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Abstract 

Humanity has always wanted to explore the world we live in and answer 
different questions about our universe. After the International Space Station 
will end its service one possible next step could be a Moon Outpost: a 
convenient location for research, astronaut training and technological 
development that would enable long-duration space. This location can be inside 
one of the presumed lava tubes that should be present under the surface but 
would first need to be inspected, possibly by machine capable of capturing and 
relaying a map to a team on Earth.  

In this report the past and future Moon base missions will be summarized 
considering feasible outpost scenarios from the space companies or agencies. 
and their prospected manned budget. Potential mission profiles, objectives, 
requirements and constrains of the BATonomous Moon cave Explorer (BAT-
ME) mission will be discussed and defined. Vehicle and mission concept will be 
addressed, comparing and presenting possible propulsion or locomotion 
approaches inside the lava tube.   

The Inkonova “Batonomous™” system is capable of providing  Simultaneous 
Localization And Mapping (SLAM), relay the created maps, with the possibility 
to easily integrate the system on any kind of vehicle that would function in a 
real-life scenario.  

Although the system is not fully developed, it will be assessed from a technical 
perspective, and proper changes for a viable system transition for the space-
Moon environment will be devised. The transition of the system from the 
Batonomous™ state to the BAT-ME required state will be presented from the 
requirement, hardware, software, electrical and operational point of view. 

The mission will be devised into operational phases, with key goals in mind. 
Two different vehicles will be presented and designed on a high engineering 
level. A risk analysis and management system will be made to understand the 
possible negative outcomes of different parts failure on the mission outcome. 
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Abstract 

Mänskligheten har alltid velat utforska världen vi lever i och svara på olika 
frågor om vårt universum. Efter den internationella rymdstationen slutar sin 
tjänst kan ett möjligt nästa steg vara en Moon Outpost: ett bra läge för 
forskning, astronaututbildning och teknisk utveckling som skulle möjliggöra 
långtidsutrymme. Denna plats kan vara inuti en av de förmodade lavörerna som 
borde vara närvarande under ytan men måste först inspekteras, eventuellt av 
en maskin som kan fånga och vidarebefordra en karta till ett lag på jorden. 

I denna rapport kommer de förflutna och framtida månbasbasuppdrag att 
sammanfattas med tanke på möjliga utpostscenarier från rymdbolagen eller 
byråerna. och deras prospekterade bemannade budget. Potentiella 
uppdragsprofiler, mål, krav och begränsningar av BATonomous Moon Cave 
Explorer (BAT-ME) uppdraget kommer att diskuteras och definieras. Fordons- 
och uppdragskoncept kommer att behandlas, jämföras och presentera möjliga 
framdrivnings- eller lokomotiver inom lava röret. 

Systemet Inkonova Batonomous™ kan ge simultant lokalisering och 
kartläggning (SLAM), reläera de skapade kartorna, med möjlighet att enkelt 
integrera systemet på alla typer av fordon som skulle fungera i ett verkligt 
scenario. 

Även om systemet inte är fullt utvecklat kommer det att utvärderas ur ett 
tekniskt perspektiv, och rätt ändringar för en livskraftig systemövergång för 
rymdmånamiljön kommer att utformas. Övergången från systemet från 
Batonomous™ till BAT-ME tillståndet kommer att presenteras ur kravet 
hårdvara, mjukvara, elektrisk och operativ synvinkel. 

Uppdraget kommer att utformas i operativa faser, med viktiga mål i åtanke. Två 
olika fordon presenteras och konstrueras på hög teknisk nivå. Ett riskanalys- 
och hanteringssystem kommer att göras för att förstå de möjliga negativa 
resultaten av olika delfel på uppdragets resultat. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nyckelord Manned Moon Outpost, Astronauter, Inkonova AB, Autonoma, 
Autonoma Fordon, Maskinens självmedvetenhet, Utveckling av rymden, 
LIDAR, SLAM, Scanner, Punkt-moln 
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1 Introduction  

The first chapter states a brief description of the background, the concept, 
assumptions and limitations present in the thesis. At the end of the chapter, the 
methodology description is presented. 

1.1 Background 

Humanity has always wanted to explore the world we live in and wanted to 
answer different questions about our universe. The International Space Station 
is expected to end the service in 2028 and NASA has recently started to build 
the Lunar Orbital Platform Gateway [1], conceptually seen in Figure 1, and the 
U.S. Human Exploration has as a next step, with high possibility, a Moon 
outpost. Before we explore the Deep Space, we need to better understand the 
effects of long space missions inside a real-world habitat, improve our 
technological capabilities and further explore the Moon [2]. 

 

Figure 1 – NASA Lunar Orbital Gateway Concept [1]. 

1.2 The Batonomous™ System D 

Inkonova AB is a KTH campus-based drone company that specializes in 
developing underground mining and tunnels inspection and mapping drones. 
Along other drone systems, Inkonova has recently started to offer the 
Batonomous™ solution to mining clients. The Batonomous™ is a Simultaneous  
Localization And Mapping (SLAM) solution designed specifically for 
underground mine environments. It is composed of a ground control station, 
used by an operator, a drone capable of carrying the Batonomous system 
payload and the payload itself. The “Batonomous” name comes from bat-like 
environment perception, though using a laser scanner rather than acoustics, 
and autonomy. It can perceive the environment in constricted, GPS-denied, 
light-deprived spaces, beyond line of sight and navigate through it. It uses no 
prior infrastructure and provides a high degree of autonomy to aerial mapping 
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solutions, in contrast to previous manual flying. The client would use such a 
system to navigate in usually tight and unsafe spaces inside an underground 
mine, gather data points on the environment and providing a map to the 
operator.  

Although the Batonomous™ system is currently implemented on an aerial 
platform (i.e. a drone), the system can be used on any type of vehicle (e.g. rover, 
satellite). The system is capable of sending relative attitude and position 
towards the navigational part of the vehicle. It also has the necessary hardware  
to provide navigational decisions. 

There is a great similarity between the rocky and inconsistent mine 
environment and the space environment found on asteroids, moons and other 
rocky planets. The project started as an exploration of Inkonova into the space 
sector, as a spin-off possibility from an industrial technology into a space 
technology.  

1.3 Problem Definition 

In order to explore dangerous and/or inaccessible underground areas there is 
the need for a mapping system suitable for  tight, light- and GPS-deprived 
zones, like the Batonomous™ system developed by Inkonova AB, shown below 
in Figure 2. The Batonomous™ system is used at this point in UASs (Unmanned 
Aerial Systems) for 3D laser scanning these unknown zones  in underground 
mines  and tunnels. Such a system can provide accurate 3D point-cloud data to 
create a precise 3D model of the area or other data types like spectroscopy 
measurements correlated to the map data. The Inkonova Batonomous™ system 
is platform-independent and provides simultaneous localization and mapping 
functionalities. Such a system could be used in the BAT-ME (BATonomous 
Moon cave Explorer) mission, devised in this project, that aims to explore one 
of the accessible lava tubes situated under the Moon surface. 

 

Figure 2 – Batonomous™ service drone inside a mine, ready for an underground 
mine inspection mission. 

1.4 Research Scope and Boundaries 

Currently, there are only a few concepts missions that lie in the same scope as 
this project. A summary of current and future Moon base missions shall be 
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presented. The purpose of the thesis is to analyze the feasibility of the overall 
mission, find the best mission objectives, requirements and constrains. The 
current state of the Batonomous™ system is  analyzed and a road map is 
devised to the adapt the system to the BAT-ME mission description. The 
locomotion/propulsion method for the cave explorer is being addressed. 

A preliminary high-level mission design is being presented, from the Moon 
landing phase till the cave exploration phase detailing all problems encountered 
and their solutions.  

The boundary of the research starts when the mission is in a Moon low orbit.  

The intellectual property of the Batonomous™ system is hold by Inkonova AB, 
Stockholm, Sweden, and key hardware and software detail are not being 
presented during this project.   

1.5 Research Methodology and Process 

The presented research is conducted as follows: 

An initial analysis of current space companies from the governmental and 
private sector is done. The purpose is to understand the possibility of a moon 
outpost which would have a direct effect on the need to evaluate Moon outpost 
scenarios, on the surface and underground. Given enough time, humankind will 
most likely create the outpost. 

Current discovered Moon caves are presented and investigated for the viability 
of an outpost with the structural and other specific aspects in mind, driving a 
preliminary set of requirements. 

Based on the requirements, a mission is presented using the Batonomous™ 
system, that would explore such a cave, which is first defined into operational 
stages. Such a mission requires a rover and the different approaches for a 
locomotion system of the rover are presented and compared. 

The current state of the Batonomous™ SLAM system is discussed, presented 
and analyzed, with data gained from the current system employed on a 
Inkonova AB drone. The result is a series of different modifications from 
operational, deliverables, hardware and software perspectives that would allow 
this system to properly function in a space environment. The results of a 
simulation made to analyze the differences between two LIDAR sensors within 
the landing phase is also presented. 

A list of requirements is separately presented for the Batonomous™ system and 
the BAT-ME mission, derived from the previously resulted changes.  

The rover and lander are conceptually defined from the BAT-ME requirements 
with inferences from a European Space Agency rover. 

Finally, other possible space use cases for the Batonomous™ system are briefly 
presented and project conclusions are derived. 

The aspects of the project that were considered as being engineering difficulties 
or that could render the mission impossible to accomplish have been analyzed 
deeper into detail than the rest of the project. 



4 
 
 
 
 

2 BAT-ME Mission Definition 

Mission Statement 

Because there will be a need to explore the interior of Moon lava caves by space 
agencies, the need to develop a system that would be able to perform accurate 
and precise exploration missions, to gather 3D point-cloud data from light 
deprived areas, as well as spectroscopy measurements of the environment will 
arise. The Inkonova Batonomous™ system is platform independent, and can 
provide simultaneous localization and mapping functionalities for such a 
mission. 

Ultimately this mission could aid NASA or other space agencies to choose the 
best manned underground Moon settlement location. Another potential use of 
the Batonomous™ system could be for an asteroid mapping mission that would 
deliver data to space mining corporations. 

2.1 Past Moon Outpost Plans  

Between 1969 and 1972 the U.S.  successfully landed astronauts on the Moon 
six  times during the Apollo Program. The launcher used was a multi-stage 
Saturn V rocket, carrying a four-module spacecraft that landed two astronauts 
on the surface with a third astronaut remaining in orbit around the Moon. 
Although astronauts landed on the moon they did not spent more than 75 hours 
on the surface and did not have a living habitat for missions that would last 
more than a few days [3].  

Several moon outposts have been conceptually designed in the past but none 
have actually got into production [4]. Both the U.S. Air Force and the U.S. Army 
had a plan on how they would colonize the Moon in the 60s but none went 
forward. 

Beside the U.S. landings there is no record confirming other manned Moon 
landings till the present day [5]. 

2.2 Past and Future Moon Outpost Plans  

ESA: The European Space Agency has a Moon Village in its plans but has not 
yet set any date on when such a project will start. On the other hand, they have 
an innovative idea of 3D printing a shield around a dome structured base, on 
the surface, increasing construction efficiency. The printing would be done with 
local materials like regolith (regolith is the layer of unconsolidated solid 
material covering the bedrock of a planet), by autonomous robots [6]. 

Roscosmos: Russia is considering to start the build of an outpost on the Moon 
surface by 2030, with 2-4 initial inhabitants, later increasing the number to 10-
12 inhabitants. A shielded shelter could be constructed underground to protect 
the cosmonauts from radiation or meteorites [7].  

JAXA: With the first soft landing on the Moon planned around 2020, the Japan 
Aerospace Exploration Agency considers  landing an astronaut around 2035-
2040. They consider to either have several disposable landers that act as living 
habitats or have a reusable one if water can be extracted from the Moon soil, 
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along a propellant generation plant. NASA is currently studied as an 
international partner in this endeavor [8]. 

China: China National Space Administration has already started to construct a 
launcher that will be able to send at least 50 tones [9] to a Lunar transfer orbit, 
that shall be used for the purpose of launching all necessary equipment for their 
Moon base. Their plans include landing astronauts before 2036, without help 
from other nations [10].  

NASA: The current U.S. space administration views the Moon outpost as a 
necessary step forward for deep space colonization, although, during the 
Obama administration, it was given a low priority, Mars colonization being the 
next step [11]. The Trump administration has labeled the return to Moon as 
crucial and the new NASA budget for FY19 shows a planned manned lander 
around 2026 [12, 13]. Although a plan to return exists, there is no fixed Moon 
outpost design. The initial plan is to have a under 1 tone lander, later landing 
with about 5-6 tones, with no mention of outpost structure [14]. NASA is 
counting on its current and future commercial partners for help in the missions 
but does not mention to what extent that help will be needed. 

Commercial: Initially SpaceX said they would launch a crewed Dragon 
spacecraft for Moon fly-by tourism with the Falcon Heavy but later dismissed 
that idea, saying that the Big Falcon Rocket (BFR) will probably be the one to 
do such missions. Although they envision a settlement on Mars, the date and 
outpost design are not set. 

