.

While determining the wheel properties, the wheels with smaller diameter have less
surface area in contact with the lunar surface, and it causes less friction when the
micro-rover moves and steers on the terrain. Therefore, lunar micro-rover will be
able to navigate rough terrain better. The wheels in Figure 3.8 are expected to have a

diameter of 7.5 cm, and stripped design would help in moving on the lunar regolith.
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Figure 3.8 : Cad drawing of the wheels.

The suspension mechanism allows the LMR to have different drive modes such as
turning in one place, crab movement, passive or active wheel. According to the final
design, the velocity is determined to be between 3-5 cm/sec, and each wheel is
steered and driven independently. The maximum obstacle clearance in front of the
LMR is expected to be around 20 cm, and the rover is free of obstacles with less
height of around 16.4 cm, which means it can pass those obstacles without hitting the
bottom.

Figure 3.9 : Cad drawing of the LMR without the wheels.

According to the final design, the LMR requires eight step motors for driving and
steering its wheels independently. Multiple mobility modes such as turn-in a single
place, crab motion are useful during the path planning since it uses the kinematic
limitations of the LMR.

As seen in the design process, the micro-rover prototype design was using the

rocker-bogie suspension system; however, it is not a suitable system for our LMR
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even though it provides higher degree of mobility and ability to smoothly climb
rocks 1.5 times its wheel diameter vertically [1]. The rocker-bogie suspension needs
six wheels and ten actuators which is the meaning of increasing weight. Moreover,
another problem occurs when using attached links such as strong stresses would be
applied on the links and the joints even if a small force were acted on the wheels
contacting the lunar surface or an obstacle. Therefore, it would require being
produced thicker, consequently heavier to endure that stress [1]. For these reasons,
the final prototype design contains four wheels, which the load of the weight is
distributed equally to them, and the wheels are broadened in the design according to

sinkage considerations.
Overall mechanical and structural properties can be given as:

e 10 kg-class

e 365 mm height, 575 mm width, 575 mm length

e 75 mm wheel diameter

e 420 mm distance between wheel centers

e 4-wheel suspension, independently driven and steered wheels

e 50 mm/sec maximum speed

e 200 mm maximum obstacle clearance

e 164 mm ground clearance

e Multiple mobility modes (turn-in place, “crab”, passive active wheel)
e 5D.O.F. fully actuated and instrumented front science arm

e 4U CubeSat can be accommodated inside the main body

Figure 3.10 : The distance between the rotational axis of the wheels.
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The actuator and wheel selection is made by considering the project cost and ability
to acquire commercial off-the-shelf components in Istanbul, Turkey. Therefore, the
most suitable choice was NEMA 14-size hybrid bipolar stepping motor, which has a
1.8° step angle. According to actuator specifications, each phase draws 280 mA at
7.4 V, allowing for a holding torque of 650 g-cm. The motor has four color-coded
wires terminated with bare leads: black and green connect to one coil; red and blue
connect to the other. It can be controlled by a pair of suitable H-bridges (one for each
coil), but it is recommend using a bipolar stepper motor driver. 5 mm universal
mounting hub can be used to mount objects on the stepper motor’s 5 mm-diameter

output shaft for attaching to the wheels and the rotational links on the suspension.

Figure 3.11 : Hybrid bipolar stepping motor.

Actuator Specifications:
e Size: 35 mm square x 26 mm, not including the shaft
e Weight: 130 g
e Shaft diameter: 5 mm “D”
e Steps per revolution: 200
e Current rating: 280 mA per coil
e Voltage rating: 7.4 V
e Resistance: 26 (1 per coil
¢ Holding torque: 650 g-cm
e Inductance: 19.2 mH per coil

e Lead length: 30 cm

Figure 3.12 below shows the stepper motor dimensions in mm. The dimension
labeled “length” is 26 mm. The output D-shaft has a length of 21 mm and a 5 mm
diameter with a section that is flattened by 0.5 mm. This shaft works with our 5 mm

universal mounting hub.
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Figure 3.12 : Stepping motor dimensions in mm.
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Figure 3.13 : Stepping motor diagram.

EasyDriver Stepper Motor Driver in Figure 3.14 is the hardware choice for the
actuator control as shown in Figure 3.13 above. It is stated that the EasyDriver is a
simple to use stepper motor driver, compatible with anything that can output a digital
0 to 5V pulse or 0 to 3.3V pulse if it is soldered SJ2 closed on the EasyDriver. It
requires a 7V to 20V supply to power the step motor and can power any voltage of
stepper motor. It provides much more flexibility and control over the stepper motor,
when compared to older versions. The micro step select pins of the A3967 are broken
out allowing adjustments to the micro stepping resolution. The sleep and enable pins
are broken out for further control. The EasyDriver has an onboard voltage regulator
for the digital interface that can be set to 5V or 3.3V. Precision motor control is

obtained by connecting a 4-wire stepper motor and a microcontroller.
EasyDriver Stepper Motor Driver Features:

e A3967 micro stepping driver
e MS1 and MS2 pins broken out to change micro stepping resolution to full,

half, quarter and eighth steps (defaults to eighth)
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e Compatible with 4, 6, and 8 wire stepper motors of any voltage
e Adjustable current control from 150mA/phase to 750mA/phase
e Power supply range from 7V to 20V

Figure 3.14 : Stepper motor driver.

There is not a variety of wheel models to select for the prototype. The closest choice
to be found in dimensions is 125 mm x 58 mm strong terrain wheel as seen in the
Figure 3.15.

Figure 3.15 : Terrain wheel for the LMR prototype.

Battery selection is also made considering the project cost and ability to acquire
commercial off-the-shelf components in Istanbul, Turkey. Therefore, the most
suitable choice was LiPo 2S 7.4V 4100mAh 25C as shown in Figure 3.16 below. It is
suitable for the projects such as quadrocopter, model planes, robots etc., and it
requires a proper battery charger. It is chosen according to the actuators, which

consumes most of the electrical power from the LMR prototype.

55



Figure 3.16 : The battery of the LMR.

LiPo Battery Specifications:

e Dimensions: 138 x 46 x 24 mm

e Weight: 2559

e Charge Rate: 1C (4.1A)

e Continuous Discharge: 25C (102.5A)
e Max Burst Rate: 40C (164A)

e Max Volts Per Cell: 4.2V

e Max Pack Voltage: 8.4V

e Min. Discharge Volts: 6.0V

e Watt Hours: 30.34

3.4 Conclusion

The objective of this study is to design a four-wheeled micro-rover with high
mobility, which can investigate the ejecta areas on lunar surface that contains both
meteor samples as well as Moon’s own materials. Building the LMR prototype will
start on a breadboard with using the components, which are listed above after the
presentation of the thesis. As it is stated, a micro-rover has some advantages over
bigger rovers since they are more robust, more adaptable to different tasks with
minor modifications, faster and cheaper to be reproduced after the completion of the
original design and easier to launch and land on the lunar surface. A 4-wheel
suspension is preferred in order to have a light weighted, simple and less power
consuming suspension instead of the rocker-bogie mechanism. Some technologies,
which will be integrated in the rover explained in the next sections, are determined

and presented.

56



4. ROBOTIC MANIPULATOR ARM

4.1 Structural and Mechanical Design

To design a robotic manipulator arm that can be mounted on a mobile micro-rover,
robotic arms must be lightweight with high mobility, and the position of the robotic
arm must be considered carefully. Since the robotic arm would be used for sample
gathering from the lunar surface, it is placed on the front side of the micro-rover, and
it is chosen to be in the middle of the sample container of the mini-lab that is
predicted to be on the top of the rover and the lunar surface. Meanwhile, the robotic
arm must provide sufficient space for the actuators, cameras, sensors etc. The
actuators on the arm are used for positioning of the links, and the final actuator on

the tip tool is used for handling small rock samples from the lunar surface.

