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Introduction:  The SPACE'OVER project is an 8-

month university capstone project led by a team of 22 

multidisciplinary students mentored by the Canadian 

Space Agency (CSA). 

Mandate. The objective is to design an autonomous 
lunar rover concept capable of printing objects in 3 di-

mensions from regolith powder, respecting the harsh 

conditions of lunar environment and launch. In order to 

produce complete and feasible results in the scope of our 

project, it was refocused around a proof of concept of 

3D printing with lunar dust simulant. 

Market analysis:  Despite the global pandemic, the 

global space industry has grown significantly with an 

estimated total value of $366 billions in 2019 and an an-

nual growth of 1.7% [1]. It is a field in which competi-

tive advantage and growth are built through the search 

for technological innovations. This new dynamic at-
tracts a diversity of other sectors around the space re-

search centers. 

To the space industry is added the rapidly expanding 

sector of additive manufacturing. Advances and discov-

eries are growing at an exponential rate (14.4% in 2020 

[2]) and continue to expand their impact on the econ-

omy, with over 76% of companies having incorporated 

it into their manufacturing strategy. 3D printing is posi-

tioned at the crossroads of these two prolific industries 

and it must find its place in a closed but competitive 

market. 
Motivation: It is in anticipation of the Artemis pro-

gram's need for the development of a lunar base that we 

developed this project. Through the Artemis mission, 

the ambition of NASA is to use in-situ resources for the 

construction of a lunar outpost. In this framework, sev-

eral international space agencies such as the CSA and 

other private companies are joining the new moon race. 

However, our project’s ambition of development is 

wide and seeks to penetrate the more distant sectors, 

without any restrictions to the space domain. Potential 

applications have been specified: by the military for 

field interventions, by doctors deployed during disasters 
or other health crises in difficult environments, or by 

scientists in extreme explorations. 

Prototype and methodology: The prototype design 

inspired by fused filament fabrication technology, is di-

vided in four aspects: Polymer, Screw extruder, 3D 

printer and rover integration. We designed and built a 

screw extruder and a 3D printer. The screw extruder al-

lows mixing polymer pellets with an additive such as 

regolith, and extruding the composite into a filament. 

Fed with this composite filament, the printer can be pro-

grammed to print objects of size 100.0mm  100.0mm 

 100.0mm.  Furthermore, we ran thermal and structural 

analysis on a lunar rover concept to ensure the integra-

tion of these printing components. 

Polymer. We considered several potential polymers 

to mix with the lunar regolith to achieve the best print-
ing results. A low temperature polymer, polylactic acid 

(PLA), was first used to confirm the proper systems' 

basic functioning. We then used a high temperature pol-

ymer, polyethylenimine (PEI), suitable for space appli-

cations, to confirm the system’s proper functioning at 

high temperature. Once it was done, a sieve removed the 

aggregates larger than 150 µm in the regolith simulant 

(Chenobi, NORCAT, Sudbury, ON). The experimenter 

shaked a jar half-filled with the proper weight mixture 

of sieved simulant and PEI, in granular form, to mix 

them. We tested different weight ratios of simulant-PEI 

mixtures and with our single-screw extruder, we ana-
lyzed the feasibility and the quality of the filament ex-

truded from each mixture. 

Screw extruder. Since the chosen printing technol-

ogy involves filament-based printing, a screw extruder 

(200.0mm  600.0mm) inspired by the RepRapable Re-

cyclebot process [3] was designed to create a filament 

from the polymer and regolith/ceramic powder mixture, 

as presented in the Figure 1. 

 
Figure 1: Final screw extruder prototype 

The mixture is introduced in the system by a funnel, 

where it is conveyed by the worm screw while being 

heated, until it is extruded by the nozzle at the end of the 

barrel. The heating temperatures of each heating zone 

and the motor speed are some of the controlled parame-

ters that can influence the results. Therefore, these set-

tings are tested alongside the mixture’s homogeneity. 
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This system produces filaments provided to the 3D 

printing system. 

3D printer system. The 3D printer presented in Fig-

ure 2 is of dimensions 510mm  565mm  385mm. 