Blue Origin is also working on a Moon lander taken to orbit by its own launcher 
[15], named New Glenn [16]. They envision to  ship different cargo to the Moon 
surface, including habitat modules in the mid-2020s [17]. 

United Launch Alliance (ULA) and Bigelow Aerospace will collaborate to build 
a space station in Moon orbit by 2023. Bigelow Aerospace is building 
expandable living habitats that could one day be mounted on the surface of the 
Moon, but no planed date is set for now [18]. 

2.3 Outpost Analysis 

The following sub-chapter will assess the current and future state of 
development of a Moon base by any of the national agencies or commercial 
companies that have any plans or could be able to fulfill such a mission, either 
for scientific or tourism purposes.  

One thing that should be understood first is that in order for any company to 
reach the goal of building a living habitat on the Moon, they would first need to 
have access to a launcher rocket that could deliver the necessary payload, from 
Earth ground to Moon surface. That would also require a vehicle capable of 
landing on the surface of the Moon with the payload, building the habitat, either 
automated or with help from astronauts. If people will live inside the habitat, it 
would first need to meet certain standards, pass certain tests, both on Earth and 
on the Moon before anyone would be allowed inside. This usually also means 
that the habitat should be functioning nominally, under the supervision of 
Earth ground crew, for a period of time prior to people moving in. The launcher, 
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the lander, the transfer vehicle and the return vehicle also need to pass the same 
manned standards for astronauts to be allowed to fly in them. 

Small amounts of water have been found on the surface of the Moon, with a 
higher degree of presence in the higher latitudes [19]. Potentially hard to 
extract, water as a resource has a high value because it can be used to produce 
H2 and O2, which can power chemical rocket motors and lower the necessary 
fuel that a return vehicle would need to carry. It can also be used for drinking 
and growing vegetables inside the outpost. 

SpaceX and Blue Origin have an interest in delivering cargo or personnel to 
Moon orbit and ground. Both companies have started the design process of 
their human-certified launchers capable of such a thing, along with a lander 
vehicle that could later take off on its own from the Moon surface. SpaceX 
funding comes from private investment and progress-payment of launch and 
development contracts [20]. This would make one think, keeping in mind their 
plans on concurring Mars, that unless someone pays for it or if it is not 
profitable, they would probably go directly to Mars. Blue Origin on the other 
hand is mostly funded by private investments from Amazon founder Jeff Bezos 
with a minority of NASA development contract funding [21]. These two 
companies alongside ULA & Bigelow Aerospace might aid another venture to 
the Moon and is improbable they will do such mission on their own, although 
Moon tourism might become profitable when launcher reusability increase. 

ESA and JAXA have a budget that is very limited compared to NASA, do not 
have their own launchers meaning that even if such a mission, even with a low 
number of astronauts would go through, they will require the help from other 
agencies with the launch. 

Russia has the human-certified launcher that can lift 3 crew members to LEO 
and the Soyuz spacecraft which has been in service, in different versions, for the 
past 51 years [22]. For such a mission to go through they would need to develop 
a cislunar (vehicle capable of Moon-Earth voyages) transfer vehicle capable of 
docking with the Soyuz, a Moon lander and an outpost. The development effort 
and cost are considerable but still less compared to the other important players 
except China. China has the same manned capabilities as Russia but has 
expanded their capabilities only in the most recent years with help from Russia 
[23].   

NASA on the other hand, with political support from the Trump 
Administration, considering their latest budget proposal, could succeed  
[24]with their endeavor of returning to the Moon after setting a Lunar orbiting 
station. Considering the past, they might take along all other allies that are 
present on the ISS, in order to also alleviate the cost on their side. Although SLS 
development is behind schedule, it is of critical use for all missions beyond LEO. 
As the new administration has been opened for commercial development 
programs, SpaceX’s Dragon 2 capsule [25] and the Boeing’s CST-100 Starline 
[26] are considered as very important.  

Concluding the assessment, I think, there is a high probability that humankind 
will return to Moon within the next 25 years and build a permanent outpost. 
The Moon will most likely become the forefront to space development in all 
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areas that concern human space missions. Because its close vicinity to Earth 
and relatively small travel time a Moon outpost seems as being the place where 
we should validate new technology that would one day allow us to go further ij 
our Solar System. NASA and China seem to be the main actors that seem to 
have the advantage. Creating a Moon outpost will be a mission that would take 
as much as 30 years to complete [24](compare e.g. with ISS, which took 13 years 
[27]), with the main objective being technological development and scientific 
Moon exploration. 

All the developments and all research that will be made for a working Moon 
outpost by space agencies, will be used to relief the effort of designing a 
completely new human outpost for Mars, other planets, moons or asteroids. 

2.4 In-Situ Resource Utilization 

Given the Lunar regolith composition a 3D printing automated machine is 
viable, with use of an external binder brought from Earth, in low proportion 
compared to the regolith. ESA´s concept , shown in Figure 3 , has an automated 
rover that could use a printing head to create honeycomb structured protective 
walls around an erected Lunar outpost. Figure 4 presents regolith components 
present on the Moon that could be used in this case as raw building materials. 

 

Figure 3 – ESA multi-dome base being constructed by 3D printing robots [6]. 

 Such a task of creating a Moon outpost has engineering difficulties which might 
require a clear answer or validation, for example:  

• Is all Lunar regolith usable? 

• How does the rover position itself precisely? 

• How much time, how many robots would it take to build the necessary 
shielding? 

• Does the 3D printing robots mine the regolith or is a separate mining 
infrastructure and equipment required? 
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Figure 4 – Composition of the lunar regolith [28]. 

Until the relatively recent confirmation of Moon lava caves [29], although their 
existence was assumed, an underground station was not possible unless a 
human-assisted or automated machine would dig a pit on the surface. Lava 
tubes are created when lava flows with low viscosity underneath the surface, 
leaving a hard layer that has good structural integrity [30]. Structural integrity 
of assumed lava caves will be discussed in the next sub-chapter.  

Given the two options of either building the outpost on the surface or 
underground one would find that both have advantages and drawbacks. Table 
1 lists some obvious pros and cons. 

Table 1 – Outpost position comparison. 

 
Surface Lava Cave 

Advantage/ Disadvantage Advantage/ Disadvantage 

1 
Adv.: Equipment can be situated on the 

surface 
Disadv.: Equipment needs to be 

transported to the floor of the cave 

2 
Disadv.: Habitat needs meteorite and 

radiation shielding 
Adv.: Habitat is shielded by the overhang 

Moon structure 

3 
Disadv.: Habitat needs shielding from 

day-night temperature variations from -
180°C to +100°C [31] 

Adv.: Habitat is situated in an estimated 
constant -20°C [31] 

4 
Disadv.: Habitat needs a specialized dust 

decontamination room 

Adv.: An unshielded airlock would suffice 
because on the bottom on the cave the 

Moon dust wound not be present 

5 
Nor Adv. nor Disadv.: Increase in habitat 
weight due to radiation shielding (direct 

or indirect reasons)  

Nor Adv. nor Disadv.: A structure would 
be necessary for astronauts to move to 
the surface and back, sometimes with 

equipment if rovers would be impractical 

6 
Nor Adv. nor Disadv.: Small possibility of 

outpost penetration from high velocity 
and mass asteroid impact 

Nor Adv. nor Disadv.: Small possibility of 
cave-in from high velocity and mass 

asteroid impact 
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2.5 Lunar Lava Tube Assessment 

With the NASA GRAIL (Gravity Recovery And Interior Laboratory) mission, 
using gravitational anomalies that are persistent over different instruments, 
with two different and independent techniques a US team was able to find 
numerous voids, potential lava caves, under the surface of the Moon. They 
range in length from 20 to 180 km and heights of up to hundreds of meters. 
Although the GRAIL data is stated as being precise, it can only find large voids  
[33].   

The JAXA Kaguya mission delivered the images of the Moon surface shown in 
Figure 5, which  increased the team’s confidence in the hypothesis that sinuous 
riles are produced by lava caves that have collapsed. The team concluded that 
intact lava caves exist and some of them have their entrance within reach. The 
Marius Hills pit is one of the presumed cave entrances to a lava tube situated 
on the Earth direction of the Moon. 

 

 Figure 5 – Images recorded by the SELENE Multi-band Imager (MI) and the 
Terrain Camera (TC).  (a)Regional view of the Marius Hills. (Right) Snapshots of 
a potential lava tube of 65 m diameter Lunar lava tube. (b) Marius Hills Hole  
situated at 303.3°E, 14.2°N. (c–f) Expanded MI and TC images from different time 
moments. Arrows present on images indicate the directions of the camera view 
vector (V) and the solar illumination (I)  [34]. 

The caved-in area of a presumed lava cave has the terminology of ‘pit crater’, 
which represent geological formations of round or oblate vertical openings on 
the surface with near-vertical walls and lack of overflow on the rims. While the 
walls hold important geological data, it is believed that the cave-in is a result of 
high velocity asteroid impact, that shattered through the ceiling of the lava tube. 
Although lava tubes exist on Earth, their dimensions are not similar due to the 
reduced Moon gravity field in comparison to Earth. 

Newly recorded photographs deliver high hopes that an underground outpost 
can be achieved and preliminary estimates show the underground as being the 
most efficient and least risky [35].  

The NASA Lunar Reconnaissance Orbiter Camera Narrow Angle Camera, 
which has a 1m pixel scale [35], has captured all the area of the near side of the 
Moon (the Lunar hemisphere that is permanently turned towards Earth) and 
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multiple geological formations have been found that point to lava caves, as 
presented in Figure 6. 

 

Figure 6 – (Top) Sketch showing the structure of an ideal pit. While part of the of 
the sketch is already known, the dotted part is still unknown due to the cameras 
inability to photograph. (Bottom) All three pits are at the same scale. Left to right: 
Mare Tranquillitatis pit, Central Mare Fecunditatis pit, Southwest Mare 
Fecunditatis pit, captured by NASA LRO [35]. 

One of the most studied pits, the Mare Tranquillitatis Hole has an opening of 
100 m × 88 m, with a long-axis at 165 ° and depth of 107 m. Because of its high 
depth one can understand that a structure capable of lifting or lowering 
astronauts and cargo would be complex. A pit with a lower depth is desired for 
our purpose. While a jig of such sort would be sufficient, it might end up being 
a complex mechanism, hard to maintain, and one other possible way would be 
to blast away rock and make an inclined slope that would allow rovers to 
navigate into the cave and back to the surface. 

With the ortho-mosaic created by the LRO camera many pits have been found 
with different shaped openings and different sizes. Due to the large number of 
images recorded that were initially, partially and manually reviewed, not all 
structures were found. “A semi-automated searching technique [was] applied 
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to LROC NAC images enabling the discovery of over 200 pits in the Lunar 
maria, high lands and in impact melt deposits” [36].  

Possible spots for the BAT-ME mission include the Mare Ingenii (Figure 7) and 
Marius Hills (Figure 8) with central pit sizes of 100 m × 68m, 58 m × 49 m 
respectively and depths of (45-65) m, 40 m respectively. 

 

Figure 7 – Mare Ingenii pit (A) 7° emission angle and 39° incidence, image is 220 
m wide. (B) Side view at 43° emission angle and 44° incidence; good engineering 
data of the wall layers for the purpose of building an elevator style jig [36]. 

 

Figure 8 – Marius Hills pit (A) 0.5° emission angle, rubble can be seen on the pit 
floor, image is 140 m wide. (B) Emission angle of 9°; incidence angle is 13°. (C) 
Emission angle of 45°; incidence angle is 34°. (D)Emission angle of 30°; incidence 
angle is 13° [36].  

Because the current satellites are not capable of finding clear proof that small 
lava caves like that one presented above are actually present,  the exploration 
place poses a risk. One way of diminishing the risk would be to search for 
collapsed sections of a cave on the surface (named sinuous rilles, which is a term 
used to describe long, narrow depressions in the surface of the Moon that 
resemble channels) and trace them to a pit crated that is aligned with them. The 
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second way would be to try and capture a high incidence view of the pit, from 
different positions, with different emission angles to increase the confidence in 
the presumed cave. The third way, and most expensive, is to launch a low Lunar 
orbit Ground-penetrating radar satellite capable of capturing the presumed 
voids among the pit craters. 

Blair et al., 2017 [30] showed, in accordance with the discovered voids that 
structural integrity can be modelled in a computational analysis and tested.  The 
integrity was assessed with lithostatic and Poisson stress analysis and the 
results were similar but not identical as presented in Figure 9. Based on the 
assumption that a human outpost does not need caves larger than 250 m vide, 
we can infer that the cave would need a roof of at least 1m thick to sustain its 
structure. No seismic activity from incoming asteroid or other sources was 
modelled and the values taken in tension or compression were conservative. 
While ceiling with more than 1 m roof thickness would be sufficient from a 
structural stand point and simulations prove that 1 m would protect astronauts 
from Solar Particle Events (SPE) particles, 6 m is the required minimum roof 
thickness to absorb Galactic Cosmic Ray (GCR) particles [37]. 

The choice of lava cave has an effect on communication creating a problem if 
there is no Line of Sight communication with the Earth ground segment. This 
will be detailed in the BAT-ME System chapter. 