In design process, the most important considerations were mobility and weight
limitations. The mass and inertia properties are derived from Solidworks after
material selection. The materials are predicted to be Aluminum alloy, which was
successfully used for the Apollo mission, Saturn V and Space Shuttle etc.; therefore,
the chosen Al 2219-T87 alloy, which has a density of 2840 kg/m®, already proved its
reliability for the extreme lunar environment as well as outer space. The design is

shown in Figure 4.1 and Figure 4.2.

Mechanical Design Objectives

e To have a suitable robotic manipulator arm system for a micro-rover

e To have sufficient degrees of freedom

e To maximize the operating space

e To minimize additional mass for to the LMR(Lunar micro-rover)

e To have enough space for actuators, sensors

e To minimize the risk of contact or collision of the arm’s link with each other
as well as other surfaces

e To be able to reach to the lunar surface and the top of the LMR
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Scientific Objectives

While considering the mass and volume properties of the robotic arm, the main
objective is chosen as reaching ground to have a surface sample from the Moon and
store it within the micro-rover. The sample is desired to have a volume between 1-3
cm®; therefore, the arm tool is designed based on a handling mechanism with a
surface geometry that enables tip tool to grab a solid rock sample from the ground in
Figure 4.3.

Figure 4.1 : Robotic manipulator arm closed pose.

Figure 4.2 : Robotic manipulator arm assembly exploded view.
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Each part of the robotic arm is designed by examining commercially available
hardware, which is low cost and attainable. Even though the chosen components of
the hardware, which were taken as an example, were not resistant for outer space
conditions, they can be replaced with radiation-proof ones. In addition, they can be
produced and ordered specially for specific mission conditions. Typically, this
includes conditions of lunar gravity, hard vacuum and extreme temperature

variations etc.

Figure 4.3 : Robotic manipulator arm tip tool design.

Table 4.1 : The predicted mass of the robotic arm structural.

Part Name Mass(gr)
Base 92.70
Link 1 94.50
Link 2 92.49
Link 3 98.86
Tip tool 14.22

Total 392.97

4.2 Modeling of Robotic Manipulator Arm

Kinematics is the branch of classical mechanics that studies the motion of points,
bodies and systems of bodies without consideration of its mass or the forces acting
on them [20]. A robotic arm comprises a chain of mechanical links and joints that
allow actuators to be mounted on its structure. Every link is connected by joints

while the base of the chain is generally fixed and the other end, which holds the end
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effector and needed tools, is free to move in workspace. Each joint has one degree of
freedom, either prismatic or rotational, which specifies the movement type. During
arm motions, the relative angles or positions of its neighboring links changes, and
each joint can move its outward adjoining links and move by its inward adjoining

links.

For this project, Denavit-Hartenberg convention is used for kinematics solution of
the designed robotic manipulator arm as well as spatial operator algebra. In addition,
the trajectories are determined by using Matlab, and it is crosschecked by using
Matlab Robotic Toolbox. The dynamics model is implemented with the trajectories

saved in the Matlab workspace.

4.2.1 Forward Kinematics

Jacques Denavit and Richard Hartenberg introduced a convention in order to
standardize the coordinate frames for linkages in 1955 [20]. A robot manipulator
with n+1 links has n joints in order to connect all the links being used. For instance, a
robotic system with two links must have one joint to attach them. If the joints are
numbered from 1 to n, and the links are numbered from O to n starting from the base,
the joint 1 will connect the link 0 and the link 1. Meanwhile, a reference frame must
be assigned considering the base. In many systems, the base is fixed; however, it is
different for planetary or orbital missions. Moreover, when joint n is actuated, the
link n will be moving, and it must be considered that the location of the joint n is

fixed with respect to the link n-1.
Transformation matrix calculation

The joint n connects the link n-1 to the link n, and the transformation from the link
coordinate frame i-1 to frame i is defined in terms of elementary rotations and

translation as:

H;_1:(01, by, ai, a;) = Try(8;) * T,(by) * Te(a;) * Try(a) (4.1)
cos(6;) —sin(0;) *cos(a;)  sin(H;) * sin(a;) a; * cos(6;)
H . = sin(8;)  cos(6;) * cos(a;) —cos(6;) xsin(a;) a; *sin(6;) (4.2)
b 0 sin(a;) cos(a;) b; '
0 0 0 1
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Assignment of the coordinate systems

z,: it is along the axis of joint n + 1. For a revolute joint, the joint axis is
along the axis of rotation. For a prismatic joint, the joint axis is along the axis
of translation.

Xn: It is pointing along the common perpendicular of z,; and z, pointing
towards the next joint. If z,4 and z, intersect, then x, can be chosen to be
pointing towards to the tip of the robotic arm. For X, it is preferred to point
towards to outward of the robotic manipulator arm.

Ya: It should be chosen according to the right hand rule for coordinate
systems.

O point is chosen as the location where the perpendicular axes of z,.; and z,
intersect. If z,, and z, are parallel, it is chosen as b, being zero. At first the
common perpendicular between z,; and z, should be identified, or point of
intersection. At the point of intersection, or at the point where the common

perpendicular meets the nth axis, the frame origin must be assigned [21].

The Denavit—Hartenberg parameters, which are also called DH parameters, are

the four parameters associated with a particular convention for attaching

reference frames to the links of a spatial kinematic chain or a robot manipulator.

Assignment of the DH parameters

an. the distance between the origin of the n™ coordinate system and the
intersection point of the n™ link’s perpendicular and z,.1 axis measured along
Xn.

an: the angle between z,.; and z, axes measured around X,.

ba: the distance the origin of the n-1™ coordinate system and the intersection
point of the nth link’s perpendicular and z,.; axis measured along z,.;.

On: the angle between x,.1 and X, axes measured around z.;.
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Figure 4.4 : The axis assignment of the robotic arm with handling mechanism.

Table 4.2 : The DH parameters table of the arm.

Ready-state
a o b value
R0 220 mm 0° 164 mm -
0—1 0 90° 30 mm 0°
12 80 mm 0° 0 90°
23 160 mm 0° 0 0°
3«4 91 mm 90° 0 0°

4.2.2 Robotic Manipulator Arm Pose Examples
e The Ready-State Pose

The ready state of the arm ([1.57 1.57 -1.57 -1.57](rad)) is chosen as closed position
in front of the robot’s structure as seen in Figure 4.5 below, and then the

homogenous matrix is calculated not from the rover’s base but the robotic arm base

part.
0 1 0 0
Transformation Matrix: Hy, = _01 8 _10 116 2 (mm)
0 0 0 1
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Figure 4.5 : Ready state pose of the robotic arm in Robotic Toolbox.

e Sample Retrieval Pose

Z {in mm)

o :

Y (in mm) ¥ (in mm)

Figure 4.6 : Sample retrieval pose of the robotic arm in Robotic Toolbox.

0.92 0 —-0.39 194.31
Transformation Matrix: Hyy = _839 _(1) _892 —189 77 (mm)
0 0 0 1

An example of reaching the ground pose ([0 -0.26 -1.10 0.96] (rad)) for sample
retrieval is represented in Figure 4.6. The arm reaches approximately 19.4 cm front

and 18.7 cm below the robotic arm base.

e Storing the Rock Sample Pose

After holding the sample, the robotic arm will reach the container entrance on the
top of the rover main structure, and the final position is presented for ([0 0.45

1.57 1.31] (rad)) in Figure 4.7.
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Figure 4.7 : Storing the rock sample of the robotic arm in Robotic Toolbox.

All DH parameters are defined on Matlab Robotic Toolbox, and the robotic arm
geometries are created. By using the forward kinematics, the visualization of the arm
links’ poses are provided, and the animation of the motion is retrieved for

crosschecking.