 
Figure 2: Final 3D printer prototype 

The motion system inspired by the open source 

high-temperature RepRap [4], includes four subsys-

tems: the three x, y, z axes and the heated bed on which 

the printing takes place. The bed has three degrees of 

freedom to ease the possible future integration with 

other subsystems such as the screw extruder. The choice 

of the 3D printer’s extrusion system (DyzeEnd Pro and 

DyzeXtruder Pro kit, Dyze Design, LeMoyne, QC) is 

justified by the nozzle being able to withstand 500°C, 
the abrasion resistance of the tungsten carbide nozzle, 

its ceramic coating and the adaptable liquid cooling sys-

tem. This system allows calibrations and tests to be per-

formed with high-performance polymer/regolith mix-

tures, which will help better understand and improve the 

manufacturing process. 

Rover integration. The integration of the prototype 

to a theoretical rover in the space environment was nec-

essary. This part includes the structural and thermal 

analyses. The purpose of the structural analysis is to ver-

ify that the internal stresses induced by the loading con-

ditions did not exceed the safety factor of 1.25 when us-
ing the loading conditions established by Falcon Heavy 

requirements [5]. The second objective of the analyses 

is to optimize the thickness of a composite rover de-

signed to provide thermal insulation and to minimize the 

mass of the rover. The thermal analysis verified that all 

subsystems operate within their required temperature 

limits throughout the mission. The thermal design pro-

cess started with research on the requirements and space 

environment conditions, followed by the study of ther-

mal transport mechanisms, thermal control subsystem 

methodologies and concluded with the thermal analysis 
and validation. 

Results And Analysis  

Screw extruder. The prototype succeeded in extrud-

ing a filament of polymer mixed with ratios of regolith 

of 5%, 10% and 20% in mass. The strength needed to 

produce a filament of 70% PEI and 30% regolith ex-

ceeded our screw extruder design. Thus, further tests 

will seek to find the limit between 20% and 30% in mass 

of regolith that the screw extruder can withstand. 

Printer. When printing with filaments composed of 

PEI and regolith (5%, 10% and 20% in mass), the 

printer performed fine, as presented in Figure 3. The 
printer nozzle clogged occasionally but the problem was 

due to inconsistent filament diameter and not the pres-

ence of regolith. Filament inconsistency combined with 

the presence of humidity led to weak and brittle parts. 

Therefore, it is difficult to properly compare parts 

printed with pure PEI and the ones printed with PEI 

mixed with regolith. Further tests and research will be 

needed to assess the addition of regolith to the polymer. 

 
Figure 3: 3D printed cubes with regolith (each with di-

mensions 20.00mm20.00mm20.00mm) 

Rover integration. Following a series of structural 

analysis, the team concluded that the structure of the 
rover, the screw extruder and the printer will resist the 

launch loads. The thermal analysis indicated that the in-

ternal components stay within acceptable operating 

temperatures and perform in lunar conditions.  

Conclusion:  This 3D printer lunar rover concept 

proved the reliability of using regolith to print objects. 

Limits. The materials used for the screw extruder’s 

structure can’t withstand the torque demanded by the 

higher concentrations of regolith. Hence, the first limit 

involves the low regolith percentage of 25% in mass. 

Secondly, the produced filament experiences inconsist-

encies in its diameter due to the production still involv-
ing craftsmanship skills. Also, the presence of moisture 

in the polymer produces low-quality prints in which 

gaps are produced due to the water evaporating during 

printing. As a result, without proper solutions to control 

the humidity and the diameter, it is difficult to properly 

assess the effects on the mechanical properties. 

Future work. The team recommends improving the 

screw extruder’s performance and test other polymers to 

increase the regolith mixture ratio. Finally, it would also 

be interesting to build a rover prototype to integrate the 

entire system inside.  
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Introduction 

When considering the technology gaps involved in lunar water ice extraction, it is beneficial 

to consider the wide scope of terrestrial mining practices already in use. This includes both 

older mining methods as well as newer, cutting edge technologies and developments. When 

extracting mineral resources such as water ice in lunar regolith within permanently shaded 

regions, deposits are often assumed to be planar or near planar. This lends itself well to the 

use of strip mining, which entails the removal of mineral-poor overburden to expose a seam 

of mineral-rich ore. While strip mining has historically been used predominantly for coal 

extraction, this mining method has also been applied to the mining of evaporite deposits, 

such as near-surface salt and gypsum bodies. 