 

Figure 9 – (Poisson Stress Analysis) Results of roof thickness necessary for stable 
structural integrity. Dotted boxes refer to actual model, empty ones refer to 
inferred results. Green – stable, yellow – quasi-stable, red – unstable [30]. 

On Earth dust is carried around by the atmosphere, by the air, sometimes long 
distances. On the Moon the situation is different considering that the 
atmosphere total mass is about 25 tones [32], the atmosphere is insufficient to 
move matter. The only considerable constant force that acts on the Moon 
regolith of low size(dust) is gravity.  

2.6 Mission Value 

Given the risk involved, the outpost location structural stability is of great 
importance. Lowering the risk of possible overall outpost failure is necessary. 
With the primary mission of scanning a Moon lava tube, with good enough 
precision and accuracy, the team on the ground could then asses the viability of 
the outpost and either considering the chosen spot sufficient or rejecting the 
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location. Whether or not the cave will be chosen, the Batonomous system may 
record maps periodically for shape change assessment. 

Even if the primary role is set, the system could also host other instruments for 
scientific or technological reasons, on the vehicle, with secondary objectives. 
Instruments like flash equipped cameras, x-ray or spectrometry measurements, 
temperature sensors, atmosphere composition sensors or subsurface radar 
imager could bring additional value to the mission. Some mineralogy 
measurements could be even sold commercially for mining companies that see 
a future in space mining. 

2.7 Mission Preliminary Requirements 

BatonomousTM Preliminary Functional Requirements: 

• Use a 3D LIDAR sensor and an IMU to create a real time 3D map 
• Automatic navigation in real time while descending through the cave pit 

area 

• Able to land inside a pit 

• Automatic path finding inside the cave 

• Relay on-board assimilated map to the ground segment 
• Able to navigate on a rough surface 

• Reduce contamination of the environment to a minimum 

• Capable of static point cloud capture 

• Able to reference the map to surface markers 

BatonomousTM Preliminary Performance Requirements: 

• Navigate at least 500 m inside the cave 

• Deliver a 3D point-cloud of the whole cave with a resolution that is under 
5 cm 

• Navigate on slopes of up to 30° 
• Maintain a centered position with respect to the pit entrance while 

descending to the bottom of the cave 

• Ability to scan the interior of the cave for up to 200 m in all directions 

BAT-ME Preliminary Design Requirements: 

• The vehicle or combination of vehicles shall be designed to operate in the 
vibration profile of a Moon orbit capable rocket 

• The OBC shall be able to operate in -20 to 60 °C 
• The Batonomous™ system  and OBC shall be qualified for space use 

• The Batonomous™ system shall be designed to overcome thermal loads 
and vacuum conditions 

• Capable of a hibernation mode 

 

BAT-ME Preliminary Operational Requirements: 

• The vehicle or combination of vehicles shall be able to operate 
autonomously 
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• The Batonomous™ system shall transmit the maps autonomously to the 
Earth ground segment 

• Recharge the batteries 

• Designed for an operational lifetime of one year 

BatonomousTM Preliminary Constrains: 

• The Batonomous™ system shall not be in operation until the vehicles 
arrive in a Moon low altitude orbit  

Key Requirements Motivation: 

Because the mission is built with the help of the current Batonomous™ system, 
many of the requirements presented above are currently already met by the 
system. In order for the rover  to navigate inside the lava cave, the lander-rover 
assembly would first need to land and navigate inside the pit crater while 
creating a map used later to reference the interior cave map to the outside Moon 
surface.  

While continuous scans are necessary for navigational purposes and desired for 
others, the map accuracy improves when the system is stationary due to 
absence of location approximation. 

A preliminary selected means of transportation for the system is an electric 
rover. It would need to host batteries and solar panels and would need to carry 
the weight of the subsystems. The higher the battery mass, the higher the power 
consumption available to move, therefore a tradeoff needs to be made and a 
distance traveled inside the cave set. The interior of the cave can be rocky, 
although intact lava caves have smooth floors, prohibiting the rover to navigate 
with a high speed. A human outpost would not need 500 m of cave length of 
space but for the research purposes of this thesis, 500 m of navigation in the 
cave has been chosen. 

2.8 Mission Profiles  

With some basic requirements, constraints and the aim set, the need for an 
action plan arises. In the following subchapter, the best mission profile shall be 
selected and discussed for each phase of the overall mission. No consideration 
is made  on how the Batonomous System is delivered to low Lunar orbit, 
considering that the rocket stage team is tasked and oversees successful delivery 
of the vehicles from Earth ground until a low Lunar orbit. Because most rocket 
stages that transport satellites to designated orbits have their own navigational 
capabilities, there is no necessity to operate the system, except for maybe some 
internal checks, prior to delivery. 

Rather than designing and presenting the mission phases in a forward timeline, 
the order has been reversed to facilitate easier understanding of reasons behind 
decisions. 

2.8.1 Phase C – Inside the Lava Cave  

Considering that the Batonomous System has to navigate from the pit floor until 
either the cave ends, or it reaches 500 m from the entrance, it needs a 
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locomotion system. Having a very low-pressure atmosphere compared to Earth 
[32], any aerodynamics-based or aerial platform is unsuited for this 
environment. The end vehicle, which is unknown in configuration for now, 
could as well have a chemical (rocket reaction engine) propulsion system but 
that would interfere with one of the requirements of not disturbing the state of 
the regolith. An explanation will be given later about the issue of dust in the 
environment and LIDAR measurements. From an engineering and 
computational point of view, having a “flying” platform would also increase the 
complexity of the system. That leaves the design to an electrically powered rover 
with either a legs mechanism or wheels or tracks. 

To adopt the better solution, the terrain needs to be analysed. We shall assume, 
conservatively, that the rocks that were once ceiling now lie as regolith, on the 
bottom of the pit crater, meaning that the surface is far from smooth. As it can 
be seen in Figure 6 – (Top) Sketch showing the structure of an ideal pit. While 
part of the of the sketch is already known, the dotted part is still unknown due 
to the cameras inability to photograph. (Bottom) All three pits are at the same 
scale. Left to right: Mare Tranquillitatis pit, Central Mare Fecunditatis pit, 
Southwest Mare Fecunditatis pit, captured by NASA LRO., Figure 7 and Figure 
8, the base of the pit is scattered with large rocks that any machine will find 
hard to tackle. If the roof collapsed on the cave floor, it means that the vehicle 
will have to descend to the cave floor in order to perform the mission scan and 
ascend when it will need to either charge batteries or cross to the other side of 
the cave pit floor, presuming it is accessible. Although the entrance can be full 
of rubble, the rest of the cave floor should be in a very good shape, without dust 
or regolith [38].   

There are several types of walking anatomy of legs in the animal world that 
science has replicated in robots. They can have from 2 legs to as many as a 
centipede but the ones that stand out are the four  legs that walk either as a crab 
or as a horse or even both. One such example is the Boston Dynamics Spot Mini, 
a battery powered 30kg robot, capable of running on internal battery for as 
much as 90 minutes or 2.5 km [39]. Even if it can reach high speeds compared 
to the other systems, it uses more power for the same travelled distance, 
compared to a wheeled rover, due to large masses that change direction for each 
step (legs), losing energy [40]. In the same instance from a mechanical, 
electrical and control point of view the complexity is higher. There are close to 
no companies that sell such robots for industrial application leaving us to infer 
that the technology readiness level is under the space standard, demanding 
more development, questioning the robustness [41]. 

The tracked and wheeled vehicles are very similar because they mostly use 
direct or geared drive electric motors, with the only difference being that the 
tracked one has a drum and spins the track rather than being directly connected 
to the tire-rim assembly. The direct drive has also an effect on the position 
feedback of the system because it allows for precise readings on the angular 
position of the wheels through encoders. On the other hand, a wheeled vehicle 
can have a high degree of freedom from suspension, allowing increased mobility 
on rough ground [42]. Both wheels and tracks are present in industrial 
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applications and have been in service in space for some time now, showing a 
high technology readiness level.  

From a stability point a view, on a level surface, the wheeled or tracked vehicle 
can sit on a large support area, resulting in a vehicle that is hard to roll. The 
high centre of gravity 4-legged vehicle, similar to the Spot Mini, on the other 
hand, when moving, it will sit on 3 or 2 legs for long periods of time, which can 
result in a tip-over [43]. 

Octopods or hexapods do not have the same problem with tipping over, but they 
do require from 2 to 4 actuators per leg. Each actuator (servomechanism), is 
composed of many electrical and mechanical components and needs to have 
sufficient force to hold the vehicle weight when walking. Comparing different 
legged locomotion systems on robots one finds that the majority of the system 
weight is from actuators [44] [45] [46] [47]. Aluminium parts are used 
extensively due to the predictability of the material but in the present and future 
composite materials could be used to manufacture high strength light weight 
components like rover legs. The best ability of these relatively complex systems 
is that they can tackle rough terrain better than a wheeled rover, which is 
important since we are unsure how the interior of the cave would look like. It 
just might be that the interior of the cave is straight and flat but it might just be 
that the ceiling has collapsed just enough for the wheeled vehicle to be unable 
to surpass the obstacle. It is far more important to finish the mission than to 
lower the weight of the of the rover or decrease the system complexity. 
Depending on the LIDAR sensor used, the sensor might need an actuation 
mechanism in order to record as much area as possible. A legged vehicle would 
eliminate that need because it usually can tilt its body while a wheeled one 
cannot. 

While keeping a low number of moving components, out of which most are 
passive components we can infer that the tracked or wheeled locomotion 
method has less failure points relative to the legged one and has been tested 
more in missions.  

Table 2 has been devised to find the best locomotion system for the BAT-ME 
rover. Each category has been graded accordingly to grade the solutions. The 
result was the wheels locomotion system, but at a too close distance to the 
others to be decisive. Previous rovers had either 4 or 6 wheels, some with the 
possibility of turning individual wheel roll axis for better manoeuvrability. 

Table 2 – Batonomous™ system locomotion system trade table (1 = worst, 3 = 
best). 

No. Description Weight 
(%) 

Legs Tracks Wheels 

1 Relative system weight 0.25 1 2 3 

2 
Mechanical system 

complexity 
0.25 1 2 3 

3 
Electronics system 

complexity 
0.25 1 3 3 

4 System stability control 0.25 1 3 3 
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5 Position feed-back precision 0.5 1 2 3 

5 Environmental mobility 1 3 1 1 

6 Electric consumption 0.5 1 2 3 

7 System robustness 0.75 2 3 3 

8 Need of LIDAR actuator 0.25 3 1 1 

9 
Ability to fold locomotion 

system 
0.5 3 1 2 

10 TRL 0.75 2 2 3 

11 Operational 0.5 1 3 2 

 Total  10.75 10.50 12.25 

 
At this stage, the choice of wheel number seems irrelevant but considering the 
tight result a combination of legs and wheels could do a good job for this current 
thesis, while consuming low energy and  being able to tackle rough ground [48] 
[43].  

During this phase the rover will have to cruise through the rubble, navigate on 
its own to up to 500 m  into the cave, or where the cave ends and then return 
for battery recharge to the centre of the pit crater. While in the cave area, the 
system could perform the secondary objectives presented at the end of  2.6 
Mission Value.  

To understand how to relay the map we first need to make an initial estimation 
of the size of the map the system would make. In this calculation the .ply 
(Polygon File Format) will be used (current Batonomous™ map delivery 
method to customers). The . ply format uses 12 bites per point to store them. A 
maximum cave diameter of 250 m and a minimum of 50 m would give limits 
for the map data size, considering optimal distribution of points. A safety 
margin of 20% shall be added for unaccounted factors at this stage (e.g. 
checksum). Given a uniform point distribution, for a cave of 500 m length, the 
size of the map can be approximated to: 

𝑆𝑙𝑖𝑐𝑒𝑚𝑖𝑛 = 𝐷𝑚𝑖𝑛 ∗
𝜋

𝑝𝑑
= 3142 𝑝𝑜𝑖𝑛𝑡𝑠 𝑝𝑒𝑟 𝑐𝑎𝑣𝑒 𝑠𝑙𝑖𝑐𝑒 

𝑆𝑙𝑖𝑐𝑒𝑚𝑎𝑥 = 𝐷𝑚𝑎𝑥 ∗
𝜋

𝑝𝑑
= 15708 𝑝𝑜𝑖𝑛𝑡𝑠 𝑝𝑒𝑟 𝑐𝑎𝑣𝑒 𝑠𝑙𝑖𝑐𝑒 

𝑆𝑖𝑧𝑒𝑚𝑎𝑥 = 𝑆𝑙𝑖𝑐𝑒𝑚𝑎𝑥 ∗
𝐿𝑚𝑎𝑥

𝑝𝑑
∗ 𝑠𝑝𝑝 ∗ 1.20 = 2157 𝑀𝐵 

𝑆𝑖𝑧𝑒𝑚𝑖𝑛 = 𝑆𝑙𝑖𝑐𝑒𝑚𝑖𝑛 = 𝑆𝑙𝑖𝑐𝑒𝑚𝑖𝑛 ∗
𝐿𝑚𝑎𝑥

𝑝𝑑
∗ 𝑠𝑝𝑝 ∗ 1.20 = 432 𝑀𝐵 

𝐷𝑚𝑖𝑛 = 50 𝑚; 𝐷𝑚𝑎𝑥 = 250 𝑚 − 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑎𝑛𝑑 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑎𝑣𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟; 

𝐿𝑚𝑎𝑥 = 500 𝑚 − 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑎𝑣𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝑠𝑐𝑎𝑛; 

𝑠𝑝𝑝 = 12 𝐵𝑖𝑡𝑒𝑠 − 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑝𝑒𝑟 𝑝𝑜𝑖𝑛𝑡; 

𝑝𝑑 = 0.05 𝑚 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑝𝑜𝑖𝑛𝑡 𝑡𝑜 𝑝𝑜𝑖𝑛𝑡; 
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Figure 10 – Section of a raw post-flight map. 