4.2.3 Trajectory Calculation

A path is a spatial construct that leads robotic manipulator arm’s links from an initial
position to a final position. A trajectory is a path with specified timing or steps.
Similarly, positions and orientations of the robotic manipulator arm’s links varying
smoothly with time is an important characteristic of a trajectory. In the project, it is
desired to generate smooth trajectories within the workspace of the robot by using
the example poses in the previous section. After retrieving the trajectories, they are
imported from Matlab workspace to Simulink model in order to be used in dynamic

model to calculate the torques to move robotic arm’s links.

Typically, radial velocity and acceleration are required to be continuous. Polynomial
function of time is used to retrieve the positions, velocities and acceleration among
the example poses. Their derivatives should be continuous in order to vary smoothly
by time. These polynomials are simple to compute, and the required boundary

conditions and smoothness can be provided. A quintic (fifth-order) polynomial is
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used in order not to have unexpected vibrations during the arm’s motions and they

can be expressed as [20]:

S(t) = At> + Bt* + Ct> + Dt? + Et + F (4.3)
S(t) = 5At* + 4Bt® + 3Ct> + 2Dt +E (4.4)
S(t) = 20At3 + 12Bt? + 6Ct + 2D where timet € [0,T] (4.5)

The boundary conditions t = 0 and t = T, which can be derived from the example

poses, gives six equations that we can write in general matrix form as:

'zo' [0 0 0 0 0 1y4
f I TS T T3 T2 T 1HB|
Sol _| o 0 o o 1 ollc
S _iST“ 4T3 372 2T 1 0HD| (4.6)
50 l 0 0 0 2 0 OJlEJ
5,1 leor® 1272 67 2 0 ollF

By using this formulation, the following trajectories that consist of positions,

velocities and accelerations of each link can be given as:

2 T
: : Joint 1
; ; Joint 2
15 Joint 3 ]
Joint 4
; B e . N _
Qe R R R NG A e s R R R s e b s ais s
5 :
g :
= :
o Z
o p
_05 e v .............................................................................................................................................. -
A -
15 T -
2 | i | | | | 1 | |
] 10 20 0 40 50 80 70 80 90 100

Trajectory Steps

Figure 4.8 : The positions of each joint.
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Figure 4.9 : The velocities of each joint.
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Figure 4.10 : The accelerations of each joint.

4.3 Spatial Operator Algebra for Manipulator Modeling

The Spatial Operator Algebra is a new approach to the mathematics of serial link

manipulators as well as multi-body systems. While it reduces mathematical
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complexity, it eliminates the calculation complications of the high number of
symbols. This is the reason why Spatial Operator Algebra is used for modeling
instead of continuing with DH convention. In addition, it is easier to use on very

complex systems such as multiple robot cooperation tasks.

While the complexity and calculation load is reduced, no information about the
system is lost in this approach. The tip velocities and forces can be calculated, and by

using dynamics, the system response can easily be seen by the user.

The velocities, forces and accelerations propagate through one rigid body to another,
and it is obtained from well-known equivalence between the Lagrangian and

recursive Newton-Euler approaches to manipulator dynamics [19].

The Jacobian matrix can be solved numerically after each iteration, and by using
Virtual Reality on Matlab, the singularity situations can easily be detected. In
addition, it can be seen if there is a problem with the formulization by checking the

eigenvalues of the inertia tensor matrix.

In kinematics, the propagation is performed from the base to the tip by using the joint
velocities; however, the propagation is made from tip tool to the base in dynamics

that can be seen in next sections.

Properties of the Rotation Matrix

The relationship between skew-symmetric matrix and rotation matrix can be given

as.
R=(1-95)"1(1+5) (4.7)

Since (AB)T = BTAT is known, this relationship can be described as:

RT = +S" (- (4.8)
RT=1I-5)I+S) (4.9)
RRT == +SU-S)U+S) =1 (4.10)
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Therefore; it can be said that R € SO (3), and a matrix which shows the rotation
about x axis is taken to show the properties of the rotation matrix. It can be written
as:

1 0 0
] (4.11)

R, (@) == e*® = [0 cos® —sin®
0 sin® cos®

The properties of the rotation matrix can be written as [17]:

e R is normalized: the squares of the elements in any row or column sum to 1.

e R is orthogonal: the dot product of any pair of rows or any pair of columns is
0.

e The rows of R represent the coordinates in the original space of unit vectors

along the coordinate axes of the rotated space.

The columns of R represent the coordinates in the rotated space of unit vectors along
the axes of the original space.

Rotation matrix preserves the distance and orientation, and determinant of the

rotation matrix can be written as:

detR =1l (r, x13) (4.12)
XT3 =1 (4.13)
detR =rfr, = +1 (4.14)

Since the columns are mutually orthonormal, it can be written as:

0 ifi#]
M=y o (4.15)

By taking the columns of the R, (@) and applying the rule, it can be shown as:

rn=[1 0 0]"[1 0 0]=1 (4.16)
71, = [0 cos@ sin@]"[0 cos® sin@] =1 (4.17)
rrs=[1 0 0]"[0 —sin® cos@]=0 (4.18)
rir; =[0 —sin® cos@]"[0 —sin@ cos@] =1 (4.19)
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rir,=[1 0 0]"[0 cosp sin®] =0 (4.20)
rir;=1[0 cos@ sin@]"[0 —sin® cos@]=0 (4.21)

The relationship is also the same for the rows. Therefore, when calculating a rotation
matrix, it is useful to check the sum the squares of any row or column. If the result is

not 1, then surely something is wrong with the calculation.

The relationship between the velocities of two links can be derived from:

T —=w; X

Wy ey 0 -w, w €x
Wxeé = [Wy] X [ey] =w.e= w, 0 —Wy|. [ey] (422)
w, e, Wy, Wy 0 =
0 -w, w,
w=| w, 0 —Wy| skew — symmetric matrix (4.23)
—wy, Wy 0
. center Vg /
' of mass 3
Ziy ij, - d/ “
g\" fire
J 1 axis Qg
Figure 4.12 : The representation of a link.
Wi = Wi—l + éiﬁi (424)
Vi=Vig + Wiy xlio =Viog — i X Wiy (4.25)
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V. _ lel B Il(gxs) 0(3x3)l [Wl 1] [ l éi (4_26)
Vi li-ni eaxs) O(3X1)

fzi shows the rotation axis of the i joint with respect to the reference axis, and it can
be retrieved from the relevant column of the rotation matrix. It should be noted that

no . . . . Ozx1)
Y | is taken for the rotational joints, and it should be taken as | —~ [ for the
Oz h.
(3x1) i
translational joints. @, ;_, is propagation matrix between the serial manipulator links

which takes the distance vectors into account.

I 0 0 h.
Biis = l P “"”l and H; = l (i’“)l r l hi l (4.27)
_li—l,i I(3x3) i 0(3x1)
= |w = .
V= ‘7 = Q)l,baseVbase + H,6, (4-28)
1
Vy = 051 V1 + Hy05 = 00101 paseVpase + D21H161 + H,0, (4.29)

—

Vs = @3,V, + H303 = ®32[(®21®1,base]7base)

(4.30)
+(@21H, 61 + Hy0,)] + H305.
This can be written in matrix form as:
4 I O I RO S Y
| |92 I o0 o|]0 H, IHZI 431)
5 P31 P32 | o ﬁ 0 |65 |
3 @ I 0 0 3 .
= Dy Dao 43 0 0 = l94J
v, 0 H,J
Tip point velocities can be calculated by using:
0 0
= 5 5[ 0
= 0 0[{Gx3) UeExs) @21 1 0 0
V=12 ~| 4.31
‘ 0 0 [_l4t I(3x3) ” ®31 @3, 1 0 ( )
41 ®42 ®43 I
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(H, 0
0 H,
00
00

0
0 0
Hy 0
0 H,

.
AW N R
e ——

Therefore, the Jacobian Matrix for a single manipulator is retrieved from:

I

] = 6...6l1<3x3> 0(3x3)l oy
0..01—lar  I@x3) P31

D1

0

I
D32
Dy

0
0
I
Das

~ o © O

H

0
0
0

(4.32)

