
B
A

C
H

E
L

O
R

 T
H
ESIS

Mechanical Engineering and Computer Aided Engineering, 180 credits

Dark Ages Lunar Interferometer - Deployment
Rover

Propulsion and Steering Systems

Victoria Birgersson, Maximillian Lundgren-Goodman

DegreeThesis, 15 credits

Halmstad 2015-05-25



Preface 

This thesis is the thesis project work of two engineering students at Halmstad 
University, Sweden. The students will receive a Bachelor’s Degree in Mechanical 
Engineering. This engineering education includes a focus upon product development 
and modeling, which is also a central part of this thesis project. 

The main project is led by National Aeronautics and Space Administration’s branch 
Jet Propulsion Laboratory (NASA – JPL) which has an interest in developing 
deployment options for low-frequency radio antennas on the lunar surface. 

We sincerely want to thank NASA Jet Propulsion Laboratory and a special thanks to 
Dr Ashitey Trebi-Ollennu for help and guidance through the project. We are very 
grateful and honored that we had the opportunity in our thesis project to cooperate 
with NASA Jet Propulsion Laboratory and Dr Ashitey Trebi-Ollennu 

We also want to express our thanks to Jonas Mazal, research engineer at Halmstad 
University, for guidance in the process of building the prototype. 

Finally, we especially thank our supervisor at Halmstad University, Professor Lars 
Bååth for his support and guidance through the project. 

 

 

 

 

 

Maximillian Lundgren Goodman  Victoria Birgersson 

  



  

Sammanfattning 

NASA Jet Propulsion Laboratory ska 2030 placera en interferometer på månens 

baksida, interferometern ska fungera som ett radioteleskop. Interferometern använder 

sig av tunna polyamidfilmer som antenner. Dessa ska rullas ut på månens yta av en 

rover (ett obemannat fordon). Rapporten behandlar framtagning av koncept för 

styrning och framdrivning av denna rover. 

Interferometern ska placeras på månens baksida för att man i så stor mån som möjligt 

vill undkomma strålningsstörningar från Jorden. Interferometern ska bestå av flertalet 

polyamidfilmer, ca 100 meter långa och en meter breda. Filmerna ska 

sammankopplas i en kontrollenhet som finns i mitten av det stjärnformade mönster 

filmerna läggs i. Då rovern ska placera ut dessa filmer på månens yta, ska den ska 

köra från och till landaren för att hämta upp rullarna. Fokus i projektet har varit att 

göra ett så pålitligt stabilt system som möjligt för att rovern ska klara av att slutföra 

sitt uppdrag utan driftstörningar. Med interferometern vill man sedan kartlägga 

vätgasmoln som bildades i universums ungdom (Platt, 2008). 

Resultatet av projektet är ett koncept som visar roverns framdrivnings- och 

styrsystem, hjulupphängning, motorplacering samt hur hjuldesignen kan se ut. Fredy 

Olssons metoder har använts för att ta fram koncept som uppfyller krav och önskemål 

då denna metod har använts tidigare under utbildningen.   

De fyra koncept som bidrar till ett koncept för hela styr- och framdrivningssystem är 

styrning och framdrivning på roverns alla sex hjul, hjulen är designade på så vis att de 

är delade i två. Motorn är vinkelmonterad. Roverns hjul är semi-öppna med en kant 

som är högre än det djup hjulet sjunker ner i månytan., med en sluttning inuti för att 

sand och damm ska rinna ut. 

Inspiration har kommit från tidigare rovrar som varit/är aktiva på månen och Mars då 

det är beprövade koncept som visat sig vara stabila och pålitliga. Tidigare 

examensarbeten har kommit fram till att det chassi som ska användas är snarlikt det 

som använts på Mars Science Laboratory Curiosity och Mars Exploration Rover’s 

Spirit och Opportunity. 

Projektet började på Högskolan i Halmstad 2013 och tidigare projekt har tittat på 

bland annat chassit, energisystem och utplaceringsenheten. Årets projekt har tagit 

hänsyn till resultat från tidigare år, för att ett koncept på en hel rover slutligen ska 

kunna visas upp för NASA Jet Propulsion Laboratory. 

Examensarbetet är genomfört i samarbete med NASA:s Jet Propulsion Laboratory i 

Kalifornien, USA, vilka är USA:s center för robotisk utforskning av solsystemet. 

  



  

Abstract 

2030 NASA Jet Propulsion Laboratory will place an interferometer, which will work 
as a radio telescope, on the far side of the Moon. The interferometer uses thin 
polyamide films as antennas, which are rolled out by a rover (an autonomous 
vehicle). The thesis covers concept generation of the propulsion and steering system 
of the rover. 

The interferometer is to be placed on the far side of the Moon in order to ensure, as 
far as possible, that it is not effected by radiation from Earth. The interferometer 
consists of several polyamide films, approximately 100 meters long and one meter 
wide. The films are to be connected in the middle in order to form a star pattern of 
film. Since the rover is to roll out these films on the surface of the Moon, it will drive 
back and forth to the lander to pick up the rolls. The focus in the project has been to 
develop a reliable and stable system as possible so that the rover can accomplish its 
mission without malfunctions. The purpose with the interferometer is to map the 
hydrogen gas clouds which were formed during universe’s youth (Platt, 2008). 

The outcome of this project is a concept indicating what the most optimal design of 
wheel mount, of motor mount, of wheel and steering design may be in order to steer 
the rover. The method to generate concepts used is known Fredy Olsson’s method. 
This is a method that has been developed at Lunds University and it has been widely 
used in engineering education at Halmstad University. 

The four concepts developed and contributes to the whole concept for propulsion and 
steering system of the rover. The four concepts developed are an all six steering, all 
of the six wheels can be controlled individually. Each wheel is split, or divided in 
two. The motor is angle mounted and the wheel is semi-open with a slope that makes 
the Moon dust fall out if it comes inside. 

Inspiration from previous rovers which are or have been on the Moon and Mars has 
been useful in generating concepts. Previously used concepts are stable and reliable, 
which are important factors in this project. Previous theses have come to the 
conclusion that the chassis of the rover should be the one similar to the one used on 
Mars Science Laboratory Curiosity and Mars Exploration Rover’s Spirit and 
Opportunity. 

The Halmstad University projects in collaboration with NASA began at Halmstad 
University in 2013, and previous projects have developed the chassis, energy system 
and the deployment mechanism of the rover. This year’s project takes into 
consideration the results from previous years since a concept of a complete rover 
ultimately is going to be presented to NASA Jet Propulsion Laboratory. 

The thesis is done in collaboration with NASA Jet Propulsion Laboratory in 
California, USA. NASA Jet Propulsion Laboratory is the leading U.S. center for 
robotic exploration of the solar system. 
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1 Introduction 
In this section, we present the background to the Dark Ages Lunar Interferometer 
(DALI) project and to the deployment rover as well as give a brief description of the 
NASA Jet Propulsion Laboratory. Our thesis project is part of the development of the 
DALI rover concept, in particularly the steering and propulsion concepts for the 
rover. 

  

1.1 Background 
The NASA Jet Propulsion Laboratory of California Institute of Technology is widely 
recognized as the leading U.S. center for robotic exploration of the solar system, and 
conducts major programs in space-based Earth sciences. JPL/NASA has an interest in 
developing deployment options for low-frequency radio antennas on the lunar 
surface.  Many of the current ideas are based on one or more small rovers that unroll 
long sheets of thin polyimide film, on which a conductive layer has been deposited.  
The thin-film antennas can by physically large in their area of coverage and yet 
extremely low mass. (References to DALI, LRA, or ROLSS missions.) 

Since wave lengths that are longer than 30 meter are significantly impeded by the 
Earth’s ionosphere it is desirable to place the interferometer on the far side of the 
Moon. (Lazio, et al., 2011) 

Company presentation 
The Jet Propulsion Laboratory (JPL) is a federally funded research and development 
facility - the California Institute of Technology (Caltech) is managing the facility for 
the National Aeronautics and Space Administration (NASA). Its history starts with 
professor Theodore von Kámrán who oversaw pioneering work in rocket propulsion 
in the 1930s. In the beginning, Theodore von Kámrán’s graduates, assistants and 
students gathered to test a relatively primitive rocket. Their first firing of the rocket 
took place on October 31, 1936. The first time the organization was called the Jet 
Propulsion Laboratory was when they were asked to do a technical analysis of the 
German V-2 program by the Army Air Corps during the World War II. The Jet 
Propulsion Laboratory was at the time funded by Army Ordnance. From these early 
years JPL went from technology of aerodynamics and propulsion chemistry to then 
work with space flight, secure communications spacecraft navigation and control and 
also planetary exploration. 

Two months after NASA was created by the U.S. Congress on December 3. 1958 the 
Jet Propulsion Laboratory was transferred from Army jurisdiction to the jurisdiction 
of the new space agency. In 1964 JPL launched the first mission to do a planetary 
exploration. The mission was Ranger 7 which went to the Moon. The purpose of this 
mission was first to take photos and then to make impact on the Moon. 