As an example, 10 represents a raw map, delivered by the Batonomous™ system 
after a flight. The points that compose the cloud are distributed in an uneven 
manner, with more on the walls and less on the ceiling. This is because the 
LIDAR sensor is fixed horizontally. The example shown here is a tunnel of 80m 
long and 8 to 12 m diameter. The total map size is 15.2MB. 

The current data rates that NASA systems can transfer data to and from the 
Moon can get up to 1.5 Mbps [49].  Even using half of that bandwidth, the 
system could transfer the map in 20 to 100 minutes, which seems a reasonable 
time. If the map is transmitted from the centre of the pit the mission would 
suffer from the lack of a Moon orbiting satellite for relaying telecommands or 
data. Considering this is a mission into an uncharted terrain, although the 
Batonomous™ should be capable of self-navigation, a permanent link seems of 
great importance for back-up reasons. A different reason for having a relay 
station is that all communications could be disturbed if the radio waves would 
have to pass through regolith on their way to the surface, low Moon orbit or 
Earth.  Therefore, a permanent relay station in the line of sight of both the rover 
and Earth should be established on the lander vehicle. The communication 
window will be presented in BAT-ME System Chapter. 

With time, scans can be repeated to see if any changes occur to the shape of the 
cave, especially if astronauts set the camp in that area. 

2.8.2 Phase B – From Surface to Cave Entrance 

Assuming, for this project, that the final vehicle is a wheeled rover and it needs 
to have a relay station on the bottom of the pit, a lander vehicle is necessary. 
The lander would have the rover as a payload. One of the decisions, made prior 
to the mission start, for safety reasons, is to land the spacecraft in the center of 
the pit. This would allow the vehicle to scan the surroundings and figure out a 
path that should be followed during the descent. 
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During the descent, the system shall scan both the outer funnel and the pit, 
continuously calculating the best trajectory for landing, without stopping,  
while creating the map. Depending on the LIDAR sensor, the optimal landing 
speed will be calculated later.  

The landing will most likely shoot a lot of dust into the environment. A few 
moments before, the system should turn off the SLAM input. The SLAM should 
know the differences in position between the end of input, a few seconds before 
impact, and after the dust has settled and landing has occurred. At the point of 
landing, the system should know the relative position change of the lander and 
rover, based on more sensors than just the LIDAR. The lander would then 
proceed to un-dock the rover, sever the interconnections, deploy its solar panels 
and Earth relay antenna if necessary. 

2.8.3 Phase A – Low Moon Orbit to Surface 

After delivery by a separate spacecraft, to an orbit of 100km altitude, the lander 
shall take control of the trajectory. The preset trajectory shall be followed with 
a powered descent to the cave entrance that is best for the mission. The lander 
would receive and respond to telecommands while in descend phase. The 
lander has to perform three main objectives: land inside the pit, stow and 
deploy the Batonomous™ rover and act as a communications relay for the 
rover.  

To reference the map to the outside surface the system shall have to scan the 
environment and start creating a map before entering the pit crater. Usually, 
three markers are referenced to the previous mine map when the 
Batonomous™ drone would perform a survey. For this mission, the system 
would have to find at least 3 prominent surface structures or get a large area of 
the surface in the initial pit map for referencing purposes.  
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2.8.4  Mission Timeline Overview 

 

 

Figure 11 – Batonomous™ mission profile. Yellow represents software tasks, 
magenta represents robotics tasks.  
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3 Batonomous™ System 

The Inkonova AB Batonomous™ system is defined as the platform independent 
sum of hardware and software capable of running a SLAM algorithm with 
autonomous features in association with a vehicle. In this project, the 
Batonomous™ system is the payload of the rover vehicle. This chapter will 
present the status of the current system that can operat on a drone for mostly 
inaccessible spaces inside underground mines and the modifications necessary 
for the BAT-ME mission.  

Some information will be withheld from this project due to intellectual property 
rights of Inkonova AB about  the Batonomous™ system. 

3.1 Current status of the Batonomous™  

In this sub-chapter the current status of the Batonomous™ system will be 
presented which includes how it works, what components are necessary, how 
precise the sensors are, what problems  the current system has and what will be 
the next system developments. 

3.1.1 System Hardware Architecture  

 

Figure 12 – Batonomous™ hardware architecture. 

Figure 12 describes the current system hardware architecture. The OBC (On 
Board Computer) is in charge of running the SLAM algorithm while reading 
data from the LIDAR sensors through an ethernet connection and from the 
IMU (Inertial Measurement Unit) through a serial connection. It then 
processes the data and provides position to the vehicle autopilot through a 
serial connection.  

The operator uses the GCS (Ground Control Station) computer for previewing 
and sending commands to the OBC. A data link connecting both computers that 
ensures proper connection, even beyond line of sight, through RF reflections 
that is used for relaying maps and commands. 
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3.1.2 Component Specifications 

The components currently used by the system are presented in detail in Annex 
DError! Reference source not found., with all their specifications that are 
important for this project. Most aspects of the individual component 
specifications would not work for a space project for different reasons. The 
changes will be addressed in the next sub-chapter. 

The autopilot and ground support computer are less relevant since the autopilot 
is a platform locked component used only on a drone while the computer is a 
standard, low performance one, used only for viewing and commands. 

3.1.3 System Software Architecture  

The SLAM is composed, currently, of the vehicle Position Estimator, Odometry 
algorithm, Transformation Frames and SLAM Geo-mapping. All SLAM 
components intercommunicate with each other through the Master 
Coordinator which holds the system online with all the data freely available for 
all components of the system. While the system is running the Master 
Coordinator saves all input and output data present in a binary back-un log file, 
used later to post-process the map. Figure 13 presents the connection between 
all software components. Arrows show data flow directions. 

The data comes in from the IMU, LIDAR and autopilot internal IMU as a 
constant input while commands from the GCS come whenever the operator 
issues them. All four SLAM components use data from each other in order and 
the input to perform their function.  

The Position Estimator is in charge of providing attitude and cartesian 
positioning resulted from the IMU coupled to Transformation Frames. The 
angular position (absolute angular position) is relative to the local horizon and 
Earth magnetic field. The cartesian position is relative to the starting point (e.g. 
starting point has the coordinate of x=0, y=0, z=0). Position estimations are 
then passed out to the autopilot. 

The Odometry is in charge of constructing an estimate of position and velocity 
in a free space and referencing the current LIDAR point-cloud frame to it. In 
contrast to the Position Estimator, the Odometry function uses the point cloud 
for the position estimations. Data is sent to the Transformation Frames. 

The Transformation Frames function holds and calculated all positions of input 
data in relation to each other in anticipation of the Geo-mapping function.  

The Geo-mapping function uses the already filtered data of the current point-
cloud frame to reference it to points of interest inside the already constructed 
map, provides an additional position estimation based on the referencing and 
adds points to the map. The direct output created by the Geo-mapping function 
post-flight is a *.ply format map that can be easily downloaded to the GCS.  

The Collision Avoidance and Autonomous Navigation module is currently 
under development, but the Command module is in service. The operator can 
send 3D navigational waypoints, by setting an altitude and clicking on the real-
time map in the desired position. After the point is set, the Autopilot receives 
and performs the command of navigating to the desired positions. 



23 
 
 
 
 

Figure 13 presents the current Batonomous™ architecture. The SLAM 
algorithm is composed of the center four blocks. The input data comes from the 
IMU and LIDAR. All interconnecting lines only represent data transfer and data 
direction. The lines do not represent any kind of processing.  

 

Figure 13 – Batonomous™  software architecture. 
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3.1.4 Point-cloud Operations and Visualisation 

In real-time the operator is able to see the current point-cloud frame (updated 
every 0.1 seconds) and the initial generated map as shown in Figure 14. 

 

Figure 14 – Batonomous™ GCS visualisation in real-time (a room). Green cubes 
– odometry map. Other cubes – current LIDAR frame. 

After the flight and the end of the mission, the point-cloud can be processed on 
the SLAM side. Considering the high amount of points the LIDAR scanner 
sends to the SLAM system, a down-sampling is necessary to reduce the size of 
the map. Although the size of the map is currently relatively low (up to 50MB 
down-sampled to 1% for a 100m tunnel) due to the relatively low flight time of 
the drone, it still requires a powerful machine to post-process it after the initial 
processing done on the SLAM side. Without the down-sample process it would 
be hard to use the map in any way due to large file size that would require 
extensive computational power.  

The downloaded map can be post-processed into a mesh with a separate 
software, resulting into a “solid” exterior of the scanned area, as seen in Figure 
15.  
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Figure 15 – Processed map of a tunnel flight. 

3.1.5 Computational Resources Used  

In the 3.1.4 sub-chapter, the system components used to run the software were 
presented with their maximum capacity. For different reasons that is not 
necessary for the BAT-ME system.  

The operating system runs on average 0.7 GHz across all threads and 1.7 GB of 
memory while Batonomous™ software is not running. 

While having the Batonomous™ system turned on, with all components 
activated, it uses the performance of the OBS as presented in Table 3 and Figure 
16: 

Table 3 – Average Batonomous™ performance usage (over 1 h of runtime).  

Component Usage 

# of Cores 2 
# of Threads 4 

Maximum Processor Thread Usage 1.55 GHz 

Internal Drive Usage (time dependent) 4 GB/min 

Disk Usage (up to) 0.5 GB 
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Figure 16 – Batonomous™ system performance  monitoring. 

The necessity to know the usage of the overall system is decisive in 
understanding what sort of OBC would be able to perform this task in a 
radiation environment, considering that unless the system is already inside a 
cave, radiation would be present, unless protection is added to the spacecraft.  

3.1.6 Electrical Power Used 

As for the used computational resources we would like to know how much 
electrical energy is used for this system in order to later infer the energy usage 
of the space system, since most components would be different but similar. 
Having a real-life test would allow for accurate verifications power usage.  

All components have a separate power supply that regulates the drone battery 
voltage down to the necessary voltage of each component. The measurements 
are made taking into account the efficiency of those regulators. Table 4 shows 
the average power used over a period of one mission (10 min flight time and 15 
min processing time), from start to finish, in full operation. 

Table 4 – Batonomous component electrical usage 

Component Average Power Used (W) 
OBC 35 

LIDAR Sensor 4 
IMU Sensor 0.5 

Communication Module 4.5 
Total 44 
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3.1.7 Current Problems and Limitations 

As with any system the Batonomous™ has some issues and limitations. The 
current state of the system is enough to allows commercial missions, although 
some limitations apply.  

The Wireless transmission does not allow for operations for distances larger 
that 100m and in some cases even shorter, but that is not an issue for the BAT-
ME mission. This issue will be presented and solved in the 3.2.1 sub-chapter.  

A different problem is that, also due to the nature of a drone in constant motion 
and the SLAM algorithm, the positioning is always sent to the autopilot with a 
certain and constant delay. An Extended Kalman Filter (EKF)  is present on the 
autopilot to cope with that time difference but the position sent by the OBC has 
a position accuracy of 10 cm but a precision of around 40 cm on all three axes. 
The position fluctuates with up to 40 cm from the actual position, on a single 
measurement base, but if you would average all measurements made over time, 
the error would decrease to 10 cm. On the altitude axis the drone is much more 
stable due to the presence of a barometer on the autopilot side, but that is not 
the case for the other 2 axes. In flight the accuracy and precision of the 
positioning makes the drone fly in an area of 30 cm radius circle around a centre 
point. This limits the drone use in a tight space due to the risk of crashing if 
there is not collision avoidance software, which is not an issue to a rover. 

Due to the nature of the system, only a preview map is created in real-time and 
if the drone is lost during mission the map is also lost. The post-processed map 
has an accuracy of up to 60cm, which is too large for the BAT-ME mission and 
solutions need to be found to improve the accuracy. 

LIDAR sensors work by sending a pulsed beam, the beam reflects on the 
surface, and some part of the light is received back by a sensor. The fastest 
response is used and the rest are rejected because they are considered 
secondary reflection or refractions. The light beam can reflect on a particle of 
dust or on a particle of water. Dust and water are always present in 
underground mines and it can result in missions which are impossible to be 
performed safely. Water is not present in the atmosphere of the Moon and 
cannot affect the system, but dust is. Dust could only cause issues in the last 
seconds of the landing phase of the mission. 