Jacobian Matrix for Two Serial Manipulators on a Mobile Platform can be written as:

Vi =]9 + Q)tb]?b

] [Der 1. [Vbl
v,

~ o © O

D1p
0

0

Op = 0,0 @, :thepropogation matrix from base to tip point
B, = 0 oHex3) O@xs) @21 I
? o 0l=loe Iz 931 D32
4-1 ®4-2

In the compact form, this can be written as:
V,=J6 and 6 =]V,

JE=7Tg g™

S ~o o

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

Therefore, when tip point velocities or accelerations are given, the joint velocities

can be derived by using Jacobian matrix. In singularity situations, the Jacobian

matrix loses rank and the modelling cannot work orderly, and it was observed within

the output on Virtual Reality while arm motions were senseless since the given point

was not reachable.
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The tip point velocities can be dependent on the motion of the carried load, and by
giving a motion to the carried rock sample in Simulink model; the tip forces and

velocities can be derived by using the formulas:

OV, and F, = @F, (4.38)

~
I

It is seen that the propagation matrix @,. is needed if the tip tool axis and the carried
rock sample origin axis are in different places; however, the rock sample origin axis
and the tip tool axis are taken in the same spot in our model since it would be inside

of the handling mechanism.

Therefore, the force and velocity relations will be simplified as:

- [N

I7t = I7C and ﬁt = ﬁc where @;. is a unit matrix (4.39)

The Range Space and Null Space

If we consider a vector space X of dimension n and a vector space Y of dimension m
with m < n, the linear transformation between the vectors belong to the X and Y

vector spaces have a relation as:
y = Ax (4.40)

We can describe A term as a linear operator which pairs the vectors from the space X
of dimension n and the space Y of dimension m. Therefore, it can be described as the

matrix A of dimensions (m x n).

RA) ={y: y=Ax, x€X} CY (4.41)

On the other hand, the null space of the transformation is the subspace which can be

described as:

NA) ={x:4x=0, x€X} cX (4.42)

While a matrix A of dimensions (m x n) is given, it can be given as:
p(A) = dim(R(A4)) (4.43)

p(A) + dim(V(4)) =n (4.44)
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As it is seen in the previous equation, the dimension n can be found as the sum of
range space and null space dimensions. It is stated in ITU Modelling and Control of
Robot Manipulators lecture that if x € NV'(A) and y € R(AT), then yTx = 0. It can be
described further as the vectors in the null space of A are orthogonal to each vector
in range space of the transpose of matrix A. Therefore, the set of vectors orthogonal
to each vector of the range space of AT coincides with the null space of A. This

statement can be shown as:
N(4) = RH(AT) (4.45)

Moreover, the set of vectors orthogonal to each vector in the null space of AT

coincides with the range space of A. This statement also can be shown as:
R(A) = N+4(AT) (4.46)

4.3.1 Dynamics

The acceleration of translational and rotational velocities can be expressed as:

Wk = Wk—l + Ekék + VT/k_lx Wk (447)

Vie = Vieer = liic X Wiemq + Wiem1 X(Wie—y % Lem10) (4.48)

To write the accelerations in a compact form, the propagation matrix can be used as:

w I 0 W n s Wi1X W
klzl (3x3) (3x3)l.[.k 1l+[ h; lgk+[~ k—1X Wk (4.49)

F ——

17k k-1 Iz Vie_y Ox1) Wi—1X(Wye—q X l_1x)
Vk = Qk,k—l I7 k-1 + ﬁk ék + ék (450)
- Wi_1X W,
i, = [ﬁ e (4.51)
Wi—1X(Wie—1 X lg—14)
. ( ﬁ 0 0 0 1 .. r: -lw
fVﬂ I 0 0 o0 1 = 0 o0 [911 |Cf1 |
V[0 10 ol o M L ———
V. G317 B3, | ol = 16 [= | .
3 0 0 H; O 3 as
V, Pa1 Duz DPaz | 0 0 = [ L6, 2
L 0 H,I a4-)
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4.3.2 Calculation of Torques and Forces

- - - - kN d N
Tk = Tiar T b1 X frerr + lge X 0pmy + dt (kW) (4.53)
Torque vector of kt joint = torque vector of k+1t link + torque vector resulting
from the k+1t% joint’s force + torque resulting from the link’s own translational
motion + torque resulting from the joints own rotational motion (Euler

Equation).
N d . .
fr = fes1 + My PT: Ve +wie xlic) (4.53)

Force vector of kth joint = Force vector of k+1t link + force resulting from the

joints’ own motions (Newton equation).

Figure 4.13 : The representation of a link.

All forces and torques can be written in a compact form as:

Fkl — Il(sxs) zk,k+1l Fk+1]+[ Iy mkzkc l [Wkl
fil 10Gxs) lexe)] Lfirdd  =mulee My laas] Ly,

R . (4.54)
I Wi X Ika
mkVT/kX(Wk X i)
= . = = = Wy X [, wy,
Fk = @k,k_l Fk+1 + Mka + bk where bk = . . - (4.55)
MW X(Wye X L )

Throughout to degree of freedom, the translated torques and forces are equal to
zero. Unless they are equal to zero, there should be some force affecting the

system, which can be attempting a motion against the actuators.
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T=HTQ"MQHO + H"@"(M@a + b) + HT@T @7 F,

The elements of the Dynamics Equations [18, 22]:

Inverse Dynamics Model: T=MO+C+]"F,
Forward Dynamics Model: 6 =M1t—C-]TF]
Coriolis matrix: C=HT"¢T(M@a + b)
Inertia Tensor Matrix: M=HT¢"M ¢ H
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Figure 4.14 : Simulink model of the robotic manipulator system.
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(4.56)

Since T = HTF and V,, = D k-1 V14 Hy0,+ a,are known, this can be
written in a compact form as:

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)
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Figure 4.15 : Torques for each link with lunar gravity.
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Figure 4.16 : Torques for each link with gravity of Earth.
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Figure 4.17 : Virtual reality screenshot in Matlab.

4.4 Conclusion

By only giving input for the links’ motions, the joints’ torques are derived for the
given system, and for the poses, which robotic manipulators cannot reach, the
singularity of the Jacobian matrix is observed. The computational complexity of
each iteration remained constant, and it grows in a linear fashion with the number of
joints increases. It is strongly recommended for real-time use in some studies,
especially when the number of joints is large. In addition, a closed-form dynamic

model is obtained which the same to the one is obtained by using DH parameters.

The inertia tensor matrix shows all mass and inertial properties of the robotic
systems, and it is very important to be derived for understanding the dynamics of a
robotic system since the inertia of the manipulator should be surpassed in order to
move the links. Therefore, the effect of Moon and Earth’s gravity ratio is observed in
the torques. Since the robotic arms’ motion is determined to be slow, Coriolis Effect
is not strong. Moreover, the profile of the torque graphs seems to be very similar;
however, the magnitude of the torque’s ratio is very close to the ratio of the gravity,

which is approximately 1/6.
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5. ENVIRONMENT RECOGNITION AND PATH PLANNING

5.1 Image Processing

Image processing is a computational process within the robot, which transforms the
scene of the environment to an output digital image. The process of the feature
extraction is one of the important aspects of the understanding the environment, and
due to noise, reflection, shadows and lunar dust on the camera lens creates imperfect

images.

A lunar micro rover is a small self-sufficient robot that is capable of autonomous
local navigation; therefore, the rover needs to retrieve a detailed map of its
environment and sense the objects in order to decide its actions carefully. To achieve
these abilities, rover must have sensors, instruments and processing power as well as
electrical power. For the lunar micro-rover perception of the environment, the first
step would be forming and capturing the images to have information before starting
to operate as seen in Figure 5.1. From these images, the robot can comprehend the
size, the shape and the position of the objects around itself. By using a digital
camera, it forms a digital image by using its light sensitive parts, and it involves the
projection of three-dimensional world onto a two-dimensional image. Therefore, the
depth information would be lost, and the robot would not be able to decide the sizes

and distances of the objects around it.