Other missions that have been managed by the Jet Propulsion Laboratory, include 
Voyager 1 and 2. These were launched in 1977, with the primary mission to explore 
Jupiter and Saturn (National Aeronautics and Space Administration, Jet Propulsion 
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Laboratory, 2015). After the exploration of these planets, the missions of the 
spacecraft were extended to include exploration further out in the solar system. In 
September 2013 Voyager 1 was 125.3 astronomical units from the sun, and Voyager 
2 was at a distance of 102.6 astronomical units (1 astronomical units=the average 
distance between the Earth and the Sun, 149 597 870 700 kilometers (National 
Aeronautics and Space Administration, 2015).  

(National Aeronautics and Space Administration, Jet Propulsion Laboratory, 2015) 

 

1.2 Aims and objectives 
The objective of this project is to generate concepts for the steering and propulsion 
systems and to determine which concept is the most reliable, energy efficient and be 
able to travel over the rough terrain on the Moon. 

The primary aim of this project is to further develop the DALI rovers steering and 
propulsion systems. The secondary aim is to build a functioning prototype version of 
our drive train concept for the rover. 

In order to reach these aims, it is important to have a clear image of what the question 
and mission is; what does NASA want? The theoretical frame of reference and 
literature review in this thesis will be a guide to the development of this project and 
are meant to support the project members in creating a prototype which is relevant to 
fulfilling the product needs as asked for by the company. 

 

1.3 Problem Definition 
The problem comes directly from NASA, and NASA has given Halmstad University 
the mission to develop a concept for a rover on the Moon.  

NASA-JPL's definition of the problem is: 

"Dark Ages represent the last frontier in cosmology, the era between the genesis of 
the cosmic microwave background (CMB) at recombination and the formation of the 
first stars. During the Dark Ages, when the Universe was unlit by any star, the only 
detectable signal is likely to be that from neutral hydrogen (HI), which will appear in 
absorption against the CMB. The HI absorption represents potentially the richest of 
all data sets in cosmology, not only is the underlying physics relatively simple so that 
the HI absorption can be used to constrain fundamental cosmological parameters in a 
manner similar to that of CMB observations, but the spectral nature of the signal 
allows the evolution of the Universe as a function of redshift (z) to be followed. The 
HI absorption occurs in dark matter-dominated overdensities, locations that will later 
become the birthplaces of the first stars, so tracing this evolution will provide crucial 
insights into the properties of dark matter and potentially reveal aspects of cosmic 
inflation. Thus, given the relatively simple physics, dominated by the Universal 
expansion, Compton scattering between CMB photons and residual electrons, and 
gravity, any deviation from the expected evolution would be a “clean” signature of 
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fundamentally new physics. A concept for a radio telescope located on the far side of 
the Moon, the only site in the solar system shielded from human-generated 
interference and, at night, from solar radio emissions. The array will observe at 3–30 
m wavelengths (10–100 MHz); redshifts (15 ≤ z ≤ 150), and the DALI baseline 
concept builds on ground-based telescopes operating at similar wavelengths, e.g., 
Long Wavelength Array (LWA), Murchison Widefield Array (MWA), and Low 
Frequency Array (LOFAR). Specifically, the fundamental collecting element will be 
dipoles. The dipoles will be grouped into “stations,” deployed via rovers over an area 
of approximately 50 km in diameter to obtain the requisite angular resolution. 
Adequately sensitive 3-dimensional imaging requires approximately 1000 stations, 
each containing 100 dipoles (i.e., ~ 105 dipoles); alternate processing approaches 
may produce useful results with significantly fewer dipoles (factor ~ 3–10)." 

1
 

Our project focuses on the development of a rover to address the needs as defined by 
NASA’s problem formulation given above. 

1.4 Delimitations 
Due to limitations on regarding knowledge, resources and time our project will not 
cover the following areas: 

 Detailed electronics design and specification 
 Component selection  
 Material selection 

At the beginning of this project the following assumptions have been made based on 
information from previous projects and discussions with JPL: 

 Rover mass: 64.8 kg (desired, with projected technology advances) 
 Rover base dimensions: 2 m long x 1.6 m wide x 1.75 m high 
 Payload capacity: 6 x 6 kg spools and 2 kg hub 
 25 km traverse capability for lifetime 
 Rover speed: 5 cm/s 
 Rover power: Desired to run on continuous solar power 

– Total drive motor maximum consumption 60W 
– Total steering consumption maximum 24W 

 Deployment time: 12 days 
– 1 day for unstow and system checkout 
– 3 day to reach station location 
– 1 day for hub deployment 
– 6 days for array setup (1 day per array leg) 
– 1 day for final positioning of rover, connection to hub, and antenna 

deployment 
 

                                                 
1
 Internal communication 
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1.5 Halmstad DALI projects and Components 
 

Student Group   Year       Component Concept 

Johan Winberg & Tomislav Stanimirovic    2013  Chassis 

Tobias Johannesson & Karl Hansson   2013  Deployment 
mechanism 

Erik Andersson & Per-Johan Bengtsson   2013  Mobility system 

Björn Bernfort & Haris Pasalic  2014  Suspension 

Emil Ericsson & Gustav Andersson   2014  Energy method 

Victoria Birgersson & Maximillian Lundgren Goodman 2015 Propulsion and 
Steering Systems                                             
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2 Method 
This chapter presents the design method that will be used to develop the product – i.e. 
the rover. 

 

2.1 Method discussion 
In earlier engineering courses during the education at Halmstad University the Fredy 
Olsson method of design have been used. This is a method developed by Professor 
Fredy Olsson of Engineering School, Lunds University, Sweden. Because this 
method has been fruitful and used previously, we have chosen to use this method in 
this project. The Fredy Olsson method includes primary design and detailed design. 
The field of interest in this thesis is wide and relatively new for the project members, 
therefore an already familiar method is used so that all of the focus can be on the 
problem that wishes to be solved. The Fredy Olsson method has been a good enough 
method earlier, and therefore the project members has a lot of confidence that the 
method will help solve the problem in question. 

2.2 Methodology for this thesis 
The principle of primary design includes, among other things: 

 Product definition 
ᵒ Where is the product meant to be used, and what for? 
ᵒ Which units does the product contains? 
ᵒ What is the main task of the product, subtasks? 
ᵒ Whom are the users of the product and/or gets affected by it? 
ᵒ What are the economic terms of the product? 

 Product research and criteria generation 
ᵒ Research of the background of the project, current state and future 

situation 
ᵒ Derivation and formulation of requirements and requests of the new 

product, also rating of the criteria’s will be done in this part of the 
product development 

 Concept generation  
ᵒ Concepts are generated by brainstorming. No concept is too stupid and 

all of the concepts should be considered before being rejected. 
ᵒ First, primary drafts are generated, which latter are further developed 

or are no longer a candidate in the process. 
ᵒ It is important that it is explained how the concept works, if the 

product consists of several part it should be explained how the parts 
interact. 

 Concept evaluation  
ᵒ Usually take place in several stages where bad concepts progressively 

are out and the best concepts are being saved for the next round.  
ᵒ It is of great importance to go through this step carefully and 

thoroughly to get the best product possible left to the end. 
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(Olsson, 1995) 

The different steps included in Fredy Olsson’s detailed design are, among others: 

 Product draft 
ᵒ Which are the essential units of the product? 
ᵒ How does the units interact? 
ᵒ Approximate dimensions  

 Choice of components 
ᵒ Are any standard components going to be used, why/why not? 
ᵒ If not, how and where does the components come from? 

 Detail construction 
ᵒ Find and determinate material, design and how the product or units are 

to be manufactured. 

(Olsson, 1995) 

2.3 Preparations and collecting of data 
The project started ahead of schedule with collecting of data and with broad review of 
the literature. Hence the field of interest in this thesis is wide and relatively new for 
the project members it was of great importance to early understand possible problems 
and obstacles likely to occur during the project.  

The method of collecting of data has been via the internet and via the Halmstad 
University Library Digital Catalogue. However, on the internet complete books have 
been found and used in the thesis.  

Since the DALI (Dark Ages Lunar Interferometer) project has been a project running 
at Halmstad University over several years, it was possible for us in this year’s project 
to get tips and guidance when searching for relevant books and articles. The 
background, parts of theoretical references, delimitations etc. are similar in this 
projects as in previous projects. 
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3 Theoretical frame of reference 
This chapter presents information about previous and current rovers that has been on 
the Moon and Mars. It also presents facts about the environment on the Moon and in 
space. Relevant information from previous DALI projects at Halmstad University has 
been collected and is presented in this chapter. 

 

3.1 Relevant literature 
The relevant literature collected for this part of the thesis have been about the Moon, 
since it has been of great importance to learn about the surroundings, surface etc. of 
our closest celestial body. The book written by Heiken, Vaniman, French and Schmitt 
have been our primary used source regarding information about the Moon. 
Information from the Apollo missions has been useful, this information comes from 
NASA and have been taken from NASA:s archives. The database of Halmstad 
University has been of use when it comes to articles not found on NASA:s website or 
in Lunar Sourcebook – A Users Guide to the Moon. 

3.2 Environment on the Moon 
The environment on the moon is very different from that on earth, the rover needs to 
be designed with this in mind. The gravitation on the moon is approximately 16% of 
earths, this enables us to use smaller motors and less power to drive to rover. The 
lunar environment is also subjected to greater temperature variations and more 
radiation than on earth. 