3.1.8 Collision Avoidance and Autonomous Navigation  

The Collision Avoidance and Autonomous Navigation module is currently 
under development.  

The collision avoidance is designed to initially help the operator. It will create a 
virtual globe around the drone that cannot come close to any object unless the 
system is in a landing or take-off procedure. Without it, the operator could send 
a navigational command beyond a wall and the system could actually perform 
that action and crash.  

The autonomous navigation is being designed to still require the operator to set 
a desired goal for the system, beyond the area that is currently perceived. After 
the set-point is transmitted to the system, it would then try to navigate to it, 
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using the shortest perceived path within a set angle towards the goal point. In 
other words, even if there is something in front of the system, but there is an 
opening 20° to the right and the set angle is bigger than that, it would perceive 
the opening as a possible path. To this function a “centering” feature is under 
design, that will allow the vehicle to center itself inside a void, no matter the 
shape, or obstacles inside it.  

3.2 Necessary Changes for Space Conditions 

Exposure to radiation, vacuum, thermal cycles have a high impact on the design 
and operation of spacecraft. The complex components that the Batonomous™ 
system uses currently are not designed for space therefore others need to either 
be found or developed for space applications. 

3.2.1 Software Architecture Changes  

On a space system, the software should be designed with safety of the mission 
and the vehicle in mind. As the system is composed now, any software or 
hardware component, a brief, partial or complete failure would directly result 
in the SLAM stop working and the impossibility to continue the mission due to 
the loss of the positioning and the map.  

The SLAM software part of the architecture could be designed to perform the 
main task twice in parallel and compare results or such that it could resume 
operation even after a software crash, in which case it would use less 
computational power. A watchdog will most likely use less computational 
power than a parallel SLAM algorithm. Computational power needs to be kept 
to a minimum because it is directly proportional with electrical power usage. In 
the same time, space rated OBCs with high computational power have a high 
price tag and it might be more economical to spend more time on algorithm 
efficiency rather than on a higher performance processor that most likely would 
use more power to operate, even though the launch cost far exceeds purchase 
price of components. Having the system relay partially completed maps would 
decrease the possibility for mission failure due to the objective being partially 
completed while the mission is performed. 

Due to the uncertainty in the communication quality/possibility and scanned 
area, the Collision Avoidance and Autonomous Navigation should be present 
and self-guide the rover into the cave as much as possible. In comparison to the 
flying platform, rather than not allowing a crash to a vertical object, on a rover 
it should be designed to keep the system away from large vertical rubble and 
find the best route that the rover can tackle safely. The centering feature of the 
Batonomous™ could be used for the Phase B, when the Lander should be 
centering while descending in the cave pit, for a safe landing.  

The software should be adapted to allow moments of LIDAR data loss, like in 
the landing sequence, when the LIDAR sensor needs to be stowed away for 
safety reasons and then turned on later, after all the dust has settled. The same 
process could happen if any part of the software would stop working and the 
system would enter a “safe mode”, park for some time, and restart the necessary 
software components to further continue the mission. 
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All the code currently runs on a normal computer operating system, which on 
its own is not a bug-proof system, nor is it a scheduling one like the FreeRTOS 
used in some CubeSat projects [55]. A stable operating system on which the 
systems team would write the software is necessary. Then a programming 
language that is reliable on a systems level. The current configuration runs in 
Python. As examples, United Space Alliance is writing the software in Python, 
on a stable Linux Kernel but SpaceX is writing in C++ using the same operating 
system [56] [57]. Not only it does  matter to have a good base to build upon but 
that also means that the operation system on its own will use less power. 
Moreover, because certain libraries are not run, even the SLAM algorithm will 
use less computational power. The raw storage file for the Batonomous™ needs 
to be drastically modified because it is currently not efficiently used, taking a 
lot of unnecessary memory space. 

The SLAM Geo-mapping module should be updated to allow partial parts of the 
map to be created and sent in real-time and not after the rover scanned all the 
area. Most importantly, a map optimization that would homogenize the points 
needs to be created. 

The communication between the rover and the lander can either be done 
through the telemetry modules or through an umbilical connection. Not having 
the umbilical would lower the number of parts but on the other hand the 
telemetry is always susceptible to radio interference. In the landing Phase B it 
is important to reference the position between the moment when the LIDAR 
sensor stops, gets stowed away and then restarts. A good way of increasing the 
robustness of the systems is to use an additional one directional altimeter. This 
altimeter would aid both the navigation and the map referencing. 

Some of the main components that should be present but are not in the current 
version of the system are: command and data handling system, subsystem 
managers and housekeeping. These components could increase the much-
needed system robustness. A proposed architecture, based on the current 
version of the Batonomous™ is presented in Figure 17Error! Reference 
source not found.. 
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3.2.2 Hardware Changes 

The hardware present on the Batonomous™ drone is not built for space use, 
therefore other components need to be bought from specialized companies or 
designed in house, with space standards. Designing space-qualified hardware 
is not an easy task because it requires a niche personnel, special equipment, 
testing facilities, uncertainty and time from for the project, etc. Most of the time 
it is more efficient to buy what other people already designed and tested in a 
space environment.  

In this subchapter, all major hardware requirements for the Batonomous™ 
system are described, based on data gathered from current hardware.  

The IMU requirements have been rigorously adapted to the Moon gravitational 
pull, which is approximately six time smaller. Because the Batonomous™ 
system will not be in a constant motion as it is not mounted on a drone, but 
rather a rover, the map and positioning accuracy and precision are expected to 
improve. With the worst-case scenario in mind, if the above would not improve 
the map enough to meet the mission main objective, an even better IMU can be 
used. The magnetometer cannot be used on the Moon as it would be used on 
Earth because the Moon does not have a magnetic field oriented towards the 
poles and is rather inconsistent, as presented in Figure 18. A misinterpretation 
in the sense that the maximum local magnetic field would give a local magnetic 
vector that might change while the rover would move through the cave, could 
result in an erroneous map or positioning. For this reason, from a software 
perspective, the task of absolute heading should be replaced by a relative 
heading coming from the SLAM component. The Earth magnetic field is not 
sufficiently present on the Moon to aid the magnetometer task. 

 

Figure 18 – Moon magnetic field from derived from the Lunar Prospector 
mission (left – South hemisphere, right – Northern Hemisphere) [58]. 

 The LIDAR sensor requirements have been derived from the current state of 
the used sensor and the other options available on the industrial market [59] 
[60], rather than from the requirements because the current LIDAR is already 
sufficient from some performance points of view. From the scanned area point 
of view, it is not sufficient. 
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Figure 19 – Current sensor scanning pattern. 

 

Figure 20 – (Left) 2D LIDAR scanner with up to 280° of scanned area. (Right) 
Ideal scanning area pattern. 

 
Figure 21 – Clickmox Solutions VERSA3D scanner (highlighted) mounted on a 

Inkonova AB Tilt Ranger drone. 
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The current system employs a LIDAR that can scan 15° above and under the 
sensor horizon, as seen in Figure 19. In this case, if the sensor would stay fixed, 
on the rover, near to ground, the only way the ceiling would be scanned is if it 
could be sensed far away. Such a method would most likely create “blind spots” 
or areas on the map where no points can be created, in the shadow of the LIDAR 
beams. This issue can be solved by employing a 2D LIDAR that is spinning 
around the centre-scanning axis (left Figure 20) and the scanned area could 
become a globe-like shape (right Figure 20). The same mechanism would suit 
the current sensor and it would result in a higher influx of data, which is not 
necessarily good because it will directly increase the processing power. By 
spinning the sensor, the system would also need a precise angular positioning 
data during the rotation in relation to the rover body which is not a big issue for 
an encoder, stepper motor or a similar electrical component. A 2D Lidar seems 
as the way to go since its advantages also lower processing power due to 2D 
frame format and lower mass, which has a direct outcome in the power and size 
necessary for the rotating mechanism. Later on, during the simulation, it has 
been proven that an industrial 2D sensor would not provide enough points to 
create a map with the desired precision, therefore two other semi-3D sensors 
have been taken into consideration. A 2D spinning LIDAR system is developed 
by Clickmox Solutions, shown here in Figure 21 [61].  

In the last years, several companies have developed or announced solid state 
LIDARs [62] [63] [64] [65], mostly because they are critical in autonomous cars 
and the current sensors employ a spinning rotor head inside the case. The rotor 
is usually hold by bearings, which in space would most likely have lubrifications 
issues. Another issue for a spinning rotor might come from the electrical 
connection made inside the slipring which allow the rotor to be connected to 
the other components while constantly revolving. Solid state LIDARs not only 
do not have the above two issues, but have an additional advantage of being less 
prone to vibration and shocks due to the lack of moving parts [66]. While in the 
descent phase, the lander motor will be on and that might have a very negative 
effect on the LIDAR sensor, adding unwanted noise to the map, therefore a 
good precaution would be to ensure a relative vibration free mounting for the 
sensor. On the negative hand, the solid state LIDARs have a low field of view 
(FOW) compared to the Velodyne VLP-16. The FOW drawback of could be 
eliminated by using several sensors and fusing the data. 

While in the descent phase, the BAT-ME will employ the Batonomous™ for 
both positioning and map generation. To lower the necessary points obtained 
from the sensor during the majority of the operational time, the sensor could 
spin at different frequencies while in operation on the rover and in the landing 
phase. The sensor shall also have the blind spot in the opposite direction from 
the Moon during landing. While on the rover, the same sensor should either 
have the blind spot towards the cave floor or opposite to the direction of 
navigation. 

With an internal maximum angular speed of 20 Hz, maximum cave pit 
diameter of 150 m, a descend speed of up to than 2 m/s, a simulation has been 
done on a two-dimension scale, with two LIDAR sensors, in order to 
understand the limitations and effects on the requirements. First sensor used 
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was the Velodyne VLP-16 [50] and the second was the Velodyne VLS-128 [67]. 
A cave pit height on 100 m has been chosen for the simulation. Results are 
presented in Table 5 and Figure 22. 

Table 5 – LIDAR sensor comparison and point distribution for fixed speed 
descend on the BAT-ME platform into a Moon cave pit. 

Result Description VLP-16 VLS-128 

Total points on cave floor 1.41 * 104 7.07 * 104 

Total points on cave wall 2.43 * 104 15.72 * 104 

Mean points per meter (floor) 47.13 235.90 

Mean points per meter (wall) 243.23 1572.21 

Min points per meter (floor) 48 227 

Min points per meter (wall) 153 1176 

 

Figure 22 – LIDAR sensor comparison and point cloud distribution comparison. 

The results show that both sensors are capable of passing the requirements in 
perfect conditions but the VLS-128 is capable of gathering points from three 
times the distance, therefore it is capable of, on one hand referencing the pit 
cave to a larger area, and on the other sensing the floor from a greater distance, 
increasing the time available for the manoeuvres necessary to centre the lander.  

Simulation code can be found in ANNEX A.  

Radiation protection plays a major role in all satellites, and an even greater role 
if the spacecraft is present outside the Earth’s magnetosphere. According to 
NASA, the Moon passes only through the magnetotail for 6 days per lunar phase 
(29.53 days) [68]. One way of avoiding possible issues that come from radiation 
is to shield the electronic components that are most subjectable malfunctions 
due to radiation, while the other is to use radiation hardened components. One 
such OBC processor, that has the processing capacity currently needed by the 
Batonomous™ is marketed by the NXP Semiconductors [69].   
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3.2.3 Batonomous™ Assumptions and Requirements  

General Assumptions: 

• Radiation shielding shall be present around the OBC of the Rover and 
Lander of at least 5 mm aluminum thickness or equivalent shielding [70] 

• All components that might need heat shall have resistance-based heaters 
on-board 

• A 20% engineering safety margin shall be taken into consideration for all 
performance parameters to account for unforeseen issues that might 
appear during the project 

• The software status of the system when it will become commercial will be 
considered for the requirements 

• It is unknown how large will the raw Batonomous™ storage file be after the 
update but having a large relative storage space could lower the probability 
of such an issue appearing 

General Requirements: 

• Electronic components shall withstand Moon radiation (partially shielded) 
levels on surface 

• Sub-systems shall be able to operate in -30 to +70 °C 

Rover OBC Requirements: 

• The processor minimum frequency shall be 7.5 GHz across all threads 

• The autopilot function shall run on the OBC 
• The minimum OBC memory shall be of 2.6 GB of RAM  

• The minimum data continuously manipulated by the OBC shall be 0.5 GB 
of per minute 

• The OBC shall have the necessary peripherals to connect to: LIDAR sensor, 
IMU, Autopilot, data modem, rover actuators, rover motors and Lander 
OBC. 