Original

Figure 5.1 : Compressed rock image.
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Surface rock samples were intended to be detected with black and white camera
images at first by using their shadows. The software would use the images and
histogram distribution, and the dark side of the rock sample would not be confused
with the shadow on the surface in Figure 5.2. In addition, a filter was added to the
software to clear the small dark areas on the surface before the feature extraction.
Sun elevation angle, the sizes of the shadows, and the angle of the camera were
planned to be used to spot the rock samples and to calculate approach angle to the
surface if the sample would be retrieved.
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Figure 5.2 : Rock sample example and image processing.

The black and white image of the possible rock sample was used in the Matlab code.
By using the histogram distribution, the side of the rock is also turned closer to white
since the program would estimate it as shadow because it does not reflect the
sunlight as much as the upper surface as seen in Figure 5.2. In addition, the rock

image is compressed to save computation time and power as seen in Figure 5.1.
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The main problem and risk of this system is that it cannot classify the shadow areas
whether they are caused by an obstacle (rocks, rises etc.) or a hollow [23]. For this

reason, an additional system is needed such as an active laser triangulation system.

5.2 Triangulation

5.2.1 Introduction

Triangulation can be described as estimating the position of an unknown point by
measuring the relative angles from each of the known points [24]. Rather than
measuring the distances to the unknown point directly, triangulation process
measures the angles to it from known points to determine the location of that point.

It is represented in Figure 5.3.

Ps

Figure 5.3 : Triangulation configuration.

sinc sinb

i =d; sinb  “sin(a + b)

(5.1)
An optic triangulation sensor can be either passive or active. Passive triangulation or
stereoscopic systems, which are only using the ambient light of the scene, use two
cameras to capture the interested scene, and the triangles with a fixed baseline are
defined by the lens central points of each camera along with each point on the scene.
The interior angles can be calculated if the focal distances of both cameras are
known [25].

Considering the main problem of passive triangulation systems as the identification

of the corresponding points, active triangulation systems uses a projecting light
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source instead of second camera. Using a laser beam and identifying those points by
using a CCD or CMOS camera could be a simple choice [25].

5.2.2 Laser Triangulation

The laser triangulation system is used to determine the depth of a point of the
environment. The system typically consists of a low-power laser diode to point an
object of interest and a CMOS or CCD camera to detect the reflection of the laser
from the surface [26]. A laser dot or line can be used in the detection of an object,
and how far away the laser reflects on the surface changes positions of appearance in
the camera’s field of view. In addition, the deformation of the laser line on a surface
could be analyzed to understand the surface properties such as inclination, height,

depth etc. This kind of sensor can be used as an “eye” of the lunar micro-rover.

The positions of the camera, the laser emitter and the point of interest forms a
triangle; therefore, the triangulation technique can be used in the robotic system. By
sweeping the laser stripe across an object, the features of the object can be retrieved
by the camera and a proper algorithm; however, the parameters of the system such as
the distance between camera and laser emitter, the laser emitter angle with respect
to the surface must be known. The National Research Council of Canada was among
the first institutes to develop the triangulation based laser scanning technology in
1978 [27].

5.3 Active Laser Triangulation System

A triangulation based range sensor may be constructed by adding a laser stripe
projector and a top-mounted camera on the micro-rover, and the laser beam must be
tilted down since the laser stripe is desired to sweep the terrain ahead of the lunar
micro-rover. Then, the robot can sense the hazards and map the terrain ahead at the

same time.

Active laser sensors offer more reliable terrain perception than most of the vision
based approaches, and they consumes usually a small portion of the computing
power that required by passive vision [28]. While 3D laser scanners are bulky, power
consuming and expensive, active laser triangulation sensors are miniature,

lightweight and low-cost, which means it is suitable for a lunar micro-rover.
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Stereo-based planner is reasonably reliable; however, the main deficiency is that
stereo vision often cannot detect craters while reporting them as unknown areas. In
addition, small obstacles may be overlooked; therefore, it can cause problems, and
the vehicle can hit the bottom of itself [23].

Objectives:

e Being low-cost

e Providing hazard detection

e Mapping terrain

e Consuming low power

e Being light weight

e Having a high response speed

e Having a high sampling frequency
Challenges:

e Measurement uncertainties
e Light variations (the ambient light)

e Different reflective surface properties

ia)

J
T

Figure 5.4 : Active laser triangulation system on LMR.

Table 5.1 : Hazard detection types.

LMR Limits Possible Hazards
Inclination Various sized rocks, step in terrain
Declination Craters, trenches, cracks on the rock surfaces
Hitting the Bottom of LMR Obijects on the peak of slopes
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Figure 5.5 : Obstacle detection by active laser triangulation.

An optical filter can help to overcome the ambient light variations in outdoor
environments according to the wavelength of the laser emitter. In addition, the
ambient light variations can be detected by using a sun sensor. On the lunar
surface, there will not be weather changes as on Earth, and it will be easier to
adapt the system to the ambient light variations than on Earth. The side and top
view of the system is represented in Figure 5.5 and Figure 5.6.

e,
T

.'\\:\
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.\-

Figure 5.6 : Top view of active laser triangulation system.
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5.3.1 Formulization

Image Plane

N
N\

Laser Emitter

N\

ST WO D B M A G Mt T M B —— Obstacle Level

_________ R —  Ground Level

______________________ — Hollow Level
Optical Axis

Figure 5.7 : Hazard detection configuration.

The active laser triangulation system is represented with a laser emitter and a camera
placed at a certain lateral distance in Figure 5.7 above, and the main challenge of the
active triangulation system is how to detect the laser reflection from the lighted
surfaces in the camera. Ideally, the red color pixels in the image plane would
correspond to the laser reflection. The distance and the height of the surfaces that are
illuminated by laser can be calculated by the geometrical equations after the
calibration. If the image plane is divided into two planes from the center pixels,
hollows would be detected on the downside whereas the obstacles would be detected

on the upside plane.

The lateral distance between the laser emitter and the camera sensor, the angles of
the laser line and optical axis with respect to the ground level, the height of the
camera sensor and the laser emitter are the parameters that must be determined at
first. The height and angle of the laser emitter is related to the interested area in front
of the lunar micro-rover as well as the camera sensor parameters. Since the CCD
camera has an angle with the ground plane, it would see the front view with a
perspective; therefore, the width of the observed area would increase with distance

from the micro-rover. Hazard detection configuration is represented in Figure 5.8.
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Figure 5.8 : Hazard detection configuration.

There is a linear relationship between the distance of an object and the position of its
projection on the image plane when lighted with a laser line, and this relation can be
used to calibrate the active laser triangulation system. Two different known distances
have to be determined and measured on the image plane. The parameter p would be
the pixel number of the measured reflection where the parameter x would be the

distance of the object relative to the optical axis of the camera sensor [29].

(P1 — P2)X1X;

X = 29 5.2
unknown Pdetected (X2 — X1) — (P2X2 — P1X1) [29] 6.2)
For obstacle detection:
X2 T X1 X7 Xq
n= cos(p —a)  cos@ (5.3)
no= X2 — X1 L XpT Xy ma > 0
1= cos(P — @ sina = cos sina = rysina (5,4)
X2 — X1 X2 — X1
d, = x; coOS) ————— cosa = x; cosQ — cosa
cos(@ — a) CoS @ (5.5)
= X, c0SQ — r;cosa
For hollow detection:
X3 — Xz  X3—Xp
2= cos(p —a)  cos@ (5.6)
h = X3 — X2 . X3—T Xy . . <0
2= Cos(@ = @) sina = coso sina = r,sina (5.7)
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X3 - xZ X3 — X
————— cosa = x, cosP +
cos(@ — a) cos

= x, c0SQ + rycosa

2
cosa

ds; = x, cos® +
(5.8)

For the hazard detection system, the angle parameters are constant; however,
the angle of a changes if the system is used for mapping. It is represented in

Figure 5.9, and the flowchart is given in Figure 5.10.