Lunar Surface 
The surface consist of several different minerals, which are defined as “a solid 
chemical compound that 1. occurs naturally, 2. has a definite chemical composition 
that varies either not at all or within a specific range 3. has a definite ordered 
arrangement of atoms and 4. can be mechanically separated from the other minerals 
in the rock” (Heiken, et al., 1991, p. 121). 

The lunar surface is cold and not active as the 
Earth’s surface which has active volcanos. The 
surface is also rigid and has been that way most 
of the Moons geological time. More than 99% 
of the lunar surface is more than three billion 
years old, compared to the surface on Earth, 
where 80% is younger than 200 million years. 
(Heiken, et al., 1991) 

The lunar surface contains of a powdery sand-
like material called regolith. Regolith is lunar 
bedrock that has been pulverized from meteor 
impacts. Regolith layer is several meters thick. 
NASA’s Apollo Missions were able to collect 
several samples of regolith and bring back to 

Figure 3-1 Sample gathering on the Moon 

(Anon., 2015) 
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Earth for testing. Altogether, six Apollo missions brought back 382 kg of samples 
from the Moon (National Aeronautics and Space Administration, 2015). Regolith 
covers almost the entire lunar surface, exceptions may be made for steep slopes 
where bedrock may be exposed (Heiken, et al., 1991, p. 285). Neil Armstrong said 
when he first set foot on the Moon that the surface appeared to be very fine-grained 
substance and he described it to be almost like a powder (Heiken, et al., 1991, p. 
475). 

Landscape 
The Moon is constantly bombarded by meteors, therefore the landscape is heavily 

cratered. The craters can vary a lot in size, from microscopic sizes to several 

kilometers in diameter. 

The landscape one the Moon consists of highlands and mare (lowland). Highland is 
cratered and full of mountains (European Space Agency, 2015). The mare has a 
smoother surface and observed with the naked eye from Earth, is darker. These 
darker features are impact craters which were filled with lava between 4.2 and 1.2 
billion years ago (National Aeronautics and Space Administration, 2014) 

Radiation 
Radiation in space is different from the radiation we experience on Earth. Due to the 
lack of protecting atmosphere in space, the radiation in space can have different 
effects on human DNA, cells and tissues. The space radiation is created as atoms and 
it is comprised of positively charges ions which accelerate close to the speed of light. 
After some time, only the nucleus of the atoms remains and the radiation becomes 
ionized. The ionizing radiation contains large quantities of energy and can literally 
knock the electrons in atoms out if it gets struck – and thereby ionize the atom. 
(National Aeronautics and Space Administration, 2015) 

Recently, the myth of the Moon having no atmosphere was smashed. Studies confirm 
that the Moon have an atmosphere which consists of unusual gases compared to the 
atmospheres of Earth and our closest neighbors, Mars and Venus. At sea level on 
Earth each cubic meter contains 10

19
 molecules, the same volume and at the same 

level on the Moon, the lunar atmosphere has less than 10
6
 molecules. On Earth, that is 

consider a good vacuum. (National Aeronautics and Space Administration, 2013). 
The extremely tenuous atmosphere and lack if magnetic field makes the Moon 
vulnerable to various types of radiation. 

The area inside the Earth’s magnetic field is called the magnetosphere. Outside the 
magnetosphere the main radiation effects on spacecraft’s are galactic cosmic rays and 
solar cosmic rays. (National Aeronautics and Space Administration, 2014) 

Since numerous space missions including astronauts have been carries out, it has 
been possible to determine exposure for radiation in space. The highest doses 
measured were in the high altitude rocket and Shuttle flights, during these missions, a 
high contribution to the exposure was due to protons of the earth radiation belt. The 
solar activity contributed to dependency in the measurements. (Reitz, et al., 2012) 
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Solar Wind 
From the solar wind, the majority of particles thrown out in space are electrons and 
protons (Bekkeng, 2015) which means the solar wind is electrically neutral and its 
composition is approximately the same as the Sun itself. All particles in the solar 
wind moves with the same velocity, 300-711 km/sec. The particle concentration 
normally is 1-20/cm

3
. The composition of the solar wind is not very well known. 

(Heiken, et al., 1991, p. 48) 

The electrical voltage that the solar wind brings with it, could be waiting in the 
craters, coming there when it unimpeded blows over the surface of the Moon an when 
an astronaut – or rover – coming in to the crater get a zap and cease to exist. These 
craters cannot be visited by humans or machines until NASA masters a way for them 
to be grounded. When it comes to be grounded on the Moon, unlike on Earth it is not 
enough to have contact with the surface, and there is where the challenge lays – how 
to be grounded on the Moon? (National Aeronautics and Space Administration, 2010) 

Solar Cosmic Rays 
Solar cosmic rays, also called solar energetic particles, are associated with solar flares 
and consists of particles such as protons, heavy ions and electrons (Bekkeng, 2015) . 
A solar flare is a short lived outburst of solar material, it is driven by magnetic forces 

and it comes from a relatively small area on the 
solar surface and a solar flare generate particles 
with high energy (Allaby, 2013). Together with 
coronal mass injections, solar flares are the most 
powerful events in the solar system. (Vilmer, 
2012) 

 

 

 

 

 

 

 The activity of the Sun is characterized by an 11-year cycle, consisting of seven 
active years and four inactive years. During solar maximum (seven years) solar flares 
and coronal mass ejections increase which rises the solar particle events. Solar 
particle events are injections of energetic electrons, protons and alpha particles. 
During solar particle events these particle are thrown into interplanetary space. The 
particle reaches an almost relatively speed by the shock waves. (National Aeronautics 
and Space Administration, 2014) 

According to computer simulations done by NASA, coronal mass ejections can 
significantly erode the lunar surface. Coronal mass ejections like those could also 

Figure 3-2 As shown in the picture, coronal 

mass ejections can be enormous, even 

bigger than the diameter of the sun (the 

white circle in the picture) (Anon., 2015) 
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cause atmospheric loss for Mars, hence the planet is not protected by a global 
magnetic field. The coronal mass ejections are diffuse streams of electrically 
conductive gas called plasma, the gas is blown out from the surface of the Sun into 
space. Due to the lack of atmosphere on the Moon, it is highly exposed and 
vulnerable to the effects of coronal mass ejections. When a massive cloud of plasma 
strikes the Moon it acts like a sandblaster which easily remove loose material from 
the surface. The simulation predicts that 100-200 tons of lunar material could be 
stripped off the lunar surface during a two day passage of a coronal mass ejection. 
(Steigewald, 2011) 

Galactic Cosmic Rays 
Galactic cosmic rays consists of isotropic flows of protons and heavier nuclei (ions), 
which come from distant regions of our galaxy, or regions further away from us. Due 
to the thin Moon atmosphere and lack of magnetic field the surface of the Moon, the 
galactic cosmic rays hits the surface without being weakened, as they would have 
been by the Earth’s magnetic field and atmosphere (Novikov, et al., 2008). 

The variation in the fluxes in the galactic cosmic rays are due to solar activity. The 
magnetic field carried by the solar wind expands which causes energy loss in the 
galactic cosmic rays particles as they penetrate into the solar system. (Heiken, et al., 
1991, p. 53) 

Usually, the heavy nuclei in the galactic cosmic rays are stopped by ionization energy 
losses, approximately 10 cm from the lunar surface. When the cosmic rays are not 
stopped, the damage caused by this radiation occurs within the few centimeters on 
top. The damage is so intense it can cause problems in sensitive electronic 
components. (Heiken, et al., 1991) 

The nuclei that are lighter than the heavy nuclei, consists of mainly protons and alpha 
particles. They are very penetrating and induce a cascade of particles that extends 
meters into the lunar surface. (Heiken, et al., 1991) 

How to protect equipment from radiation 
Due to the circumstances outside the atmosphere of the Earth, in space it is important 
to protect electronic and other parts of rovers, spacecraft’s etc. that will be exposed to 
various radiation when operating or being transported to their final destination.  

The radiation that can cause the most damage on humans and electronics in space and 
on the Moon is the galactic cosmic rays. It is the heavy nuclei in the galactic cosmic 
rays and the secondary particles, especially neutrons, that the galactic cosmic rays 
generates the humans and electronic on the Moon needs to be protected from. 
Energetic particles from the Sun, such as the ones described briefly in this thesis, are 
usually not to be worried about. A few very large solar particle events produced by 
flares can occur each decade, and these events could cause serious radiation hazards 
for humans and equipment exposed on the lunar surface. (Heiken, et al., 1991) 

Some of the effect radiation can have on electronics is to be explained shortly. 
Displacement damages is caused by high energy radiation, protons and/or ions 
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displace atoms from their proper crystal lattice location which can change the 
electrical properties of the device being damaged. Another failure it can cause is 
circuit failures, which is a worst case scenario. Single event events, such as single 
event upset, can cause a bit flip in a memory element, or even change a state in a 
logic circuit. Single event upset can occur in for example computer memories and 
microprocessors. Possible effects of single event upset could be corruption of the 
information stored in memory element. It could also corrupt microprocessors 
program, which could be devastating. (Bekkeng, 2015) 

Plasma shielding is by NASA explained as followed: “The Mini-Magnetospheric 
Plasma Propulsion (M2P2) Prototype seeks the creation of a magnetic wall or bubble 
(i.e. a magnetosphere) attached to a spacecraft that will intercept the solar wind and 
thereby provide a high-speed propulsion system with high propellant efficiency and 
high specific impulse. In order to get a sufficiently large interaction region, plasma is 
injected onto the magnetic field lines and the plasma pressure causes both the plasma 
and the magnetic field that is frozen into the plasma to expand to several tens of 
kilometers without the need for deploying any large mechanical structures.” (Falker, 
2010) 

Since the sixties investigations about the opportunity to use active methods for 
shielding, for example electromagnetic fields or plasma, have been going on. Focus 
of the proposed methods was shielding against electrons and protons, the 
consideration for active shielding against galactic cosmic rays, high-energy heavy 
ions. In 1984 it was demonstrated that shielding with electrostatic is unsuitable for 
galactic cosmic rays and solar energetic particles (released in Solar Energy Events). 
Using plasma as protection from solar energetic particles. Although, many 
technological challenges comes when using plasma as shielding hence plasma has 
stored electromagnetic fields and energy. Other negative aspects using plasma 
shielding is that they cannot creates in particularly easy, a rover or spaceship often 
has limited recourses which is not optimal when protecting the rover or spacecraft 
with plasma shielding. It takes megawatts of electric power to protect the spacecraft 
from the solar energetic particles. (Spillantini, 2010). If the idea of shielding 
spacecraft’s with plasma will prove plausible, heavy metal used today could be 
replaced with a plasma shield, which will reduce the weight, hence the plasma shield 
is just a few grams heavy (Shiga, 2006).  