• The OBC shall have the possibility of running a hardware watchdog 

IMU Requirement: 

• The accelerometer present in the IMU shall measure in the field ranges of 
±0.3 to ±5 g, with a resolution between 16 and 2 LSB/g and a maximum 
noise floor of 0.1 % of max field range 

• The IMU gyroscope shall have equal or better performance than the 
Batonomous™ IMU gyroscope without differences with impact on 
performance due to low gravity 

LIDAR Sensor Requirement: 

o Laser sensor: 

• The measurement range shall be up to 300 m 
• The range accuracy shall be up to ±1.5 cm  

• The minimum vertical field of view shall be ±130°  

• The minimum vertical angular resolution shall be 0.25°  

• The minimum angular reading positioning resolution shall be 0.01° 
• The minimum horizontal field of view shall be 360° 
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• The minimum horizontal angular resolution shall be 0.25° 
• The 1st axis rotational rate shall be: 1 Hz - 20 Hz 

• The 2nd axis rotational rate shall be: 1 Hz - 10 Hz 
o Output: 

• The minimum output shall be of 225000  points per second 

• Each point shall be sent by the LIDAR when received  

• The LIDAR shall scan a complete frame within 5ms 

3.2.4 Telecommands 

As noted in the previous chapters, the current Batonomous™ has a limited list 
of direct commands which need to not only be modified but also expanded to 
cope with the future state of the system. Not only for testing but also for safety 
reasons, most commands that the system would perform on its own need to 
have a parallel telecommand possibility. Because most of the parameters 
currently set in the SLAM modules are dependent on the environment, the crew 
on Earth can judge that one or more parameters need change and this needs to 
be implemented in a series of telecommands, running in parallel to the BAT-
ME telecommands. 

A list of high-level commands for the Batonomous™ could include: 

• Autonomous navigation: start or stop 

• Manual override point to point navigation – in which the rover would 
navigate based on waypoints given by the crew on Earth 

• Navigate back to sunlit area (in the vicinity of the lander) 
• Change specific parameters in the software – parameters that could 

influence aspects related to: rover speed, map density, SLAM 
characteristics, collision avoidance limits 

• Start, stop or restart the SLAM software modules 

• Relay raw point cloud data – one or more LIDAR frames 

• Create partial map – would create a map based on the area scanned until 
that point 

• Detailed static point cloud collection – task done while the rover is static  
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4  BAT-ME System  

In this section the lander, rover and payload overall system is detailed. In each 
chapter engineering challenges will be explained and solutions proposed. 
A communication window between the lander and either a Moon orbiting 
satellite or an Earth receiver is discussed.  
The possible risks of the mission is assessed, presented and possible 
contingencies devised. 

4.1 Mission Requirements and Constraints  

Functional Requirements: 

• The BAT-ME shall use a LIDAR sensor and an IMU to create a real-time 
map 

• Shall find an automatic path and navigate in real-time while in the 
descend phase  

• The lander shall be able to land inside a pit crater and employ chemical 
propulsion in order to slow down and land the vehicle inside the pit 
crater from a low Moon orbit 

• The BAT-ME shall find an automatic path inside the cave 
• The on-board software and electronic hardware shall relay on-board 

assimilated map to the Earth ground segment 

• The rover shall be able to navigate on a rough surface 

• The system shall reduce contamination of the environment to a 
minimum 

• The rover software shall be capable of static and SLAM point-cloud 
capture 

• The created map shall be able to be referenced to Moon surface markers 

• The BAT-ME mission shall scan a Moon lava cave situated on the light 
side. 

Performance Requirements: 

• The selected cave shall have a pit crated of a maximum diameter of 150m 
and maximum depth of 100m 

• The rover shall be able to navigate at least 500m inside the cave 

• The LIDAR shall be able to scan the interior of the cave for up to 100m 
in all directions 

• The delivered 3D point-cloud of the whole cave shall have an accuracy 
and precision lower than 5cm 

• The rover shall be able to navigate on slopes of up to ±30▫ 

• The lander shall maintain a 10% position of the cave entrance diameter 
from the center of the cave while descending to the bottom of the pit 

• The mission shall have a minimum lifetime of 1 year 

• A 20% margin of uncertainty shall be taken into account at this stage for 
the mass and power budgets 
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Design Requirements: 

• The vehicles shall be designed to operate in the vibration profile of a 
Moon orbit capable rocket  

• The BAT-ME shall resist to the appropriate thermal profile and vacuum 
conditions  

• The BAT-ME electronics shall be qualified for space use 

• The OBC shall operate in -20 to +60▫C 

• The rover shall not whirl the dust while navigating through the cave in 
order to not obstruct the LIDAR sensor 

• The BAT-ME shall be able to enter a hibernation mode 

Operational Requirements: 

• The cave shall be situated on the near side of the Moon 
• The supposed cave shall present markers of its presence and dimensions  

• The vehicles shall be able to operate autonomously 

• The BAT-ME shall transmit the maps autonomously to the ground 
segment 

• The BAT-ME shall be able to recharge the batteries on both vehicles 

Constrains: 

• The BAT-ME shall not perform navigational tasks for the Moon low 
altitude delivery vehicle 

4.2 Rover 

Several iterations of the mass, locomotion specifications, power and energy 
consumptions have been made that resulted in the tables presented in this sub-
chapter. Only the final results are presented. 

One of the main electrical consumption components present in the rover, the 
locomotion system has not yet been completely defined. With mission success 
and reliability in mind, 6 wheels, positioned on a servo-enabled high-mobility 
suspension would both tackle rough terrain and maintain a relative low power 
consumption.  

The NASA Mars 2020 rover has a mass of 1041kg and has 6 Maxon 5W BLDC 
EC 20 flat motors combined with 6 Maxim 15W BLDC EC 32 flat motors as 
wheel drivers and several servo motors for suspension and steering, summing 
up to 200W of consumed power for the locomotion system [71] [72]. We can 
now infer an approximation of used power required for our vehicle, of a targeted 
50kg AUW (all up weight), maintaining the same power to weight ratio. From 
the same project, an approximation of the maximum speed can be inferred of 
150 m/hour for our rover, on flat terrain, maintaining the resulted power usage. 
Considering the thesis agenda, deductive approximations from the Mars 2020 
rover and the MARSFast ESA rover have also been made for the mass budget of 
the rover, on all components [73], presented in Table 77. Some components are 
calculated based on the BAT-ME mission while the ones inferred have their 
mass estimated from several aspects that affect the respective component. 
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While in Phase B, the LIDAR sensor needs to be situated in a position that 
would allow it to scan in the direction of landing. Therefore, it, along with the 
IMU, needs to be situated on a mast that can retract before the moment of 
impact. Such a system can either be spring or electronically retractable. 

 Operational details defined through the project, and other details necessary for 
the mass and power calculus are presented in Table 6 and Table 7.  

Table 6 – Rover operational details. 

Aspect 
Result/ 

Requirement 
Unit Comments 

Travel distance 1000 m Total rover travel distance 

Target mass 50 kg Rover target mass 

Target travel time 8 h Rover cave exploration time 

Desired charge 
time 

72 h 
Rover battery pack total 
charge time (end of life) 

Table 7 – Rover mass budget. 

System 
MarsFAST 

(kg) [73] 
BAT-ME 

Rover (kg) 
Margin of 
20% (kg) 

BAT-ME 
Rover 

Total(kg) 
Structure 8.4 5.0 1.0 6.0 
Thermal 3.5 5.0 1.0 5.9 

Mechanisms 7.9 7.1 1.4 8.5 
Communication 12.2 0.9 0.2 1.1 
Data Handling 5.5 1.2 0.2 1.4 

GNC 1.8 1.7 0.3 2.0 
Robotics 25.9 9.2 1.8 11.1 

Power 27.7 8.2 1.6 9.8 
Harness 6.2 5.5 1.1 6.6 

Instruments 13.0 1.0 0.2 1.2 
Total 112.1 44.7 8.9 53.7 

Considering the current Batonomous™ electric consumption for each 
component of the system and comparing it to the initial and mission necessary 
specifications we can approximate the BAT-ME electric consumption of the 
whole system, with regards to the MARSFast rover on the locomotion system. 
The Rover and its subsystem shall stay in hibernation till an altitude of 1km to 
preserve power, leaving the lander in charge of navigation. 

A 5 W heater has been added to the internal rover payload. 

A possible secondary objective that is not defined in this project, but can be 
attained by a separate sensor, would also require power. 10 W have been set 
aside for this undefined sensor. 

Both the scanning phase and the charging phase are considered in the 
following. Batteries have been chosen as being the most efficient from an 
energy-density perspective while being space-rated [74]. For both the batteries 
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and for the solar panels [75], the end of mission performance has been 
considered.  

The calculated batteries, with the additional margin should account for any 
issues experienced during the scanning part of the mission.  

One important sub-system is the communication, which will transmit and 
receive data from Earth, through the lander. The usual components chain, in a 
general manner, on the transmission side, is composed of a modulator, a 
transmitter, a power amplifier and the antenna emitting on a fixed frequency. 
Relatively recent development of new software defined radio (SDR) chips like 
the Analog Devices AD9361 [76], used in the GOMSpace NanoCom TR600 [77], 
have opened new possibilities. Such an SDR could tune the transmitter and/or 
receiver into very different frequencies, from 70 MHz to 6GHz, provided that 
the antenna and power amplifier can accept such frequencies. One design for 
the antenna in particular is the microstrip antenna utilizing multiple rings [78]. 
It enhances the harmonics of the primary design frequency up to the point of 
low return loss (-20 to -55 dB for a tri-band antenna) on several frequencies.  

In the rover and lander communication (through a tunnel) engineering 
problem, an SDR system could be implemented, that would tune the system to 
the optimal frequency even at long distances, or beyond the line of sight. A 
comprehensive baseline test should be done to validate such a system, in an 
Earth lava cave or in an underground mine with similar shape. The NanoCom 
TR600 is proven in space, but not in such an environment. In line of sight, 
standard WiFi IEEE 802.11g hardware has been tested in an underground 
mine, with connection being established at even 1196m, although the 
throughput was 0.8 Mb/s at this distance [79]. Table 8 presents bellow the 
rover power budget, with considered components for the explorations phase of 
the mission. 

Table 8 – Rover power budget, exploration phase. 

Subsystem Consumption (W)  Components Used 
Locomotion 25.4 Undefined 

OBC 35.0 QorIQ® LS2088A 
IMU 2.0    ADIS16490 

LIDAR Sensor 12.0 VLS-128  
Telemetry module 13.2 GOMSpace TR-600 

RF amplifier 10.0 Undefined 
Secondary payload 10.0 Undefined 

Heater 5.0 Undefined 
Total 112.6  

4.3 Lander 

Several iterations have been made for the Rover and Lander to accurately 
calculate the mass budget, propulsion need and other aspects that influence the 
overall design. A comprehensive idea for the whole system can only be made 
when reading both the Lander and Rover sub-chapters because there is a direct 
link between then on several design aspects. 
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During Phase A, the Lander will employ chemical propulsion to descend and 
land inside the pit crater. Chemical propulsion was the only viable solution for 
the BAT-ME lander. The attitude of the spacecraft will be maintained by several 
small gas thrusters. The Lander autopilot will navigate based on the Star 
trackers and the IMU to the right position, with the right attitude and speed, 
until the LIDAR will provide data to the SLAM algorithm, which will send 
positioning data and navigational commands to the Lander. 

Using the Matlab code present in Annex B, the necessary time and fuel mass 
has been computed for the landing phase of the mission. 

The mass budget is approximated with respect to the BAT-ME rover, which is 
the lander payload. A time of 14 min and 15 seconds was computed as necessary 
to land on the Moon surface, from a 100 km altitude low Moon orbit. The 
necessary fuel mass resulted was 175.27 kg, which gives a 1.92 propellant mass 
fraction. As an example, the 1969 NASA Moon descend vehicle with the ascend 
vehicle as payload, had a 1.83 propellant mass fraction [80]. The mass budget 
is presented in Table 9. 

Table 9 – BAT-ME lander mass budget. 

System 
BAT-ME 

Lander (kg) 
Margin of 20% 

(kg) 
BAT-ME Rover 

Total (kg) 
Structure 43.5 8.7 52.2 
Thermal 14.5 2.9 17.4 

Egress system 4.0 0.8 4.8 
Communication 4.6 0.9 5.5 
Data Handling 0.3 0.1 0.3 

GNC 0.7 0.1 0.8 
Robotics 3.8 0.8 4.6 

Power 5.0 1.0 6.0 
Harness 14.5 2.9 17.4 

Fuelling system 14.5 2.9 17.4 
Rocket engine 5.4 1.1 6.5 

Fuel 175.3 35.1 210.3 
Rover 53.7 10.7 64.4 
Total 339.8 68.0 407.8 

On board the lander, power is consumed during landing as presented in Table 
10. Internal batteries are only used on the landing phase. After the landing has 
occurred, the consumed power is presented in Table 11. Before the exploration 
phase, the lander will deploy its solar panels, which are calculated based on 
needed power at that phase, which is approximated to 32W. In this phase the 
lander only acts as a communication link between the rover and the Earth 
ground crew. 

After landing, the rover will be detached from the egress systems and will safely 
unload from the lander, onto the Moon cave pit surface. The rover will also sever 
the umbilical connection and deploy its own solar panels before charging the 
batteries and starting the exploration phase of the mission. 
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Table 10 – BAT-ME lander power budget, landing phase. 