As near-surface deposits on Earth become increasingly depleted, strip mining is quickly 

becoming obsolete. This method is, however, a good candidate for lunar mining of water ice 

deposits, as they often remain close to the surface of permanently shaded regions of the 

moon.  Strip mining has proven itself as a time-tested, economical method for large scale 

extraction of flat-bedded coal and evaporite deposits.  

The implementation of autonomous haulage systems has increased productivity and 

profitability of surface mining operations. These systems allow for scaling of operations to fit 

a site’s requirements [1]. Using proven automation for mining of lunar regolith eliminates the 

necessity for direct human interface and could potentially remove the need to have humans 

on the lunar surface to manage operations. While initially designed for surface and 

underground haulage programs, this technology can be easily expanded to excavation with 

the use of continuous miners. This equipment can strip ore from the surface of a deposit and 

in turn transfer excavated material to a conveyor or haul truck, making it a good candidate 

for lunar applications. 
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Introduction: Whole-system models, from excava-

tion to internal rate of return (IRR), are part of the re-

search program of the Space Resources group within 

the Australian Centre for Space Engineering Research. 

So far, we have focused on parts of the value chain, 

used different metrics or figures of merit, and modeled 

sub-sets of the process flow. Our results point to an 

interesting underlying message: 

Firstly, for a project with the typical pattern of re-

source project cashflows, the time horizon to reach an 

IRR threshold can be very sensitive to cost/revenue.  

Secondly, the many layers of the space resource utiliza-

tion problem can each experience large impacts from 

small changes, and the impacts in one layer often mul-

tiply the effects of other layers. Ten 20% improve-

ments multiplied together give a factor of 6, and even 

single improvements can deliver large multiples. 

We think this means that over a relatively short 

span of time, small technical and CONOPs improve-

ments will combine to move proposals from being dis-

tant possibilities to being in the money. 

Here we give a high-level overview of some recent 

work. While one of our academic points of focus is 

modeling techniques, we also use that lens to look at 

the effect of restructuring proposals. To avoid straw 

men, we build on published plans. Bear in mind that 

when isolating a single effect for examination, one 

might leave optimization opportunities unexplored. We 

think and hope some of the approaches and perspec-

tives are fresh but recognize that they might well only 

be new to us. 

Sudden Viability: A common feature of Space Re-

source proposal cashflows is initial large net negative 

flows followed by a long sequence of smaller net posi-

tive flows. One can plot the IRR achieved by a point in 

time for a range of initial cost/revenue ratios. 

              
Figure 1: Sensitivity of IRR over time to initial 

cost/revenue  

In Figure 1, as we expect IRR rises with falling 

cost/revenue ratios, but the time to reach a viabil-

ity/hurdle IRR is much more sensitive. Small changes 

can move the project from never viable, through viabil-

ity over thirty years, to viability over ten years. This 

dynamic can allow space resource proposal viability to 

rapidly transition from “decades from now” to “first 

movers have already moved”.  

Sooner Than You Think: There is a current mar-

ket in Geosynchronous Transit Orbits (GTOs) that lu-

nar propellant tugs could service. If you owned a lunar 

water mine, you could sign customers now. Satellites in 

Geosynchronous Equatorial Orbits (GEOs) are 

launched into a GTO and use onboard propellant to 

reach their operational orbit. FAA data lets us estimate 

that we must annually be spending around $0.5 B on 

lifting propellant to GTOs. Newer satellites might 

forego $100 M while orbit raising with mass efficient 

electric engines. We have published work on this con-

cept [1] and contributed further work to a NASA Inno-

vative Advanced Concepts grant. One needs less than 

ten tons of water for a lift and could service the whole 

market at about 5-10% the size of proposals that lift 

from LEO (apples to oranges). Using conservative rev-

enue estimates, one could recover $2,700/kg of lunar 

surface water at customer breakeven, about six times 

the rate of other proposals (apples to apples). [2] 