NASA writes on their web site that the worst material you can use for shielding 
against galactic cosmic rays are metals since when a galactic cosmic ray hits a 
metallic atom the atoms nucleus can shatter, similar to the fission that occurs in 
power plants. The radiation produced by these collisions can be worse than galactic 
cosmic ray. In fact, the best defense against galactic cosmic rays are light elements 
like hydrogen and helium hence collisions with the atoms in these elements produce 
little secondary radiation. A layer of liquid hydrogen 50-100 cm thick would provide 
adequate shielding, however it is a unreasonable and not plausible way to protect the 
rover from radiation. (National Aeronautics and Space Administration, 2015) 
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A material under observation is plastic. It has been thought for some that plastics and 
other lightweight material are more effective for shielding against cosmic radiation 
than aluminum. (Wall, 2013)  

3.3 Previous and current rovers 
Rovers on the Moon 
The missions for rovers placed on the Moon have varied. Three Apollo missions used 
the Lunar Roving Vehicle to drive on the surface. The mission for Yutu is to gather 
information of the celestial body. 

Lunar Roving Vehicle 

The Lunar Roving Vehicles are the only manned vehicles ever driven on the surface 
of another celestial body and was used by the Apollo 15, 16 and 17 missions. The 
LRV has four wheels that are each driven by a ¼ horsepower electric motor, the top 
speed is 8mph and the total mass is ca 209 kg with a payload capability of ca 490 kg 
and a total range of 9.5km. The LRV can navigate over 25ᵒ slopes and can withstand 
eheeling over 45ᵒ. The drive system on each wheel consisted of the electric motor, 
harmonic drive (80:1 reduction), brakes and an odometer (to record distance 
traveled). The electric motor is a 36V, direct current, brushed type drive. All four 
wheels of the LRV could be steered to minimize the turning radius. (National 
Aeronautics and Space Administration, 1971) 

Yutu 

Yutu is a lunar rover that is part of the Chinese Change-3 mission that reached the 
Moon’s surface in December 2013. The rover is the third and most recent rover to 
land on the Moon. The purpose of the mission is mainly to design and test new 
technologies and gather information about the Moon. (Rincon, 2013)  The rover has a 
mass of 120kg (Rincon, 2013) and can carry a payload of 20kg (Laxman, 2012). The 
rover has six wheels, can travel over a 30ᵒ incline and has a speed of up to 200m/h 
(Rincon, 2013).  Unfortunately there is very little information on the project and 
several sources report contradicting information. 

 

 
 

  

Figure 3-3 Chinese Moon rover Yutu (Anon., 2015) 
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Rovers on Mars 
Rovers are sent to Mars to primarily search for evidence of previous or current water 
activates, or even proof of current or previous life. It is also interesting for mankind 
to know more about the conditions since goal is to, sooner or later, send humans to 
the red planet. 

 

 

 

 

 

 

 

 

 

 

Mars Exploration Rovers: Spirit and Opportunity 

Spirit and Opportunity are two twin rovers that where launched in 2003 and arrived 
on Mars in early 2004. The two rover’s main mission was to determine if there had 
ever been life on Mars and to gather data about the climate and geology on the Red 
Planet. The two rovers where planned to explore Mars for 90 days, however both 
rovers lasted way beyond that time. Opportunity is still exploring Mars even if the 
rover has suffered some damage.  

It is of great interest to find out if there ever have been water on Mars, and the twin 
rovers is searching for evidence for that fact. The rovers are driving on the surface of 
the planet searching for evidence by performing geological investigations. Using 
cameras, mounted 1.5 meters up and providing a 360ᵒ the supervisors on Earth gets a 
humanlike view of the terrain. 

(National Aeronautics and Space Administration Jet Propulsion Laboratory, 2015) 

The rovers have six wheels, all driving. The steering happens on the front and rear 
wheels that can all rotate 360 degrees. The top speed of the rovers is 3.75cm/s and the 
average speed is 1cm/s or lower. Spirit and Opportunity´s mass is 185kg and measure 
1.6*2.3*1.5m (L*W*H) (National Aeronautics and Space Administration, 2015). The 
rovers are able to withstand tilting up to 45ᵒ but are programmed to avoid tilting over 
more than 30 degrees.  

Figure 3-4 Prototypes of Sojourner (the smallest one, a Mars rover 

that landed on the planet in 1997 and traversed 100 meters), Spirit / 

Opportunity and Curiosity (the biggest one) (Anon., 2015) 
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The wheels of the rover are attached to a rocker-bogie suspension, as do the Mars 
Science Laboratory, Curiosity. (National Aeronautics and Space Administration, 
2015) 

Mars Science Laboratory: Curiosity 

The Curiosity rover is the largest rover on Mars and is almost the size of a small car. 
The main mission of the rover was to determine if there had ever been microbial life 
on Mars. Curiosity carries a small laboratory on board to be able to gather rocks and 
samples and process them onboard in built in test chambers. The rover uses a 
thermoelectric generator to generate the necessary electricity from the heat of 
plutonium decay, this ensure a long and stable production of electricity for the rover. 
Curiosity has a similar wheel and suspension design as Spirit and Opportunity with 
six wheels and four steering wheels that can rotate 360 degrees. At 3*2.7*2.2m 
(L*W*H) long and a mass of 899kg the rover is much larger than previous rovers. 
Curiosity has the same ability to withstand 45ᵒ tilt as Spirit and Opportunity but is 
also programmed to avoid tilting more than 30 degrees. (National Aeronautics and 
Space Administration, 2015) 

3.4 Future rovers 
ExoMars 
The ExoMars rover is currently being developed by the European Space Agency, 
ESA, for a 2018 launch to Mars. The rover’s main mission is to gather data and 
samples on Mars. The current plans are that the rover will have six wheels with both 
steering and propulsion on each wheel to ensure high mobility (European Space 
Agency, 2015). According to (Phillips, et al., 2012) the motors that will be used for 
both steering and propulsion are Maxon RE 20 or 25, 6 motors for propulsion and 6 
for steering (Maxon Motor, 2015). Since the rover design is not finalized many of the 
dimensions are not set, although the rover is estimated to have a mass of 
approximately 300kg (Amos, 2012).  

3.5 Rover concepts 
Micro5 
The Micro 5 is a rover concept for a smaller rover for planetary exploration. The 
rover concept is interesting because it has a five wheel suspension system with 4 
driving wheels. The fifth wheel is placed in the center of the rover to help the rover 
climb over large obstacles. The system is thought to lower the power consumption 
compared to the rocker-bogie suspension used on Curiosity and still maintain the 
same ability to climb over large obstacles. (Kuroda, et al., 1999) 

3.6 Rover comparison 
The vehicles used on other celestial bodies vary in design and they are each 
optimized for their specific mission - with respect to budget and the technology 
available at the time of the project. Comparing the vehicles is therefore hard but can 
help to determine what designs have been the most successful at their mission and 
what design properties they share. The comparison focuses on the technical properties 
of the vehicles and not on their mission objective. The Yutu rover was excluded in 
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the comparison due to lack of information about the rover. For the full comparison 
see Appendix 1. The rovers compared are all designed to be able to climb over large 
obstacles, some even larger than the wheel diameter and they are also designed to 
ensure high mobility. The rovers travel at relatively low speed, there are several 
reasons for this. Energy consumption is a big reason but also the low speed ensures 
that the rovers can avoid rough terrain and obstacles. The rocker-bogie suspension 
has proven to be very successful on Curiosity, Spirit and Opportunity combined with 
all-wheel drive. Steering on these rovers on both the front and rear wheels enable the 
rovers to turn around their center axis. The ExoMars rover has taken this one step 
further with steering on all wheels, this gives the rover even better mobility and 
should allow the rover to move sideways as well. The rovers have roughly the same 
maximum incline angle between 30-45 degrees. The wheel sizes vary between the 
rovers, the larger the rover the larger the wheels. The ability to climb over large 
object is also naturally related to size and wheel size even though the rocker-bogie 
suspension allows the rover to climb over obstacles slightly larger than the wheel 
diameter.  