Subsystem Consumption (W) Components Used 

OBC 7 
GOMSpace NanoMind 

Z7000 
IMU 2 ADIS16490 

Altimeter 8 Undefined 
Telemetry module 5 GOMSpace TR-600 

RF amplifier 20 Undefined 

Propulsion 60 
Aerojet AMBR 623N 

Hydrazine / NTO(MON-3) 
Heater 5 Undefined 
Total 107  

Table 11 – BAT-ME lander power budget, exploration phase. 

Subsystem Consumption (W) Components Used 
OBC 7 GOMSpace NanoMind 

Z7000 
Telemetry module 5 GOMSpace TR-600 

RF amplifier 20 Undefined 
Total 32  

4.4 Communication Window 

The lander acts as a telemetry relay between the rover and the Earth ground 
crew. As the mission requirement states, the mission has to happen on the light 
side of the Moon. The main reason would be that, if a human outpost would be 
created, it would require electrical power, which is easiest gathered through 
solar panels. Another reason is that the lander would require power throughout 
the mission, which is of a longer duration than what would be viable for a 
different power source. The communication to the rover is discussed in the 
previous chapter.  
The lander could either relay data to a Moon orbiting satellite, directly to a radio 
station on Earth or to an Earth orbiting satellite. A simple simulation has been 
made, for a pit cave of 100 m height, 150m diameter. The NASA LRO (flying 
Moon polar orbit) has been chosen as the simulation orbiting satellite candidate 
because there is no other satellite capable of the relay task [81]. The Mare 
Tranquillitatis pit (8.335°N, 33.222°E) position has been chosen for the 
positioning of our simulation’s pit crater [36] because of the relatively 
equatorial latitude, which would result in a low communication window. 
Results have shown that for the period of one year, only two communication 
windows can be established with LRO, of a maximum of 45 seconds. Such a 
result does not meet the needs of the BAT-ME mission. Depending on the 
geographical position of the cave pit and Moon spacecraft orbital parameters, 
the possible line of sight communication window would change.  
The second simulation shows the other solution which is to send relay data 
directly to Earth ground or an Earth orbiting satellite. An Earth ground receiver 
and transmitter would have line of sight with a pit crater, if it would be situated 
inside a circle with the center in the Moon Equator and Prime Meridian, that 
extends for 53° in all geographical directions. 
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The Matlab code used in this sub-chapter is presented in Annex C. 

4.5 Risk Analysis 

Risk ID 

• TC – technical/implementation 

• MS – mission (operational performance) 

• SF – safety 
• VE – vehicle 

• PE – personnel 

• EN – environmental 

Probability (P) 

• A. Minimum – Almost impossible to occur 

• B. Low – Small chance to occur 
• C. Medium – Reasonable chance to occur 

• D. High – Quite likely to occur 

• E. Maximum – Certain to occur, maybe more than once 

Severity (S) 

• 1. Negligible – Minimal or no impact 
• 2. Significant – Leads to reduced mission performance 

• 3. Major – Leads to failure of subsystem or loss of data 

• 4. Critical – Leads to experiment failure or creates minor health hazards 

• 5. Catastrophic – Leads to termination of the project, damage to the 
vehicle or injury to personnel 

The rankings for probability (P) and severity (S) are combined to assess the 
overall risk classification, ranging from very low to very high. Only risks specific 
to this mission are presented below in Table 12.  

Table 12 – BAT-ME risk analysis 

ID 

Risk (& 
consequence 

if not 
obvious) 

Possible 
Scenario 

P S P × S Action 

VE01 
SLAM positioning 

failure 
SLAM fails during 

landing 
B 5 LOW 

Consider redundant sensors, procession OBC 
and software 

VE02 
SLAM positioning 

delay 

LIDAR distance 
too low to detect 
pit soon enough 

C 2 LOW Increase LIDAR sense distance requirement 

VE03 
Rover cannot 

navigate 
Terrain is too 

rough 
B 3 LOW 

Perform tests beyond the requirements limit. 
Add visual payload to aid crew for manual 

navigation 

TC01 
SLAM does not 
create a map 

Software requires 
too much 

computational 
power 

A 3 
VERY 
LOW 

Reduce landing or rover speed 
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TC02 
Telemetry link 

loss 

Rover goes 
beyound the LOS 

of the lander 
B 2 LOW 

Create a return to lander mode that would 
follow the initial path. Continoues optimasation 

of rover antenna pointing direction 

TC03 LIDAR damage 
Due to rocket 

launch vibration 
B 4 LOW Consider using solid-state sensors 

MS01 
Landing site 

innapropriate 

Lava pit has not 
connection to a 

cave 
A 5 LOW 

Asses the landing site from different emmision 
angles or send a ground penetrating radar 

satellite to confirm cave 

MS02 
Terrains is 

rougher than 
expected 

Most of the cave 
celing has 
collapsed  

C 3 MEDIUM Increase rover battery capacity 

MS03 
Complete loss of 

rover 

Ceiling falls or 
rover runs out of 

battery 
A 4 LOW 

Either store the map on the lander or send it as 
soon as possible to Earth 

 

4.6 BAT-ME Road Map 

For all the Batonomous™ changes necessary for the BAT-ME mission, one or 
more solutions have been found, with regards to the advantages and drawbacks 
for them. There is no single hardware or software components that can remain 
unchanged unfortunately in order to pursue this mission. The road map 
presented below can aid with the timeframe necessary for the development. 

The project timeline is made to deliver a completely functional mission start 
date in exactly 5.5 years, with all aspects considered, while the team is working 
in parallel on the lander and on the rover. It is clear that the rover would require 
far more work time that the rover, therefore more personnel. 

The ECSS project planning standard has been followed when writing the 
mission road map presented in Figure 22 [82]. 
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Figure – BAT-ME mission road map. 
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5 Other Possible Applications  

Although one can think of numerous applications for this system in a space 
environment, there are some that stand out: 

• Mars flying vehicle autonomous positioning and navigation 
NASA's JPL and Caltech have been exploring the potential of sending an 
airborne scout robot to accompany the Mars 2020 rover. The primary objective 
of this helicopter is to explore the terrain ahead of the rover to provide overhead 
images with approximately 10x greater resolution than orbital images and 
would display features that may be occluded from the rover cameras [83]. The 
current vehicle uses cameras to navigate, which need light, but the Batonomous 
can fly in any environment. 

• Space rendezvous 
There are 2 complete systems that can automatically dock and align a spacecraft 
with another. One was used on the Soyuz and Progress line of Russian 
spacecrafts while docking with the Mir and ISS space-station named KURS, 
based on a radar system, that was later also provided for the ESA ATV 
spacecraft [84]. The other, named TriDAR, was developed by NASA for the 
Space Shuttle [85] and was based on a lased based 3D sensor and a thermal 
imager. The Batonomous could do the same but with a high distance sensor 
could do much more, because it requires no infrastructure when compared to 
the other systems. 

• Asteroid or space body topography and geology 
The Batonomous could be mounted on a spacecraft that would orbit an asteroid 
or a space body of some sort and could assemble a 3D map of the object that 
could be relayed back. Furthermore, some LIDAR sensors could also provide 
spectroscopy measurements, allowing the user to judge the content of the 
sensed soil. 

• Atmospheric remote sensing and meteorology 
Special design LIDAR sensors allow the spacecraft to monitor atmospheric 
components. This can only be used in an Earth like environment. A too dense 
or too thin atmosphere would render the system incapable of penetrating and 
reflecting back to the sensor. 
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6 Conclusion 

Firstly, it is clear that efforts are made for a Moon orbiting laboratory and Moon 
outpost plans. Without questioning the timeline, at a point the outpost location 
will be analyzed in detail and if the underground one is chosen as the best, a 
system like the one proposed, can be used. Some of the clear points that need 
to be taken into account for an underground lava cave outpost are access 
(human and robotic), in-situ resource utilization and structural cave integrity 
(static and over time). Simulations show that a cave roof thickness of over 1 m, 
for a cave diameter of 250 m is stable, while the minimum requirement for GCR 
absorption is 6 m. 

The mission has been divided into three operational parts that allow a better 
understanding. Two vehicles have been designed on a conceptual level: a lander 
and a rover. They would travel as a single vehicle until landing inside the cave 
crater and then separate in order to scan the cave with the rover. Several scans 
are to be made for the mission timeline by the rover. The Batonomous™ system 
can be used from low altitude until the end of the mission to provide 
positioning, navigation and create an environmental map. 

The current state of the Batonomous™ provides a good base for further 
improvements and has the most important software parts required. Current 
limitation needs to be eliminated by building the overall reliability, autopilot 
integration, collision avoidance, autonomous navigation and task scheduling 
software blocks required for the BAT-ME mission. The hardware currently used 
needs to be changed and following analysis, some crucial components have 
been found that are rated for space used and pass requirements in the same 
time.  

One crucial component that is not available in such a state is the LIDAR sensor, 
which is currently designed for industrial use in autonomous cars. This sensor 
could be further developed and validated in partnership with the manufacturer. 
A simulation analysis of 2 LIDAR sensors showed that the Velodyne VLP-128 is 
the best candidate for the mission, while passing all requirements. 

The rover locomotion system type has been analyzed without a clear winner 
between the legs, tracks and wheels systems, partially due to the lack of clear 
information about the cave floor. For the project purpose, the wheels have been 
chosen and data have been inferred from other rovers in some areas, thus 
components remained undefined. While some space-rated components for the 
Batonomous™ have been found, the total consumption while in the cave 
scanning phase is situated at around 110 W. The rover is designed to scan 500 
m of cave length, in 8 hours, before returning to recharge its batteries. The total 
mass has been evaluated at 53.7 kg with a 20% uncertainty margin. 

The lander, which initially has the rover as a payload is required to land from a 
100 km low Moon orbit. Mass was calculated integrating its change due to fuel 
consumption while the engine was firing and producing 629 N of thrust. The 
result was a landing time of 14 minutes and 15 seconds with 175.3 kg of 
hydrazine, without including the 20% margin. The total lander and rover 
vehicle wet mass resulted, including the uncertainty factor, is 407.8 kg. In the 



48 
 
 
 
 

cave scanning phase, the lander will act as a relay and a simulation was made 
which showed that relaying data to a Moon orbiting satellite is not feasible, but 
it is possible to relay directly to Earth from the majority of cave pits situated on 
the Earth side of the Moon. 

Such a mission has many points of failure due to the nature of autonomy 
required but the risk can be lowered through intelligent actions. A medium 
team should be able to complete such a mission in a timeframe of 5.5 years. 

Further studies can be made into the possibility of scanning several caves, using 
the lander to fly from one to another. Potential collaborations with the 
European Space Agency should be assed. 
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Annex A – Matlab Code for LIDAR Sensor Comparison and 
Point Cloud Distribution  

% Pointcloud distribution analysis 2D (side+bottom) 
clc 
clear all 

  
% VLP-16 Data 
LIDAR_pps_max = 600000; %(pps)Points gathered per second 
LIDAR_freq_max = 20;    %(Hz)Internal maximum spinning frequency 

(LIDAR frame Z axis) 
LIDAR_ch = 16;          %(Ch)LIDAR channels 
LIDAR_angle_H = 360;    %(deg)Horizontal angle of data 
LIDAR_angle_V = 30;     %(deg)Vertical angle of data 
LIDAR_freq = 5;         %(Hz)Internal spinning frequency (LIDAR frame 

Z axis) 
LIDAR_spin = 5;         %(Hz)LIDAR sensor X spinning frequency (LIDAR 

frame X axis) 
LIDAR_max_TOF = 100;    %(m)Maximum measurement distance 

  
% VLS-128 Data 
LIDAR2_pps_max = 9600000;%(pps)Points gathered per second 
LIDAR2_freq_max = 20;   %(Hz)Internal maximum spinning frequency 

(LIDAR frame Z axis) 
LIDAR2_ch = 64;         %(Ch)LIDAR channels 
LIDAR2_angle_H = 360;   %(deg)Horizontal angle of data 
LIDAR2_angle_V = 40;    %(deg)Vertical angle of data 
LIDAR2_freq = 5;        %(Hz)Internal spinning frequency (LIDAR frame 

Z axis) 
LIDAR2_spin = 5;        %(Hz)LIDAR sensor X spinning frequency (LIDAR 

frame X axis) 
LIDAR2_max_TOF = 300;   %(m)Maximum measurement distance 

  
cave_dia = 150;         %(m)Maximum cave diameter 
cave_height = 100;      %(m)Maximum cave height 
cave_side_div = 0.01;   %(m)Cave side division 
cave_bottom_div = 0.0075;%(m)Cave bottom division 

  
% LIDAR calculated data 
LIDAR_prec_V = LIDAR_angle_V / LIDAR_ch; %(deg)Horizontal precision 

of data 
LIDAR_prec_H = LIDAR_angle_H / (LIDAR_pps_max / LIDAR_freq_max / 

LIDAR_ch); %(deg)Vertical precision of data 

  
% LIDAR calculated data 
LIDAR2_prec_V = LIDAR2_angle_V / LIDAR2_ch; %(deg)Horizontal 

precision of data 
LIDAR2_prec_H = LIDAR2_angle_H / (LIDAR2_pps_max / LIDAR2_freq_max / 

LIDAR2_ch); %(deg)Vertical precision of data 

  
%Lander_speed = 1;     %(m/s)Lander descend speed 
Lander_pos = [cave_dia/2, (cave_height + LIDAR_max_TOF )]; %Initial 