Image Plane

Laser Emitter

e A R SR — Obstacle Level
I hi

o SN W N . . S Ground Level

I h2
_______ — Hollow Level

ds Optical Axis /
X3

\

Figure 5.9 : Hazard detection configuration and parameters.

Hazard Detection and Mapping Algorithm Steps

1. Opening and checking laser stripe

Taking image of the scene with laser emitter on

Image processing; taking the red scaled image from the RGB color image
Finding the red pixels and saving pixel rows and columns

Triangulation process to detect the height and distances

o Ul E W

Detect possible hazards for obstacles and hollows by checking wheel and
body areas differently

7. Interruption of the rover movement or safe signal to continue

8. 3D reconstruction of the scene

9. Updating the previous map

10. Store the current map and update the rover position

11.Return to Step 1
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Mapping <
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Figure 5.10 : Hazard detection and mapping algorithm flowchart.

Figure 5.11 : Rough laser stripe emitting on the scene.

A simple laser line is used to represent the illuminated surfaces of a hollow by the
laser emitter in Figure 5.11. Figure above shows the detected red color pixels of a
red-scaled image, and the laser line is on the top half of the image plane as expected.
Then, 3D reconstruction of the scene is made by using the written code to show the

sensed depth of the hollow. An example is given in Figure 5.12.
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Gridded Map

Figure 5.12 : Rough hollow detection example on the scene.

Figure 5.13 : Rough elevation detection example.

A simple eraser in Figure 5.13 above is used to see if the written code can sense and
represent the illuminated surfaces by the laser emitter. The image shows the red-
scaled image of the scene, and then the program detects the red color pixels. The last
image shows the plot of the sensed pixels to show how the final works. The plot
shows the laser lines thicker than the actual since the plot element is chosen dots

denser than the actual pixel size.
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5.3.2 Surface Mapping

Mapping can be described as visualization of surface features by using data from the

active laser triangulation system. The depth information from the taken image is used

to interpret the distance and pose of the certain features, and the accuracy of the

information is dependent on the active laser triangulation system directly. An

example is represented in Figure 5.14. Each measurement can be used to update the

main map around the lunar micro-rover systematically since the micro rover need

information about its surroundings to find a path to reach its goal destination.

Gridded Map

-1000

Figure 5.14 : 15 x 15 gridded main map example.
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Figure 5.15 : 30 x 30 gridded main map example.
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A Matlab code has been written to create a main map in order to be updated by using

each measurement, and the surrounding of the LMR has been chosen as 2 m x 2 m.
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The map updating code uses image space data as the taken measurement is used with
its x and y coordination and its angle 6. This information is converted with respect to
the reference frame, and it is used to update the image space data according to the
pose, which can be seen in Figure 5.16 below.

r N {‘;Q, ¥z, 0z}

i VG f R

{x3, y3, 03}

I {x1,y1, 01}

»

Figure 5.16 : Main map updating representation.

Each measurement would add new information on the surrounding of the micro
rover, and this information would help to find an optimal path as well as to avoid

hazards and obstacles.

The main map-updating algorithm uses a transformation with respect to the reference
frame where an initial pose and goal destination can be represented. There are some
parameters, which Matlab code uses while creating the 3D reconstruction of the

image data around the micro rover:

e Grid numbers in x-y plane
e The width and length of the main map

e The reference height from the initial pose
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When the grid numbers are increased into a certain amount, the features of the
surface geometry are preserved more accurately, which can be seen in the Figure
5.14 and 5.15; however, it would increase the response time of the overall algorithm
including the path planning. To increase the performance, the grid numbers could be
limited in an optimum point where the features of the surface geometry will be
retained in an efficient extent. On the other hand, the width and length of the main
map are other parameters that would affect the performance of the system. The
optimum grid number is highly related to them, and these parameters would be
determined during the experiments by evaluating the performance.

5.4 Path Planning

5.4.1 Introduction

In robotics, path planning is the process of arranging a desired movement task from
an initial position to a goal position with considering obstacles, robot size and
kinematic limitations by optimizing some determined criteria such as time, energy
consumption etc. For instance, navigating a mobile robot on a rough terrain or inside
a building to a goal position is a path-planning problem. It should use its sensors to

observe its environment or a given map to decide its movements.

Lunar micro rover will be working in unknown and rough terrain, or with minimum
knowledge of its surroundings. A key functionality required for being able to
perform certain tasks; therefore, it requires navigational autonomy. The mapping
algorithm will be updating surrounding characteristics and keeping it in the memory
in a certain extent. If available memory is low, it will delete the most distant terrain
information relative to the LMR position. The micro rover must use its sensors to
navigate safely and autonomously to the desired position, and while the LMR moves
to the goal position according to main map or global map, it needs to correct its

trajectory according to surrounding objects, obstacles and hollows.

Path planning algorithms for planetary rovers have several key characteristics such as
[30]:

e Considering no prior knowledge of the surroundings

e Being sensor-based
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e Being robust, complete and correct

Additionally, they must be performing their tasks under some constraints of power,
computational capacity and available onboard memory [30]. Therefore, the planned
algorithm is being developed and enhanced considering this limitations. It must be
noted that the path planning will be performed with incomplete information about the
environment, and as seen in Figure 5.16, the LMR will observe its front side and
update its main map and previously planned path.

Most of the path planning work can be classified in three main categories such as
classic path planners, heuristic planners, and “complete and correct” sensor based
path planners. Classic path planners assume complete knowledge of the
surroundings, and they are complete where heuristic path planners generally based
on a set of “behaviors”, and they are suitable for unknown environments; however,
they are not guarantee reaching the goal will be achieved. The last category, which is
sensor-based and complete, is the most suitable for the autonomous path planning
[30].

In previous section, mapping algorithm is described as visualization of surface
features by using data from the active laser triangulation system, and each
measurement is used to update the main map around the lunar micro-rover. For path
planning, each grid is used as a waypoint to be investigated to find a path to reach the

goal destination. The path-planning algorithm is described in the next section.

5.4.2 Path Planning Algorithm Selection

One of the fundamental problems in path planning is navigating in a rough terrain
and finding the optimal path to a goal position; however, there are many approaches

to this problem, A* search is the most common and widely known algorithm.

Nils Nilsson proposed a heuristic approach for Shakey the Robot to navigate through
a room with some obstacles in 1968, which was a faster version Dijkstra’s algorithm
to find the shortest path in graphs [31]. A* search algorithm uses a best-first search
and follows the path with the minimum cost or distance. While it preserves alternate
path branches in the memory if one of the segments have a lower cost than the

current path, it switches from the present one to that segment with lower cost.
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A*search algorithm uses the distance between the initial location of the LMR and the
goal position. Then, it moves to the waypoint that has the smallest distance.
Therefore, identifying the successor waypoint is the key in this method. The LMR’s
mapping method uses a 3D grid map to represent its environment; therefore, the cost
function must be chosen as the Euclidean distance between two points. The

Euclidean distance formula can be written as:

d(a,b) =+/(a; — b))% + (a, — by)? + - + (an — by)? (5.9)

The total cost function f(n) is the sum of two functions which are the past path-cost
function, and future path-cost function. The past path-cost function g(n) can be
described as the sum of the known cost from the starting node to the current node n,
in other words, it is the sum of the known costs between each nodes in the currently
planned path. The future path-cost function is an estimate of the distance from node n
to the goal position.

f(m) =gm)+hn) (5.10)
h(n) <h(n+1)+d(n,n+1) (5.11)

The future path-cost function must be an admissible heuristic that means it cannot
estimate the cost to the goal more than its actual value. This can be shown as in

Figure 5.17 below.