To view the full comparison, with data, see Appendix 1. 
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3.7 Calculations 
Sinkage 
The surface of the Moon consists of a very fine grain and therefore a wheel driving 
on the Moon will sink into the dust slightly (Heiken, et al., 1991, p. 31). The Apollo 
missions gathered dust samples and data from the Moon, from this information 
Bekker developed means for calculating the performance of a wheeled lunar vehicle 
(Heiken, et al., 1991, p. 526). Determining the wheel sinkage will be an important 
factor for determining the wheel size for the DALI rover.

 

 

 

 

 

 

 

 

 

 

 

 

Equation 1 

Equation 2 

Figure 3-5 An illustration of the wheel sinkage, z 
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Torque 
The rover needs to be able to drive over an obstacle the same size as the wheel, when this is done 
each wheel will need to be able to lift 1/6 of the rovers 
mass (for a six wheeled rover). The torque required will 
increase as the wheel size is increased. This calculates the 
maximum torque needed. 

r = Wheel radius 

m = mass 

M = torque required 

M = r * m/6 

Torque needed to drive up a slope 

F = (m/6)*sin(a) 

M=F*r 

These calculations do not take friction and wheel 
slippage into account. 

Speed 
The rover will be required to move at a certain speed, 
the rpm of the motor and wheel radius are used to 
determine the speed of the rover. In this case we know 
what speed the rover is required to move at and we will 
determine the wheel size so that we can calculate the 
correct motor rpm required. As the wheel size is 
increased the rpm required to move at the same speed is 
decreased. 

rpm = Rotations per minute 

r = Wheel radius 

S = Speed in cm/s 

S = (2 * (r/100) * pi) * (rpm/60) 

Figure 3-6 The wheel against an 

obstacle with the same size as the wheel. 

Figure 3-7 The wheel driving up a slope 

with a degrees of incline 
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3.8 Previous projects 
This year is the third year that Halmstad University students have worked on developing the 
DALI rover concept. It started 2013 when three groups of final year students from the 
Mechanical Engineering Program focused on developing different areas of the rover. One 
group developed a concept for the deployment rover, one group developed a concept for the 
rovers’ chassis and the third group developed a concept for the mobility system. The group of 
2014 developed a concept for the transition mechanism. In 2014 a group of Energy Engineers 
developed an energy system.  

Since the main focus of this project is to further develop the steering and propulsion system 
for the rover we will use previous project results as a foundation and focus on further 
development from there in order to achieve a realistic and plausible result. 

2013 – Mechanical Engineers 
Dark Ages Lunar Interferometer Deployment Rover - Chassis 

The rover has solar panels that will not only convert solar energy into power but also protect 
the rover from harmful radiation from space. The material selected for the rover is aluminum 
2219 due to its strength and high temperature application tolerance. 

Dark Ages Lunar Interferometer Deployment Rover  

The rover must be able to withstand G-forces up to 20 G since these are required for the 
launch. On the lunar surface the rover will be exposed to various types of radiation, such as 
solar cosmic rays and galactic cosmic rays. When driving on the Moon, the rover must 
withstand a maximum ground pressure of 3 kPa. Eight of ten of the interferometer stations 
must be ready to operate within 90 days and seven of ten of the stations must be able to 
operate after six months. There will be an external base station, in which the antenna units 
will be placed when the rovers arrive to the Moon. With this strategy the rover will drive back 
and forth to pick up antenna rolls. The gripping claws that will pick up the antenna rolls are 
attached to an arm which is connected to the rover. 

Dark Ages Lunar Interferometer Deployment Rover – Mobility System 

The six wheels of the rover are attached to a rocker-bogie suspension system. Each of the six 
wheels are independently powered. Four of the wheels have steering, these are the two front 
and the two rear wheels. This report does not focus on the detail design of the steering and 
propulsion system of the rover, but rather of the rocker-bogie suspension system. 

2014 - Energy Engineers 
Dark Ages Lunar Interferometer Deployment Rover: Energy System 

The rover will be equipped with six drive motors which will need 10 W power maximum 
each. The four steering motors will need 6 W maximum each. No other component on the 
rover will use the propulsion motors or steering motors. 

2014 - Mechanical Engineers 
Dark Ages Lunar Interferometer Deployment Rover – Suspension System and 
Transition Mechanism 

Requirements from 2014 project that will affect the project this year is: 

 The rover must be able to drive over obstacles on one side without affecting the other 
side. 

 It must be able to drive in slopes that have an angle up to 30ᵒ, in any direction. 
 It must be able to drive over obstacles of the same size as the wheel diameter. 
 Fit to transport capsule in the Atlas V Rocket. 
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Conclusion, previous projects 
After discussing the previous results and rover concepts with our thesis project advisor, we 
have decided that we will use as much information as possible from previous projects. 
However, if any of the previous ideas can't be incorporated in our final concept, we are free to 
redesign the affected components. Thus, after evaluating we have decided to use the 
previously developed rocker-boogie suspension as the concept that we will be developing 
further and making changes. 

 

  



Results 

20 

 

4 Results 
In this section, using the knowledge gained from both previous projects and the literature 
review, the primary design begins and the analysis of the concepts in relation to requirements 
and requests. 

 

4.1 Primary design 
During the primary design phase requirements and requests are developed and evaluated. In 
this first phase no attention is paid to specific components or details. 

Criteria 
The requirements and requests that need to be fulfilled were created based on the research and 
on the knowledge developed in previous projects. Most of the criteria are based on the 
requirements and requests from previous projects, and the requirements and requests from 
previous projects came directly from NASA/JPL. All of the requirements needs to be fulfilled 
by each concept - if a concept fails on the requirements it will be excluded. The concepts that 
pass all the requirements will be further evaluated to see how well they fulfill the requests.  

 Requirements  Requests 

R1 Maintain a speed of 5 cm/s W1 Reliable  

R2 25 km traverse capability for lifetime W2 Stable during driving 

R3 Support rover mass of 65 kg W3 Simple construction 

R4 Carry payload mass of 6*6 kg spools, 2kg hub W4 Easy transition between driving and 
transport mode 

R5 Withstand 20 G in transport mode (launch) W5 Good terrain mobility 

R6 Drive over obstacle size ≤ wheel diameter W6 Compatible previous projects 

R7 Drive in slope up to 30ᵒ in any direction   

R8 Fold for transport (from Earth to Moon)   

R9 Fit in transport capsule   

R10 Zero meter turning radius   

 

Explanation of the Criteria 

Requirements 

R1: The rover must be able to maintain a speed of 5 cm/s hence this criteria was set by 
previous projects. 

R2: The 25 km traverse capability is important since the rover must be able to travel back and 
forth to the landing module to pick up the antenna rolls. After that the rover’s mission is to 
place the antenna rolls on the surface of the Moon. 

R3: The equipment the rover must be able can have a total mass of 65 kg. 

R4: The antenna rolls each have a mass of 6 kg, the hub has a mass of 2 kg, it is important 
that the rover can function effectively while carrying this equipment. 
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R5: During launch, and possibly during landing the rover may be subjected to forces up to 20 
G, which is 20 times more than gravity on Earth. 

R6: If the rover drives toward a rock or something similar, with a size the same as the 
diameter of the wheel it must be able to drive over it. 

R7: If the rover drives to a hill with a 30ᵒ slope, it must be able to drive up the slope, in any 
direction. 

R8: Since the rover is already designed, it is important that the drive mechanism is compatible 
with the folding system from previous projects. 

R9: The rover should be dimensioned to easily fit within the transport capsule. 

R10: If the rover were to drive into a stone larger than it can drive over, it would be useful if it 
could just turn around its own axis to change the position and drive around the obstacle. 

Requests 

W1: The system must be as reliable and stable as possible  

W2: The rover cannot be wobbly and unsteady while driving and placing the antenna rolls. 

W3: The more complicated design and construction, the more components and it is more 
likely that the construction will fail. The more parts – the more parts to fail. 

W4: Because there will be no one to help the rover unfold and start its mission on the Moon, 
it must be easy for the rover to go from transport mode in the capsule of the rocker to driving 
mode on the Moon. 

W5: As long as the size of obstacles is smaller than the diameter of the wheel, there should 
not be any problems for the rover to drive on the Moon. Nor should it be a problem for the 
rover to drive on slopes or up and down hills. 

W6: Since this is a project continuing over several years, this project must take into 
consideration previous projects results so that the rover concept will eventually be complete. 

Criteria ranking 

The requests are compared against each other to evaluate the importance of each of the 
requests. This is done by using the Fredy Olsson method called "pairwise comparison" 
(Olsson, 1995), this method of comparing each criteria against each other and giving them a 
score based on which criteria has the greatest importance. For example if we compare A and 
B, A is given a score of 2 if it is more important than B, a score of 1 if they are equally 
important and a score of 0 if B is more important than A. The score of each criteria is then 
summarized and divided by n (n=number of request’s). This gives each score a percentage of 
importance that is the factor of the criteria, the sum of all criteria factors should equal 100%. 
For the complete evaluation, see Appendix 2. 