Lander position 
frame_div = (LIDAR_ch * LIDAR_freq * LIDAR_spin)*50;         

%(sec)Time iteartion 
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beam_angle_max = asind(cave_height / sqrt(cave_height ^ 2 + (cave_dia 

/ 2) ^ 2)); 
end_alt = 1;%(m)End of simulation altitude 
x = 0; y=0; time_ch = 0; 
v = 2;      %(m/s)Lander descend speed 

  
result_x = zeros(1,1000000); 
result_y = zeros(1,1000000); 

  

% VLP-16 
while ((Lander_pos(2)) > end_alt) 
    for beam_angle = 0 : LIDAR_prec_H : 90 

        
        TOF = Lander_pos(2) / cosd(beam_angle); 
        dx = sqrt(TOF ^ 2 - Lander_pos(2) ^ 2); 

         
        if dx > (cave_dia / 2) 

             

            dy = Lander_pos(2) - ((cave_dia / 2) / tand(beam_angle)); 
            if dy < cave_height 
                TOF = (Lander_pos(2) - dy) / cosd(beam_angle); 
                if TOF < LIDAR_max_TOF 
                    y = y + 1; 
                    result_y(y) = dy; 
                end 
            end 

             
        elseif dx < (cave_dia / 2) 

             
            if  TOF < LIDAR_max_TOF 
                x = x + 1; 
                result_x(x) = dx; 
            end 
        end 
    end     
    for beam_angle = 0 : LIDAR_prec_H : beam_angle_max 
        if Lander_pos(2) < cave_height 
            TOF = (cave_dia / 2) / cosd(beam_angle); 
            dy  = cave_height - sqrt(TOF ^ 2 - (cave_dia / 2) ^ 2); 
            if dy <= cave_height 
                y = y + 1; 
                result_y(y) = dy; 
            end 
        end 
    end 
    Lander_pos(2) = Lander_pos(2) - v ; 
end 

  
result_x_f = result_x(result_x ~= 0); 
result_y_f = result_y(result_y ~= 0); 
result_x_f = sort (result_x_f); 
result_y_f = sort (result_y_f); 
a=linspace(0,length(result_x_f),length(result_x_f)); 
bottom_density_VLP16 = length(result_x_f)/ cave_dia / 2 ; 
side_density_VLP16 = length(result_y_f)/ cave_height ; 
min_bottom_density_VLP16 = result_x_f(result_x_f > ((cave_dia / 2) - 

1) ); 
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min_side_density_VLP16 = result_y_f(result_y_f < 1 ); 

  
subplot(1,2,1); 
hold on 
plot (result_x_f,a,  'LineWidth',5,'MarkerEdgeColor','b'); 
title('Cave Floor Point Density') 
xlabel('Floor position (m)') 
ylabel('Relative (to origin) density') 
subplot(1,2,2); 
hold on 
plot (result_y_f,  'LineWidth',5,'MarkerEdgeColor','b'); 
title('Cave Wall Point Density') 
xlabel('Relative (to origin) density') 
ylabel('Side wall position') 

  
Lander_pos = [cave_dia/2, (cave_height + LIDAR2_max_TOF )]; %Initial 

Lander position 
frame_div = (LIDAR2_ch * LIDAR2_freq * LIDAR2_spin)*50;         

%(sec)Time iteartion 
%VLS-128 
while ((Lander_pos(2)) > end_alt) 
    for beam_angle = 0 : LIDAR2_prec_H : 90 

        
        TOF = Lander_pos(2) / cosd(beam_angle); 
        dx = sqrt(TOF ^ 2 - Lander_pos(2) ^ 2); 

         
        if dx > (cave_dia / 2) 

             

            dy = Lander_pos(2) - ((cave_dia / 2) / tand(beam_angle)); 
            if dy < cave_height 
                TOF = (Lander_pos(2) - dy) / cosd(beam_angle); 
                if TOF < LIDAR2_max_TOF 
                    y = y + 1; 
                    result_y(y) = dy; 
                end 
            end 

             

        elseif dx < (cave_dia / 2) 

             
            if  TOF < LIDAR_max_TOF 
                x = x + 1; 
                result_x(x) = dx; 
            end 
        end 
    end     
    for beam_angle = 0 : LIDAR2_prec_H : beam_angle_max 
        if Lander_pos(2) < cave_height 
            TOF = (cave_dia / 2) / cosd(beam_angle); 
            dy  = cave_height - sqrt(TOF ^ 2 - (cave_dia / 2) ^ 2); 
            if dy <= cave_height 
                y = y + 1; 
                result_y(y) = dy; 
            end 
        end 
    end 
    Lander_pos(2) = Lander_pos(2) - v ; 
end 
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result_x_f = result_x(result_x ~= 0); 
result_y_f = result_y(result_y ~= 0); 
result_x_f = sort (result_x_f); 
result_y_f = sort (result_y_f); 
a=linspace(0,length(result_x_f),length(result_x_f)); 
bottom_density_VLS128 = length(result_x_f) / cave_dia / 2  
bottom_density_VLP16 
side_density_VLS128 = length(result_y_f) / cave_height  
side_density_VLP16 
min_bottom_density_VLS128 = result_x_f(result_x_f > ((cave_dia / 2) - 

1) ); 
length(min_bottom_density_VLS128) 
length(min_bottom_density_VLP16) 
min_side_density_VLS128 = result_y_f(result_y_f < 1 ); 
length(min_side_density_VLS128) 
length(min_side_density_VLP16) 

  
subplot(1,2,1); 
plot (result_x_f,a,  'LineWidth',5,'MarkerEdgeColor','r'); 
subplot(1,2,2); 
plot (result_y_f,  'LineWidth',5,'MarkerEdgeColor','r'); 
legend('VLP-16','VLS-128','VLP-16','VLS-128') 
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Annex B – Matlab Code for Propellant Mass Calculus  

%BAT-ME Lander Fuel Calculus 
clc; 
clear all 
format longG 

  
% Inital data 
G = 6.673e-11; 
g0 = 9.80665; 
w_M = 7.34767309e22; 
r_M = 1737000; 
g_M = 1.62; 
MLO = 10e5; 
f_rate = 0.205; 
Isp =  333; 
T_max = 623; 
me = 161; 
max_acc_des = 2 * g0; 
max_acc = T_max / me; 
sensed_distance = 100 + 100; 

  
% Orbital (circular) and mass calculus 
v_orbital = sqrt(G * w_M / (MLO + r_M)); 
ve = Isp * g0; 
fuel = (me * exp(v_orbital / ve)) - me; %Simplified fuel eq 
m = me + fuel; 
v = v_orbital; 

  
time = 0; a=0; %Initial states 

  
% Total landing time and fuel calculus based on Isp and flow rate 
while v >= 0 
    a = T_max / m; 
    v = v - a; 
    time = time + 1; %1 sec 
    m = m - f_rate; 
end 

  
fuel2 = f_rate * time; 
if fuel2 ~= fuel 
    fuel = fuel2; 
    m = me + fuel; 
end 

  
% Calculating start altitude effect on the fuel mass (simple) 
vertical_time = sqrt((2 * MLO) / g_M); 
v_vertical  = vertical_time * g_M; 
v = v_vertical;  
a = 0; time = 0; %Reinitialize states 

  

while v >= 0 
    a = T_max / m; 
    v = v - a;  
    time = time + 1; %1 sec 
    m = m - f_rate; 
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end 

  
%Fuel use & update 
fuel2 = f_rate * time; 
if fuel2 ~= fuel 
    fuel = fuel2 
    m = me + fuel 
end 

  

v = v_orbital; a=0; time=0; %Reinitialize states 

  
%Reiteration of landing time 
while v >= 0 
    a = T_max / m; 
    v = v - a; 
    time = time + 1; %1sec 
    m = m - f_rate; 
end 

  

v = v_vertical; a = 0;  
while v >= 0 
    a = T_max / m; 
    v = v - a; 
    time = time + 1; %1 sec 
    m = m - f_rate; 
end 

  
fuel = f_rate * time 
total_time = time / 60  %(min)Landing time 
mf = me + fuel 
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Annex C – Matlab Code for BAT-ME Lander Communication 
Window  

%Communication window with Moon satellite 
clc 
clear all 

  
cave_dia = 150;         %(m)Maximum cave diameter 
cave_height = 100;      %(m)Maximum cave height 
pos = 8.333 %(deg)N pos of Mare Tranq... 
r_M = 1737000 %(m)Moon dia 
G = 6.673e-11; 
w_M = 7.34767309e22; 
g_M = 1.62; 
% NASA LRO 

  
P = 113;    %Period in min 
alt = 50000;   %(m) Alt 
OM = 2.204161340630195E+02; %Longitude of Ascending Node, OMEGA, 

(degrees) 
OM2 = 2.205055288394247E+02; 
OMpP = (OM2 - OM); 

  

t_sim = 365 * 24 * 60; 
P_sim = t_sim / P; 
comm = 0; 
omega = 0; 

  
dia = 2 * (((alt + cave_height) * (cave_dia / 2)) / cave_height); 
ang = ((dia / 2) / (r_M + alt)); 
limit_E = pos - ang; 
limit_W = pos + ang; 

  
while P_sim > 0 

     
    if omega > limit_E  
        if omega < limit_W 

         
        comm = comm + 1; 
        end 
    end 

     
    omega = omega + OMpP; 
    if omega > 360 
        omega = 0 
    end 
    P_sim = P_sim - 1; 

     
end 

  

max_time_overpass_LRO = dia / sqrt(G * w_M / (alt + r_M)); 

 
%Communication window with Earth 
clc 
clear all 
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cave_dia = 150;         %(m)Maximum cave diameter 
cave_height = 100;      %(m)Maximum cave height 
E_M_distance = 384400; 
r_E = 6371; 

  
ang = (90 - atand((cave_dia / 2) / cave_height)); 
E_ang = tand(r_E / (E_M_distance)) %disregard, too low to count 

  

comm = 0; 

  
for pos = -90:1:90 
    b_E = pos + ang; 
    b_W = pos - ang; 

     
    if b_E > 0 & b_W < 0 
        comm = comm + 1; 
        pos 
    end 

     
end 
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Annex D – Current Batonomous™ Hardware Component 
Specifications 

LIDAR sensor [50] 

Laser sensor 

Laser beams 16 channels 

Measurement Range up to 100 m 

Range Accuracy Up to ±3 cm (Typical) 

Field of View (Vertical) +15.0° to -15.0° (30°) 

Angular Resolution (Vertical) 2.0° 

Field of View (Horizontal) 360° 

Angular Resolution 
(Horizontal/Azimuth) 

0.1° – 0.4° 

Rotation Rate 5 Hz – 20 Hz 

Laser diode 
Laser Product Classification 

Class 1 Eye-safe per IEC 
60825-1 

Wavelength 903 nm 

Mechanical 
Electrical 

Operational 

Power Consumption 8 W 

Operating Voltage 9 V – 18 V 

Weight ~680 g 

Environmental Protection IP67 

Operating Temperature -10°C to +60°C3 

Storage Temperature -40°C to +105°C 

Output 
3D Data Points Generated ~300,000 points/s 

Connection 100 Mbps Ethernet 

OBC [51] 

Computational 

Lithography 14 nm 

# of Cores 2 

# of Threads 4 

Processor Base Frequency 3 Ghz 

Internal Drive M.2 SSD 

Memory 16GB DDR4 RAM 

Mechanical 
Electrical 

Operational 

Power Consumption 45 W 

Operating Voltage 19.5 V 

Weight ~240 g 

Board Form Factor UCFF (4”x4”) 

Operating Temperature 0°C to +50°C 

Storage Temperature -20°C to +70°C 

IMU 

Magnetometer 
[52] 

Field range -8 to +8 gauss 

Resolution 0.73 to 4.35 milli-gauss 

Noise floor 2 milli-gauss 

Operating Temperature -30°C to +85°C 

Storage Temperature -40°C to +125°C 

Field range ±2/ ±4/ ±8/ ±16 g 
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Accelerometer 
[53] 

Resolution 16 to 2 LSB/g 

Noise floor 0.1 % of max field range 

Operating Temperature -40°C to +85°C 

Storage Temperature -50°C to +125°C 

Gyroscope [52] 

Field range 
±250/ ±500/ ±1000/ ±2000 

°/s 

Resolution 16 to 131 LSB/(°/s) 

Noise floor 0.2 % of max field range 

Operating Temperature -40°C to +85°C 

Storage Temperature -50°C to +125°C 

Mechanical 
Electrical 

Operational 

Power Consumption 1 W 

Operating Voltage 5 V 

Weight 38 g 

Temperature compensated sensors 

Data Link [54] 

Radio & Antenna 

Frequency 2412-2462 MHz 

Antenna gain 8.5 dB 

Antenna beam width 
60° (H-pol) / 60° (V-pol) / 

60° (Elevation) 

Mechanical 
Electrical 

Operational 

Power Consumption 5.5 W 

Operating Voltage 24 V 

Weight 180 g 

Operating Temperature -35°C to +85°C 
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