Scaling Effects & Constraints Really Matter: 

Nuclear reactors are non-linear; triple the size can de-

liver ten times the power. Increasing the size of Molten 

Regolith Electrolysis (MRE) reactors reduces the pow-

er required per kg of output. A 2019 NASA paper ana-

lyzed the cost of lunar propellant produced using these 

technologies, taking the conventional approach of inte-

grating a nuclear and an MRE reactor on Earth. That 

set plant scale and thus annual output; one needs 16 

flights to meet demand.[3] If one allows plugging pow-

er into the MRE on the lunar surface, you can send one 

nuclear reactor and one MRE to almost meet demand 

with two flights. A modest reduction to tanker dry 

mass, commercial launchers, and positing a higher de-

mand (to consume excess nuclear power) can drive 

propellant costs to 7% of the original proposal.[4]  

Provide Services, Not Resources: The GTO tug 

example shows that focusing on the service provided 

can reveal opportunities. We applied this approach to 

landing cargo using lunar propellant. Often lunar pro-

pellant is pitted head-to-head against Earth propellant 

in a location like Low Lunar Orbit (LLO). We used a 

published paper with detailed costings as a baseline 

and compared a reusable lander based in LLO against 
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the same lander based on the lunar surface.[5] A lunar 

based lander can land dry, and thus land more cargo. It 

also consumes less propellant than if it were based in 

LLO and using lunar propellant. Together this means 

one can recover more revenue per kg of propellant 

from a cargo landing service than one could from sell-

ing commodity propellant in LLO. Additionally, one 

can recover the customer’s cost of vehicle ownership. 

Using the modified CONOPs, vehicle ownership re-

covery, and the competitive parity perspective bridged 

half the baseline paper’s viability gap. 

Do not Sell Hydrolox from Water: Hydrolox can 

be the least cost-effective product for a water mine, and 

there are likely to be markets for the more cost-

effective oxidizer and hydrogen peroxide. The driver 

here is that water has too much oxygen, regular rocket 

propellant wastes about 1/3 of a mine’s output as ex-

cess oxygen. In [1], we used the finance model of [2] to 

show that one can increase IRR from 5% to 50% by 

treating excess oxidizer as the saleable propellant and 

using all the hydrolox for transportation. For 2021 

COSPAR, we took a systematic look at ice mine trans-

portation costs, markets, products, and resources.  

    
Figure 2: Saleable Output x Normalized Revenue 

There is some detail to unpack in Figure 2. The x-

axis represents the % of mined water one can use; the 

rest is a CAPEX opportunity loss, an increased cost per 

useful kg of mine output. The y-axis represents revenue 

normalized to the “hydrolox in LEO” case. Propellant 

products are color-coded; red for O2 oxidizer, purple 

for H2O2 hydrogen peroxide, gold for regular hydrolox, 

and blue for water. There is a likely market for H2O2 

tugs and station keeping in Sun-Synchronous Orbits 

(SSOs), which Orbit Fab is targeting. There are likely 

markets for O2 anywhere from the lunar surface, 

through GTOs pointed at the Moon, to LEO. Transpor-

tation propellant O2:H2 ratios smear each product into a 

line. In all cases, O2 oxidizer is the most remunerative 

and cost-effective product. With 6:1 transport, H2O2 

can match O2, with 8:1 water comes close to the other 

two. For hydrolox to be a desirable product one needs 

to either be delivering 8:1 (effectively water) or use 

trace hydrogen from impurities like H2S and NH3. 

Even for “commodity propellant” there is a tradespace 

where choices effect revenue by a factor of three. 

Metal & Manufacturing Lags Decades Behind 

Propellant: The European Space Agency roadmap 

links this demand to substantial human bases. For 2020 

IAC, we modelled propellant transportation efficiency 

for a large set of vehicle engineering changes; for ex-

ample, inflating the tank to thrust ratio, aerobraking, 

lighter tanks, etc. An interesting result was that when 

supplying propellant propulsively to LEO, containeriz-

ing the propellant increased deliverables by 30%. 