Concept generation 
The concepts are all based on the results from previous projects and incorporates the six 
wheel rocker-bogie suspension previously designed. To obtain a diverse set of ideas and 
concepts, the brainstorming process was divided into the following subgroups: 

1. Steering 

2. Wheel mount 

3. Motor position 

4. Wheel design 
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This allowed the brainstorming process to focus on the best solution for each specific task. 
The concepts were evaluated separately and then combined to provide the best possible total 
concept. Each sub-concept was also be compared in a matrix to ensure that they were 
compatible and could work together. The concepts generated from the brainstorming are 
presented below as well as clear strengths and weaknesses.  

Appendix 7 shows all the concepts that were generated during the brainstorming process in a 
table. 

4.2 Evaluation of concepts, requests and requirements 
Requirements 
All of the concepts, steering, wheel mount, motor position and wheel included, matched all 
the requirements. The reason for this may be that inspiration for the concept generation was 
taken from previous rovers and vehicles on celestial bodies. Although not all of the generated 
concepts already exist, even they matched the criteria. 

The evaluation of the requirements and if the concepts matched was made with a table, one 
for each concept and is shown in Appendix 3. An “X” in the table cell indicates that the 
concept fulfills the requirements. Each part of the propulsion system has been evaluated 
individually and no consideration has been taken regarding other parts in the project. Later in 
this project, the separate parts will be evaluated in a compatibility chart, with the purpose of 
determining how well the concepts work with each other. 

Requests 
How well each concept matched the requests was evaluated by grading them with points from 
0 to 3 in a table, Appendix 4, 0 meaning the concept did not match the request at all, 1 - the 
concept barely matched the request, 2 – the concept could probably match the request and 3 
points meaning the concept clearly matched the request. The heading factor in the table comes 
from Appendix 2 and shows how important the request is compared to the other requests. 

The factors were multiplied with the scores and the total of the factors determines which 
concept wins – the concept with the highest score. 

All of the concepts are compatible with previous years’ project results. 

Steering 

The transition between driving and transport mode is a difficult factor to take into account in 
this project, therefore in all of the concepts the score will be the same, 3. 

1.1 Skid Steering 

The reliability of this concept is high since there are no steering motors and therefore no extra 
motors that can fail. It is not in particularly stable when turning because the wheels will skid. 
This will also cause more wear on the wheels. The construction of this concept is fairly simple 
hence there is only need for one motor on each wheel. The terrain mobility of this concept is 
not very good but it is not very bad either. Since the skid steering cannot move sideways it 
can be problematic if the rover run into an obstacle which it is unable to drive over. The rover 
then has to turn around to drive by the obstacle, and if the obstacle lays at an unfortunate 
position, it may be in the way when the rover is rotating. 

1.2 Four wheel Steering 

This concept has at least four more moving parts, compared to the Skid Steering-concept. The 
more moving parts – the more parts can fail. The turning operations are much more stable in 
this concept. Since it has steering on four wheels with this concept the construction is not as 
simple as the Skid Steering, the reason for this is the same as to why it is not as reliable. The 
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terrain mobility has the same degrees of freedom as the Skid Steering and therefore receives 
the same score. 

1.3 All wheel Steering 

This concept is as reliable as the Four Wheel Steering, it has more moving parts than the other 
concepts however, and all the wheels can be constructed identically. The construction for this 
concept is the most complex since it has the most moving parts and degrees of freedom. The 
terrain mobility of this rover is by far the best, this concept would be able to move completely 
sideways. 

Wheel mount 

The wheel mount may be the part of the rover that most affect the rovers’ capability of folding 
into transport mode. 

2.1 L-mounted wheel 

The wheel will turn in an arch when using this wheel mount, the radius being the length of the 
joint.  A weakness with this concept is the joint, which is outside the wheel and therefore a 
rock or similar can get stuck, this can bring the whole rover to a standstill. A momentum is 
added to the steering axis while driving  

2.2 Split wheel 

The wheel is split i.e. each of the wheels are two wheels. The strongest feature of this wheel is 
that there is no turning radius. The joint is partly protected and the steering axis is not 
subjected to any momentum while driving straight, which is also positive. A weakness with 
the split wheel is that there is a chance that a rock or other obstacle can get stuck between the 
two wheels. The placement of the motor might get more complicated, however that is a 
problem that has to be handled later. 

2.3 U-mounted wheel 

A U-shaped bracket is used to mount the wheel.  There is no turning radius when using this 
wheel mount, since the axis is at the center of the wheel.  The wheel gets a sturdy support on 
both sides and the steering axis is not subjected to any momentum, while driving straight. 
Some of the negative aspects with this wheel mount is that the rover in total would get wider 
and there is chance that the support, which are on both sides of the wheel. There is a double 
chance, compared to the L-mounted wheel, that a rock gets stuck. 

2.4 Hook mounted wheel 

There is no momentum on the steering axis in this concept, which is a positive aspect. The 
hook mounted wheel is vulnerable to rocks or other obstacles since the joint is outside the 
wheel. Since the steering axis is going to have at least two joints/bends, the joints are 
subjected to more stress than if it was straight. It is positive that the steering axis is at the 
center of the wheel, this gives the wheel a zero turning radius. 

Motor position 

Angled motor mount 

The angled motor mounting should provide the same reliability as a more traditional center 
mounted motor. Mounting the motor at an angle might not be as simple as a center mounted 
motor but provides new possibilities for how the motor is mounted. 
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Center motor mount 

A center motor mount was judged to be a reliable and stable way of mounting the motor. The 
construction of the motor mounting is quite straight forward and enables a simple 
construction. The center motor mount recieved full score on all the requests and the highest 
total score of the three motor mounting concepts. 

Hub motor 

The hub motor is the most complicated design of the three concepts, because of this it is 
deemed not as reliable as the other options. The hub motor should provide just as stable 
driving as the other concepts and it is also possible to integrate it with the previous projects 
designs. The more complicated construction of this concept is mostly because the motor is 
turning with the wheel. This makes it more complicated to mount encoders, wires and other 
components and still maintain a simple design.  

Wheel design 

Open Wheel 

This type of wheel is easy to manufacture. It is not sensitive to regolith or sharp rocks on the 
surface of the moon, since it can’t get a puncture. If the rover drives on such a soft part on the 
Moon that the rover sinks it is possible that the regolith could come inside the wheel, which 
will make the wheel heavier. It is possible that this will make it harder for the rover to keep 
driving. If this happens, it will cause engine wear. The regolith may also cause damage of any 
part that is placed inside the wheel, on the hub. 

Closed Wheel 

This wheel design will protect the parts inside the wheel the best. A problem with this concept 
is that it is of great importance that the wheel is completely closed. If it is not, some regolith 
may get inside which may cause a great amount of damage in the motor, due to wear. 
Plausible friction caused by the material inside the wheel could create unwanted heat inside 
the wheel which could cause extensive damage. This is the wheel that is the most complicated 
to manufacture. 

Semi Open Wheel 

This wheel combines the open wheel design and closed wheel design, and their combined 
negative aspects are no longer an issue. Matter from the surface of the Moon can still come 
inside the wheel since it has an opening, but it is not as likely as it is with the open wheel 
design. The construction of the wheel is simpler than the closed wheel but not quite as 
straightforward as the open wheel. 

4.3 Concept evaluation 
After using Fredy Olsson’s method “pairwise comparison” to determine which requests are 
the most desirable to fulfill, the concepts where weighted against the requests. Each concept 
received a score, from 0 to 2 depending on how well the request was fulfilled. To read more 
about the pairwise comparison, see chapter 4.1, Criteria Ranking. The full pairwise 
comparison table can be seen in Appendix 2 and all of the concepts are presented in Appendix 
7. The concepts with the highest score were all wheel steering, split wheel mount, semi open 
wheel and center mounted motor.  

To determine if the winning concepts worked together they were evaluated in a compatibility 
chart shown in Appendix 5. This showed that the center mounted motor would be hard to 
integrate with the other winning concepts. The second best motor mount-concept (angle 
mounted motor) would be better suited for the split wheel design and therefore the decision 
was taken to use this concept instead since their scores where very similar. 
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Figure 4-1 First draft of concept 

These are the final concepts chosen for the rover:  

1.3 All wheel steering 

This concept has the best mobility and enables the rover to 
avoid any obstacles with ease. This concept requires more 
moving parts than the other two, however the high mobility 
was considered more important. 

2.2 Split wheel mount 

This concept is very stable and protects the motor better than 
the other concepts. 

3.1 Angle mounted motor 

The angle mounted motor was selected because it works 
better with the other concepts. It was the second best concept 
in the evaluation, the benefits of this concept is that it 
enables the motor to be mounted in a better way than the 
center mounted motor. 

4.3 Semi open wheel 

The semi open wheel combines the best qualities of the two other wheel concepts and has few 
downsides. 

4.4 Detailed Design 
This chapter will describe the different components’ design and selection process. The 
components included in the steering and propulsion system will be divided into two groups, 
the standard components and the components that need to be custom made for the rover. In 
some cases standard components will have to be modified to fit the rover, these will still be 
considered to be a standard components but will also include a description of the 
modifications necessary. There are many positive aspects of using standard components, they 
are normally cheaper, well tested and using standard components shorten the design 
processes. For these reasons we will use as many standard components as possible. 