©

Figure 5.17 : The future path-cost function representation.

It is seen that the time, which is required to find the path between two given points,
increases exponentially with the number of nodes. Moreover, the required memory

also increases since the algorithm saves all nodes and branches.

The first step in the algorithm is loading map data to the workspace to use in the

path-planning algorithm. The information of outside of the LMR’s field of view is
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kept in memory, and the map data is implemented in the algorithm as 2D grid, which
shows the coordinates of the nodes and the height values corresponding to those
nodes. When the LMR uses its active laser triangulation system and captures an
image, the LMR’s field of view is updated in the image space. Then, the updated
image space is used to reconstruct a new 3D map. If the captured image is used to
create a local map, and then it is used to update the current map, the new nodes
cannot match the main map’s nodes certainly. Therefore, the image space must be

updated first in mm metric, and then the main 3D map must be updated.

To navigate the LMR through the reconstructed 3D map, the model must consider
the physical properties of the LMR and the kinematic limitations such as its size and
ability to rotate. The LMR design has an ability to rotate around its central axis.
However, the A* search algorithm does not account neither the physical size of the
robot nor its mobility [32]. Therefore, the first step is to check the height values
corresponding to each node, and then classify them as obstacles according to the

LMR’s traversing ability.

The width of the obstacles is extended to consider the LMR as a particle on the map
as suggested in [32-35]. Therefore, the obstacle detection and extending function is
written and implemented in the algorithm, which considers the size of the LMR and a
determined clearance between an obstacle/hollow and the LMR, before the path
planning is performed. Figure 5.18 shows the 3D map for the obstacle and hollow
detection example, and Figure 5.19 shows the detected nodes before extending for
safety. Finally, Figure 5.20 is the extended nodes of the hollows from the example

map.

Gridded Map

2000

Figure 5.18 : 3D map example for obstacle and hollow.
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Figure 5.20 : The extended nodes of hollow for possible hazards.

The first written

algorithm before A* search was quicker to response; however, it
does not give the optimum result which can be seen in Figure 5.21. It used a greedy
search, which takes minimum cost value between the nodes into account instead of
the total cost from the start position and to the goal position. It uses a heuristic for

making locally optimal choices at each stage; however, it was stuck in loops in some
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Figure 5.21 : The first algorithm with greedy search.

The LMR tended to head directly to the goal position instead of the top left corner of
the hollow nodes, and the planned path is not optimum as it is seen in Figure 5.21
since it calculates the total cost function by summing the Euclidean distance from the
initial position and the Euclidean distance to the goal position for each sub-node
candidate. In addition, greedy search algorithm was stuck in loop for the second
example, it is observed it switched between two nodes as expected, and it was not
able to reach the goal. Even though the first algorithm is faster to response, it is not
suitable for a lunar micro rover considering the power consumption and time as well.

This is the reason why a variant A* algorithm is chosen to be implemented.

/ nitialization /

—>‘ Capturing Image with Laser Emitter on |

] Image Processing |

[ Laser Stripe Detection (Red Pixels) I

Yes
| Hazard Detection ’—>| Interruption |

| No

] Send Safe Signal |
v

I Mapping ’4—
v

l Update the Main Map l

.

| Path Planning J« |

v

No
| IsGoal Reachable?  |—>|Stop and Ask the Another Goal

l Yes
][ Follow the Path |

Figure 5.22 : Path planning and mapping algorithm flowchart.
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The Path Planning Algorithm Steps

Load the updated 3D map
Classify possible obstacle and hollow nodes for hazard detection
Expand the detected nodes of the obstacles and hollows
Add the expanded nodes into ineligible list
Request the initial position of the LMR in x and y axis
Request the goal position in x and y axis
Plot the detected hazard nodes, the initial position of the LMR and the goal
position
8. Check if the initial position node is the goal position
If YES: Stop the algorithm and report
If NO: Continue
9. Put the start node on the path list
10. Determine the sub-nodes from eligible list
11. Check the sub-nodes if one of them equal to the goal
If YES: Stop the algorithm and report the path
If NO: Continue
12. Calculate h(n), g(n) and f(n) for each sub-node and add them into the path list
13. Find the sub-node with the minimum f(n) value
14. Add previous node(s) to ineligible list for sub-node selection
15. Return to Step 10

No ok owhe

As it is seen in the path planning algorithm steps, the written code loads the
reconstructed 3D map to the Matlab workspace at first. Then, it classifies possible
obstacles and hollow nodes for hazard detection and expands them. After plotting
those nodes in red color on a gridded plot, it requests an initial position for the LMR
and the goal position. The next step for the path planning is to check whether the
initial position and the goal position are equal, and according to that, the algorithm
will continue to perform. The ineligible list is created before sub-node candidate
selection, and the total costs of sub-node candidates are calculated by the Euclidean
distance function. According to those values, sub-node is chosen with the minimum

cost.

By checking whether the sub-node is equal to the goal position, the algorithm
decides to stop and report or continue performing. If another sub-node is found to be
with minimum total cost in the next loop, a new branch is added to the path
candidates while the previous one is preserved in the memory. It can be seen that the
number of the nodes increases the path candidates to be kept in the memory, which
leads to increase in the required memory space exponentially. Unless the available

memory is present, the algorithm will delete the path candidate with minimum
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potential, which has the highest total cost function. The comparison is given in Table
5.2.

Table 5.2 : Comparison of greedy search and a* search algorithms.

Greedy Search Algorithm A* Search Algorithm
Quicker to response Slower to response
Incomplete Complete
Requires less memory space Requires more memory space
Not Optimal Optimal

If a graph search algorithm always returns an optimal solution, it is admissible since
it chooses the path with the lowest cost (if a solution is present to reach the desired
position). On the other hand, A* search algorithm is only admissible if the heuristic
h(n) never over-estimates the distance to the goal, which is represented in Figure 14.
Therefore, A* search algorithm not only finds a path, if a path exists at all, it also

finds the optimal solution with the minimal cost.

At first, A* search algorithm is used to find a path between two points with the node
coordinates [10, 10] and [20, 20] to check from the plot since the shortest; therefore

the optimum path between two points is a straight line as in Figure 5.23.

30._ ................. SR s s st son S LR St S sons ot g s ngmess gnenens s sme e oIS oD A LSRRI 0D s A ......................
b . s s T e b s s oo o s s o e Bt s s o s o .............................

M fcsosmmsconsmmmonsini ...................................................... . S ...........................

Figure 5.23 : A* search algorithm between two points without any obstacles.
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After checking A* search algorithm between two points without any obstacles, more

complex path planning tasks are performed to see the performance of the written

algorithm. The next Figures are shown to illustrate different tasks.
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Figure 5.24 : A* search algorithm between two points with obstacles.

Ineligible nodes from the hollows are placed closer in the next task, and the

algorithm was able to find its optimal path through a small open area in Figure 5.25.

=
g [}
................................................ w:E::@:::-
: o
g
oK
s
................................................. .ﬂ|
®: :
: : Sl oleJoleTololo]
N oo]0) : R {elelolololoTololoTole]
Hololololulolololole) 000000000000

RelololalololoTelotolatetoREE s TeTotalaTolotal e otatet:
oleteroleloteTeloTololoTolol ToToloTolotoTe o otuloToTeh:
oloTeloloTolulolololeluloTolo M ToToToToluloTo loTotuloToTe)
00000060 000B0000RKO00OO0000O000]
0G0000O0000H0000E0000O0000O000

30

olololelelolsielololelclofslelon dalclofslolotolslolotolelon
(olelelelelolelelolololololoNuRR ololololelolololole ole]
iololelolelololololololololo RuRE Sololololololelolololele;
HelolololololololololoTo MENEINE 1olo o o o o ol0loT0l0]
L 00000000 I {olololololeTolololole)
SN AR P AR R Jolololelotolslelolok R=
2 : : : Lirlelolelololele}
: £ 0000
: F m
; = .
. ................................... ...... ‘w 4444444 40
; - % .
: ok &
: g L -
B 8 H ¥ = 8%
%

Figure 5.25 : A* search algorithm between two points with denser obstacles.
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The next task was chosen as path planning from an initial position to an unreachable

goal; therefore, the obstacle nodes are placed closer and surrounded the start position

of the LMR. The A* search algorithm investigated all nodes available in the right

bottom area in the map (Figure 5.26); however, it stopped performing after no

eligible sub-node candidate was available.
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Figure 5.26 : A* search algorithm for unreachable goal destination.
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Figure 5.27 : A* search algorithm task example.
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Figure 5.28 : A* search algorithm task example.