Manufacturing tanks on the lunar surface raised reve-

nue by 30%, equivalent to a demand for lunar manufac-

tured propellant tanks. Regolith is about 0.5% free iron 

dust, enough to print tanks to hold the volatiles. 

New launch sidelines space resources: Reusable 

heavy-lift vehicles from ULA, Blue Origin, & SpaceX 

could greatly reduce the cost to put a kilogram in LEO. 

Elon Musk has indicated $10/kg, 0.5% of current costs. 

Cheaper launch costs undermine the revenue streams of 

using space resources in space, but even without posit-

ing new markets, we might be able to “make it up in 

volume”. SpaceX Starship launch cost projections are 

predicated on scaling up to support their Mars Project; 

1,000 Starships to Mars every 26 months for thirty 

years. Each Starship needs about 960 tons of liquid 

oxygen, so the project represents a demand for about 

one megaton of oxygen in LEO every 26 months. Re-

call that oxygen is the product a lunar water mine can 

most profitably sell and that from the Moon, it is 

cheaper to deliver to the higher energy orbits that are 

expensive for Starship to reach. 

Conclusion: There seems to be scope for signifi-

cant impact from innovations on the goals of a business 

through to engineering details; there are good reasons 

to be hopeful that business cases are likely to improve 

rapidly. 
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Abstract: Space resources is gaining much atten-

tion from the space industry as well as mining indus-

try. The off-earth mining activities are becoming an 

interesting area where public and private companies 

want to engage in the extraction of value-added re-

sources. The terrestrial mining activities have a great 

challenge to extract resources and perform them with-

out compromising future generations' ability to meet 

their own needs. In this sense, activities in space can-

not be very different from earth. The future extraction 

of space resources will require meeting sustainable 

development principles and a circular economy that do 

not affect future generations. This paper aims to ana-

lyze aspects of the learned sustainability concept and 

its applications to space resource activities. Literature 

review was conducted to identify the state-of-the-art of 

the space resources sustainability. We present a discus-

sion of the challenges and opportunities to start think-

ing about sustainable development practices.  

Introduction: Extractive industry has changed 

through generations. The previous generations of in-

dustry performed different extractive activities to meet 

their needs. Through generations, we have tried to se-

cure our material needs according to the environmen-

tal, work, political and economic conditions; however, 

any negative environmental impacts caused long time 

ago are still being mitigated.  Therefore, we must keen-

ly aware that our action today will have a long-lasting 

impact on the future generations and may cause social 

and economic problems if we are not careful.  

In the extraction process, the community was often 

not involved until a significant impact becomes appar-

ent to the public eye. However, the arrival of the inter-

net and the media's advancement have allowed the 

community to be more attentive and aware of what is 

happening with the impacts caused not only by the 

mining industry but by all other related industries. This 

has led companies to share a large amount of infor-

mation about their projects, investments, extraction 

methods, and activities related to the mining operation. 

All the above need to be transparent in its operations 

and work under specific standards, methods, and meet 

the sustainability concept. The transformation has been 

very encouraging that now there are standards such as 

the Extractive Industries Transparency Initiative (EITI) 

that seeks to promote transparency and good manage-

ment of the naturals resources for the extractive indus-

try's sustainable development [1]. The foregoing aimed 

to actively engage the community to participate in the 

design, monitor, and evaluate the entire process of an 

extractive activity, which includes the technical and 

economical, and political aspects [2]. In this paper, we 

discuss the core concept of sustainability including its 

operational definitions and perception by the mining 

industry. We hope that lessons learned about the im-

portance of the social acceptance in the mining indus-

try will be extended to the future space mining activi-

ties.  

Sustainable Development: The term sustainability 

has gain strength since 1980, and it is being more ap-

plicable lately by all industries (Figure 1). The core 

definition of sustainability states to perform human 

activities to meet our current needs without compro-

mising the ability of future generation to meets their 

needs.  