Standard components 
 Motors 
 Bearings 
 Encoders 
 Gears 
 Fasteners 

Custom components 
 Wheels 
 Frame 

 

Custom components 
These components were judged to be too special to be able to use of the shelf components and 
will therefore have to be custom designed for the rover. The wheels for the rover will have to 
be custom designed to ensure reliability on the Moon. The frame that includes motor mounts 
and holds all the other components will also be custom designed for the rover.  

Standard components 
The standard components are listed in the table above, some of these components will have to 
be modified for the harsh environment on the Moon. Using standard motors has previously 
been successful on rovers built by JPL. Many of these rovers have used of the shelf motors 
with slight modifications with great success. Spirit and Opportunity both used of shelf Maxon 
motors and they lasted for several years on Mars. The same rovers also use of the shelf motor 
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gears and encoders, some with slight modifications (Phillips, et al., 2012). Standard fasteners 
such as screws, nuts etc. will also be used.  

Wheel design 
There are several important design factors for the wheels, one of the most important factors 
that affect the wheel design is the wheel size. The diameter of the wheel determines how large 
obstacles the rover will be able to climb over. Both the wheel diameter and width effect the 
sinkage in the lunar surface. The limiting factor for the wheel size will be the size of the 
capsule that will transport the rover to the Moon. Wheel sinkage only has a small effect on the 
energy consumption needed to move the rover (Heiken, et al., 1991, p. 526) however to make 
sure the rover can operate without sinking into the soil and getting stuck the wheel will be 
designed with as little sinkage as possible. The calculations in Appendix 6 show the wheel 
sinkage (z) in cm for different wheel sizes. Based on the research done on previous rovers and 
the sinkage calculations, we have decided on using wheels with 250mm diameter and 300mm 
wide excluding lugs (split in two according to concept). This would result in a sinkage of 
2.8mm in the lunar soil. According to the concept evaluation the best wheel design is a semi 
open wheel and based on the sinkage calculations the minimum rim thickness should be 
greater than 2.8mm to minimize the amount of regolith that falls into the inside of the rim. 
The pattern of the lugs on the wheel will be similar to patterns previously used, more time and 
research would be required to produce a more effective pattern for this rover. 

Frame design 
The purpose of the frame is to hold all the other components and to shield important parts 
from radiation. Constructing a frame that can hold all the components and wiring internally 
will ensure that all of the components and wires have maximum protection against the harsh 
environment on the Moon. 

Gearbox 
The rover steering and propulsions systems will use two gearboxes, one for the steering motor 
and one for the driving motor. The purpose of these gearboxes are to reduce the high rpm and 
low torque that the motors produce to low rpm and high torque. The efficiency of these 
gearboxes will be important to ensure that the rover can move as far as possible on the energy 
generated by the solar panels and stored in the batteries. Reliability is also very important 
since a failure to one of these gearboxes could severely limit the rover’s ability to move. With 
the given speed of 5cm/s and the selected wheel diameter the gearboxes for driving the wheels 
would need to reduce the motors rpm to approximately 3.8 rpm (calculations in Appendix 6). 
The maximum output torque required for the driving gearbox is approximately 2.37Nm to 
allow the rover to climb over obstacles as large as the wheel diameter. To allow the rover to 
climb over the same obstacle while inclined sideways this torque would have to be slightly 
higher. The continuous torque needed to move the rover up a 45 degree slope is 1.67Nm, 
considering the wheel sinkage and unaccounted factors 2Nm will be used as the gearboxes 
continuous torque rating (calculations in Appendix 6). According to Maxon motors there are 
four important factors that need to be modified to adapt a standard gearbox for use in space: 
the gearboxes need to be made completely in stainless steel, with welded gear pins, adhesive 
free and with MIL-spec grease. These modifications are made so that the gearbox can endure 
the wide range of temperatures encountered and to ensure maximum reliability. (Maxon 
Motor, 2015)  

Motors 
Using modified standard motors has previously been proven to be successful with the MER 
missions, both of which lasted longer than anticipated. The most important characteristics of 
the motors are efficiency and reliability. The motors are one of the most important part of the 
rover and a failure could completely immobilize the rover. Efficiency is also crucial since 
there is a limited amount of power stored in the batteries and generated by the solar panels 
and it is crucial that the rover can operate for as long time as possible on the limited power 
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supply. Just as with the gearboxes there are a few modifications that need to be done to enable 
the motors to function properly in space; the lubrication used in the motors need to be adapted 
to function at the extreme temperatures so that these do not freeze or evaporate, the motor 
must be constructed of materials that reduce thermal expansion and that are resistant to 
vacuum. If the motors are of a brushed type certain care must to taken to minimize wear on 
the brushes since this will shorten the motors life (Maxon Motor, 2015). Therefore using a 
brushless motor could minimize the modifications needed. Under normal driving 
circumstances the motor must not consume more than 10W as previously defined. 

Bearings 
Bearings are important to make the rover run smoothly and to take pressure off the motors 
and gearboxes. The bearings need to be completely sealed so that dust does not enter the 
bearing and cause unpredicted wear. The bearings must be constructed of materials that 
minimize thermal expansion and in a way that ensures functionality under the wide 
temperature range the rover will be subjected to. Lubricants for the bearings will have to be 
resistant to both extreme temperatures and vacuum so that the lubricant does not freeze or 
evaporate when the temperatures varies. 

Encoders 
The encoders are a vital part of the rovers navigations system and need to be extremely 
precise to enable the rover to navigate with precision. Most of the rovers navigation will be 
done with dead reckoning which means that the rover calculates its position by counting the 
revolutions of the wheels and angle of steering. To enable a precise encoder feedback to the 
navigation system each motor and gearbox combination will need two encoders, one on the 
motor and one after the gearbox. This enables the rover to determine if there is any slippage in 
the gearbox and helps eliminate other errors by cross referencing the two encoders. The 
encoders for the steering needs to be extremely precise and give an absolute position at any 
time. A small error in the steering angle will result in a large error over a longer driving 
distance and may cause the rover to miss its target entirely. The encoder will have to be 
modified in a similar way to the motor and gearbox in order to function in the wide 
temperature range it will be subjected to on the Moon. The materials will have to be selected 
carefully to ensure that the encoder will maintain its precision in the wide temperature range. 

Fasteners 
Being able to use standard fasteners such as screws, nuts and bolts simplifies the design 
process of the rover and ensures that the parts are easily accessible. In the selection process of 
these fasteners great care has to be taken so that they can function in the wide temperature 
range needed. If a fastener cannot hold its load under the extreme temperatures or loosens it 
could have catastrophic consequences for the rover’s functionality. For example, if a bolt and 
nut have different thermal expansion coefficients this could cause the joint to either loosen or 
crack, both of which could cause a major failure. Other factors that need to be taken into 
account is brittleness of the fasteners so that they do not crack under extremely low 
temperatures.  

4.5 Discussion 
The concepts developed are reasonable and feasible. The Moon conditions has been taken in 
consideration, therefore it is not sure a prototype will be fully functional on Earth, because the 
gravity on Earth differs from the Moon. The theoretical referencing for this project includes 
extensive information about rovers and other vehicles on celestial bodies, and therefore the 
results in this project are reliable. Testing the prototype with the right motor, gear etc., on 
Earth will be a problem for us, however, NASA has the experience of testing rovers meant to 
operate on other celestial bodies than Earth, for example the Moon and Mars, so they have the 
possibility of choosing to test the concept developed in this project in order to see if it will 
work in reality.  
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The knowledge about the environment in space and on the Moon the project members 
possesses have made it slightly difficult to determine materials the rover can be built of 
however, project thesis from previous years have been taking this matter in consideration. As 
Dr. Ashitey Trebi-Ollennu writes in the article “Great Adventures om the Surface of Mars”, 
there are many challenges when it comes to explore other celestial bodies, including the 
limited mobility and navigation errors (Trebi-Ollennu, 2006). 
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5 Conclusions 
The results presented in chapter four show that a total concept of the propulsion and steering 
system of the rover has been developed.  

 

5.1 Conclusions of requirements 
All of the suggested technical solutions for the four parts of this project i.e. steering, wheel 
mount, motor position and wheel design have been accepted after being evaluated regarding 
how they work with each other and also after an examination of how well they fulfill the 
requirements. This part of the DALI project does not consider choices of material, and 
therefore some parameters are unknown and need to be further developed. 

To draw conclusions about our developed concepts, the results from chapter four are 
measured against the requirements from NASA Jet Propulsion Laboratory and the 
requirements set in the beginning of the project. Below is a list of the conclusions reached, 
after checking the requirements: 

 Maintain a speed of 5sm/s 
- This depends on the rotations per minute and wheel size, with the selected 

wheel size with a diameter of 25cm the rotations per minutes needs to be 3.8. 
 

 25km traverse capability  for life time 
- No material choices have been made and therefore it is difficult to anticipate 

how far the motors will be capable of driving before they wear out. 
 

 Support a mass of 65kg 
- The main goal has been to develop a stable and reliable concept and therefore 

the possibilities to fulfill the requirement are good. No material selection has 
been done and therefore it is difficult to say how much the rover will weigh. 
However it is a requirement from NASA that the rover has a maximum mass 
of 65kg and this is not to be exceeded. 
 

 Carry payload mass of 6*6 kg spools and 2kg hub 
- Depends mainly on material selection and other parts’ design. The propulsion 

and steering system are reliable and stable and have good chances of fulfilling 
this requirement. 
 