The final tasks are illustrated in Figure 5.27 and 5.28, which the first written
algorithm failed to perform and stuck in infinite loops when reached at [2, 9], [1, 10]
or [1, 11]. On the other hand, A* search algorithm found the optimum path

successfully.

5.5 Conclusion

According to the velocity of the LMR, it should be able to plan its path in real-time
while the robot observes and map its surroundings while it evades sensed obstacles
and hollows for safety and reliability. Active laser triangulation system is expected to
be sensitive to noise; hence mapping and path planning algorithm; however, it will
be optimized after implementation to the LMR when it is built within our faculty. In
addition, active laser triangulation system operates by sensing the reflected red laser
from a surface from the red color pixels on the captured image; however, the ambient
light variations and the reflectance properties of different surfaces are the main
challenges of the system. The ambient light variations are expected to be overcome
by using optical filters according to the wavelength of the laser emitter to be used in

outdoor environments more accurately.
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Active laser triangulation system is desired to be low-cost, low power consuming
while having high response speed and high sampling frequency, and it will be used
for detecting hazards and mapping the rough terrain.

Following a determined path around an obstacle or a hollow is a common feature of
the previous example tasks. It is not a problem in the absence of noise and
uncertainties; however, it will be used to measure the performance of the LMR’s
navigation and path planning system. Then, further optimizations will be performed,
and adding stereovision system to the LMR is expected to increase overall

performance.

When the LMR uses its active laser triangulation system and captures a new image,
the LMR’s field of view is updated in the image space. The information of outside of
the LMR’s field of view is kept in memory, and the map data is implemented in the
algorithm as 2D grid, which shows the coordinates of the nodes and the height values
corresponding to those nodes. Then, the updated image space is used to update 3D
main map. The LMR’s field of view will be updated on the main map, and the rest
information will be preserved in the memory unchanged. If the captured image is
used to create a local map, and then it is used to update the current map, the new
nodes cannot match the main map’s nodes certainly. Therefore, the image space must

be updated first in mm metric, and then the main 3D map must be updated.

The mapping and path planning algorithm considers solely 2D rotation of the LMR;
hence the field of view. In the real system, it will use height of the robot’s position
relative to the reference level, and the orientation data from an onboard inertial

measurement unit (IMU) sensor.

Higher grid number represents the surface geometry more accurately; however, it
requires longer response time; hence the path planning and obstacle detection. The
width and length of the main map and the determined grid number in x and y planer
must be kept in the optimum value while considering the response time and available

memory capacity of the LMR.

Finally, greedy search algorithm and A* search algorithm is implemented in the main
algorithm to compare their performance. Different tasks are given to the path
planning algorithms, and if there are no obstacles or hollows, which the robot cannot

overcome, both algorithms found the reasonable path. On the other hand, the
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complication level is increased for the tasks, and A* search algorithm found the
optimal path each time, if it exists at all. Therefore, A* search is chosen as the path
planning algorithm instead of greedy search.
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6. CONCLUSION AND RECOMMENDATIONS

The LMR is designed to be a lightweight platform with high mobility, resistant to
high radiation, extreme temperature variations, lunar dust etc. In design process, the
most important considerations were mobility and weight limitations. The mass and
inertia properties are derived from Solidworks after material selection. In addition,
the energy limitations require actuators to be chosen those consume very little power
since there will be limited electrical power from solar panels. Onboard computer and
battery is expected to keep the electronics warm in order to operate in low
temperature. The body structure is designed to have low volume; however, it
provides sufficient space for the onboard computer, scientific instruments, actuators,

cameras, Sensors etc.

The main objective is to obtain a surface sample from the Moon and store it within
the micro rover to study in mini laboratory, which is expected to be on the top of the
LMR. The sample is desired to have a volume between 1-3 cm®; therefore, the arm
tool is designed based on a handling mechanism; however, this tool can also be
replaced with a drill mechanism for subsurface sampling. The main interest of the
research is chosen as investigating the ejecta areas on the lunar surface containing
both meteor samples as well as Moon’s own material. The primary technologies to
be implemented within the LMR are chosen as local mapping, manipulation and

sample handling, and path planning.

At the beginning, the design of the LMR was chosen as a 6-wheel system with a
rocker-bogie suspension, which has a mechanism as passive rotary joint to attach two
links called rocker and bogie. As wheels are free to move up and down on an uneven
terrain with the rotary joint, each wheel carry the weight of the LMR equally, but it is
much heavier than a 4-wheel suspension, and each extra actuator means more energy
consumption and higher hardware requirements. Further considerations and trade-off

work lead the design to have a 4-wheel suspension.
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The surface sampling activities will be commanded from Earth during the
communication windows while the instruments within the mini laboratory analyze
samples, and data of the environmental properties such as radiation, ionization,
temperature will be gathered as well. The formal mission lifetime is expected to be
couple of months if the LMR survives the lunar night. The first phase of the mission
will contain primary scientific activities and measurements before the lunar night
period; therefore, if the LMR does not survive the lunar night, it will gather and

transmit data before it malfunctions.

By only giving input for the links’ motions, the joints’ torques are derived for the
given system, and for the poses, which robotic manipulators cannot reach, the
singularity of the Jacobian matrix is observed. In addition, a closed-form dynamic
model is obtained which the same to the one is obtained by using DH parameters.
The effect of Moon and Earth’s gravity ratio is observed in the torques. Since the
robotic arms’ motion is determined to be slow, Coriolis effect is not strong.
Moreover, the profiles of the both torque graphs seem to be very similar; however,
the magnitude of the torque’s ratio is very close to the ratio of the gravity, which is

approximately 1/6.

Active laser triangulation system operates by sensing the reflected 670 nm
wavelength radiation laser from a surface from the red color pixels on the captured
image; however, the ambient light variations and the reflectance properties of
different surfaces are the main challenges of the system. It is desired to be low-cost,
low power consuming while having high response speed and high sampling

frequency, and it is used for detecting hazards and mapping the rough terrain.

When the LMR uses its active laser triangulation system and captures a new image,
the LMR’s field of view is updated in the image space. The information of outside of
the LMR’s field of view is kept in memory, and the map data is implemented in the
algorithm as 2D grid, which shows the coordinates of the nodes and the height
values. Then, the updated image space is used to renew reconstructed 3D main map.
The LMR’s field of view is update, and the rest information is preserved in the

memory unchanged.

Greedy search algorithm and A* search algorithm is implemented in the main

algorithm to compare their performance. Different tasks are given to the path

106



planning algorithms, and if there are no obstacles or hollows, which the robot cannot
overcome, both algorithms found the reasonable path. On the other hand, the
complication level is increased for the tasks, and A* search algorithm found the
optimal path each time, if it exists at all. Therefore, A* search is chosen as the path

planning algorithm instead of greedy search.

The next step for this project is to build prototype for verification of the performance
and to have a micro-rover platform to work on within our faculty. A passive
triangulation system such as stereo-based planner is a reliable choice, and it will be
added to the LMR in the future; however, it cannot detect craters and shadows
whereas active laser triangulation system is successful. Further investigation on
radiation shielding for the LMR will be done according to the environment
conditions, it is currently expected to be a multi-layered radiation protection with

high density and low-density materials.
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