 Withstand 20 G 
- The propulsion and steering system should be not very effected by the G force 

during launch as long as the rover is in a good position in the cargo area of the 
rocket. 
 

 Drive over obstacle size ≤ wheel diameter 
- The chosen motor will make it possible for the rover to drive over an obstacle 

the same size of the wheel diameter. 
 

 Drive on a slope up to 30° in any direction 
- This is directly related to the weight and material choices of the rover, 

therefore it is a requirement that is not currently fulfilled. 
 

 Fold for transport 
- The complete concept allows the rover to fold in such a way it will fit in the 

transport capsule of the Atlas V rocket. 
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 Zero meter turning radius 
- The steering concept shows that with the all-wheel steering the rover can turn 

360ᵒ around the vertical axis. 

5.2 Conclusions, Primary Design and Evaluation of Concept Compatibility 
During the first part of the primary design process we systematically focused on each concept 
individually. The next step was the evaluation of how well the developed concepts would 
work together. The full evaluation is presented in Appendix 5, the numbering of the concepts 
refers to Appendix 5. 

As shown in Appendix 5 and discussed in chapter 4, all of the steering concepts were 
compatible with all the other concepts (wheel mount, motor mount and wheel design). This is 
not surprising since the steering is not at all effected by any other part of the propulsion 
system. 

The angle mounted motor was selected as the best concept for this project since it worked 
better together with the other winning concepts than the center mounted motor. The angle 
mounted motor was the second best concept according to the evaluation (Appendix 2). 

The split wheel mount design will not work as well together with the center mounted motor 
and the hub motor, as with the other concepts. The center mounted motor could be difficult to 
place between the two wheels. It would probably also cause problems when putting the motor 
in position. 

The semi-open wheel design is compatible with all the other concepts. 

The concepts finally chosen for the rover are: 

 1.3 All 6 wheel steering 
The all wheel steering means that all of the rovers’ six wheel is steerable 360ᵒ. This 
gives the rover the option to move in all directions and enables it to avoid obstacles.  
 

 2.2 Split wheel mount design 
The concept is stable and the hub is well protected and against obstacles on the surface 
of the Moon. 
 

 3.1 Angle mounted motor 
The angle mounted motor concept allows the motor to be mounted inside the frame 
which gives the motor good protection against the harsh environment on the Moon. 
 

 4.3 Semi open wheel design 
The semi open wheel design protects the wheel in that matter that the regolith on the 
surface of the Moon will not get stuck inside the wheel. The wheel will have a slope 
inside so that the regolith will fall out if it comes in. The minimum thickness of the 
wheel will be larger than the calculated sinkage (Appendix 6) to avoid regolith falling 
into the wheel. 

5.3 Conclusions, Detailed Design 
During the detailed design process each part of the rover was reviewed to determine which 
standard components that could be used and what components would need to be custom 
made. The complete list of standard and custom components can be found in chapter 4.4. The 
main reason for using standard components is that these have been previously tested and this 
shortens the development process since these components do not need to be designed and 
tested. Even though cost has not been included in this project, using standard components can 
most likely help to reduce the cost of the rover. During this process all of the components for 
the prototype have been modeled in 3D-programs, a decision was made to use the angle 
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Figure 5-1 Final concept 

mounted motor concept instead of the center mounted motor. This decision was made because 
the center mounted motor was hard to incorporate with the split wheels. The difference 
between these two concepts during the evaluation was small and therefore it was considered 
that this was an acceptable change to the design. Appendix 8 shows the final design and 
prototype with the center mounted wheel, all wheel steering, semi open wheel and angle 
mounted motor.  

5.4 Discussion and recommendations for continuing activities 
The activities that should be done with the propulsion and steering system of the rover can be 
to determine which material the wheel is to be made of. It will need to be tested as regards 
how well the propulsion and steering system manage to resist the regolith on the Moon. 
Additionally the space radiation should be taken in consideration. The concept of propulsion 
and steering system does not change the total design of the rover and therefore the folding 
properties are not very much changed. It is of great importance that the rover can be folded in 
an optimum way since the space in the transport capsule is limited. The propulsion and 
steering system may not be very affected by this, since only some small parts of it extends 
outside the chassis. This question has been taken in consideration in this project since it only 
handles the propulsion and steering system and the folding issue would also handle the 
chassis. The DALI project from 2014 developed the suspension and therefor had in 
consideration the possibilities to fold the rover correctly to fit in the Atlas V payload capsule. 
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6 Critical review 
In this section, we give a critical review of aspects of this project. We briefly consider the 
delimitations of this thesis and our work in relation to the broader NASA project. Then we 
discuss possible environmental and community impacts of the production and use of the 
DALI rover. We conclude with a discussion of possible future areas collaboration by 
Halmstad University engineering students in relation to the DALI rover project. 

 

6.1 Of the work with the thesis 
Early on in this project, the delimitations were set. The delimitations have been the same 
throughout the project and it has not been necessary to add further delimitations. The project 
has gone by smoothly and it has from the beginning been clear what the task is. The only 
concern has been how to build the prototype, what should be included and how detailed it 
should be. Since that has not been a part of the project from NASA, it is not a problem that 
has affected the writing of the thesis. 

When questions have arisen, the e-mail contact with our supervisor Dr Ashitey Trebi-Ollennu 
at Jet Propulsion Laboratory in California has worked fantastically well. And our questions 
have been answered quickly and it has never been a problem to get in contact with him, which 
was a concern that the members of the project had wondered about in the beginning. 

6.2 Environment, community and economy 
The effects on the environment and community on earth by the rover are largely limited to 
effects of its production. The main environmental effects will be during component 
production and shipping, these effects will most likely be negligible since the rover will only 
be produced in small numbers. The components for the rover will not be recycled on earth 
since it is meant to stay operational on the Moon for the foreseeable future. The 
environmental impact on the Moon will also be limited, the rover will be used as long as 
possible. The rover will remain on the Moon, and therefore once it is no longer operational it 
will remain on the Moon as debris. However since the rover does not contain any radioactive 
or hazardous materials and will remain intact the impact will be limited. Debris on the Moon 
may be an issue for future projects. 

The environmental impact of the entire DALI project will be larger since a space launch is 
very hazardous to the surrounding environment due to the high amounts of fuel needed for the 
launch. We consider this environmental impact to be within reason considering the scientific 
gains that this project could lead to. However, if the project is unsuccessful due to failure of 
the rover or any other component the negative environmental effects will not be balanced by 
the benefit of scientific results, and therefore it is extremely important that all the systems 
launched for this mission are extremely reliable.  

The economic effects of the rover and the entire project have not been considered in this 
report. However we can assume that the cost of the project will be enormous. The project will 
not generate any direct financial income but it could prove to return important scientific 
results and these could potentially have positive economic benefits. The knowledge produced 
may potentially also have larger beneficial effects on community in ways that cannot 
necessarily be anticipated. 

6.3 Environmental aspects and aspects on work environment 
Since the rover will not be active on Earth, Earth’s environment will not be affected. The 
largest environmental aspect will be the launch with the Atlas V rocket. The Atlas V rocket is 
expendable, which means that for every launch with Atlas V rockets new rockets must be 
manufactured (National Aeronautics and Space Administration, 2015). Every manufactured 
product is more or less a strain on the environment. The rocket also consumes great amounts 
of fuel during launch, which is not always environmental friendly. 
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When it comes to the work environment, no human will be on the same celestial body as the 
rover when it operates its mission. Therefore no human will be effected by it, such as being 
hit by it. 

6.4 Future work 
The DALI rover is a complicated project that still requires much further development. Most of 
the general design aspects have been covered, much detailed design still remains to be done 
before the rover can be built and tested properly.  

Mechanical engineering students could focus on material and shielding of the rover as well as 
more detailed components selection. Other aspects of the rover that need further development 
are the electronics and also programming of the rover to enable it to perform its mission 
autonomously. Building a full scale prototype would also be desirable and would most likely 
require multiple groups from different departments to work together. Any of the following 
programs at Halmstad University could continue this project within their field: 

 Mechanical engineering 

 Electrical engineering 

 Mechatronics engineering 

 Systems design 

Many of the requirements discussed in this thesis could not be completely analyzed due to 
fact that a material selection has not yet been done. In future theses, these requirements can be 
fulfilled when a material selection has been finished. Some of the requirements that are easier 
to fulfill when material is chosen are:  

 Simulations in CATIA or other CAD-program to see how the folded rover handles the 
G-forces it will be exposed to during launch. It is critical that a correct material 
selection has been made to be able to get a correct simulation 

 The traverse capability can be determined when it is known how heavy the rover is 
and how the chosen material withstands wear 

 The support mass of the rover will be easier to decide when material has been chosen 
for the main parts of the rover. 

 How much weight the rover is capable of carrying is directly dependent upon the 
material. 

If the material can be chosen next year (2016), the DALI-project can come a long way in a 
short period of time. It can be possible for mechanical engineers to determine materials for the 
different parts of the rover. Parallel to the mechanical engineers, other engineers can develop 
other systems for the rover. 

After this project, treating the propulsion and steering system, it is known how the rover is to 
be driven forward. For this project, a prototype of only one wheel has built but since all of the 
wheels will have the same properties and work the exact same way, this wheel prototype can 
be used in building a complete rover prototype. 
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