 
Figure 1: How often the sustainability terms appears in 

the literature from 1970 to 2005[3].  

 

The sustainability concept is usually defined by 

three pillars or three dimensions: environmental, so-

cial, and economic (Figure 2). All the three dimensions 

are usually equally weighted in the analysis. However, 

it is sometimes argued that the environmental or social 

dimensions are more important than the others. For 

example, Watson states that the three pillar concept 

does not represent the fundamental roles of the envi-

ronmental component in the sustainability discussion, 

and he proposes that the social and economic dimen-

sions be embedded in the environment [3]. Therefore, 

the environmental dimension must be society and eco-

nomics’ top priority. In the extractive industries such 

as mining, the term sustainability is sometimes used to 

generate benefits without affect the environment or the 

society. However, the concept goes beyond this idea. 

For the mining industry, the sustainable practices must 

be the core aspect of the business and  operations [5]. 
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Figure 2: Sustainable development pillars [4] 
 

Mining industries include the sustainable develop-

ment pillars (Figure 2) in their operations because the 

only way for the mining industry to be economically 

viable is by operating environmental and socially re-

sponsible. However, the social acceptance has become 

a major concern for the mining industry, especially 

because millennials does not want to invest in mining 

[6]. Therefore, social engagement and social ac-

ceptance at every stage of the mining operations has 

recently become more than necessary. However, the 

question that arise is how the sustainability dimensions 

will be consider in the earth-off mining activities, even 

when mining is not fully accepted on earth. 

 

 
Figure 3: Sustainability dimensions diagram proposed 

by Watson[3] 

 

Social Acceptance of the Space Activities: The 

extraction of the space resource must face a myriad of 

challenges such as conflicts between stakeholders be-

cause of resources rights, inequalities in benefits shar-

ing, and environmental contamination [7]. All these 

challenges will affect the sustainable development of 

the earth-off mining activities. Therefore, the sustaina-

ble development concept for space resources would 

contribute to handle and mitigate these challenges [7]. 

Within the concept of sustainable development, the 

importance of the social acceptance or the social pillar 

will rise very fast because the concern of the impacts 

that it might be caused the space activities not only in 

the space but also on earth. Social acceptance has be-

come popular at modern times, and it will be a high 

priority once the space resources became a formal in-

dustry.  

Although the community will not have a strong 

presence on the earth-off mining activities, they will 

keep an eye on the development of the activities and 

possible impacts caused by these activities. Therefore, 

we propose a new sustainability development pillars 

for the off-earth mining activities (Figure 4). This pro-

posal is based on the thesis that the social acceptance 

and the social pillar will be the core of the sustainable 

development for the off-earth mining activities.  

 
Figure 4: Sustainability development pillars for the off-

earth mining activities 

 

Discussion: We argue that it is necessary to think 

about sustainability applied to space resources devel-

opment in a different way as the social acceptance will 

most likely play a big role in the future. Activities re-

lated to space mining will be visible to anyone with 

internet, and a lot of information will be shared 

through the social media, either positive or negative. 

Therefore, social acceptance on earth regarding with 

the space activities and communities’ perception will 

have an important role in the development of future 

space activities.  

Conclusion: Extraction of the spaces resources 

may become an emerging industry in the future. There-

fore, we think it is important to start thinking about the 

potential impacts this industry may cause. A new sus-

tainable development concept for the off-earth mining 

activities is proposed.  It is also proposed to consider 

new standards as the EITI that guarantee transparency 

in the extraction of space resources.  
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Introduction: Earthworms and other annelids 

have been the source of inspiration for a wide 

range of exciting limbless devices that use peri-

staltic motion to crawl on surfaces or move within 

tubes. However, most of these bio-inspired tools 

have not been put to the test of burrowing in 

granular media. As a result, it is easy for industry 

to underestimate the technology readiness of 

these designs, and flock to more conventional soil 

augering, and driving tools.  

Penetrating the subsurface involves complex 

soil-tool mechanical interactions. The volume ex-

pansion and contraction that define peristaltic mo-

tion cause simultaneous localized densification of 

the soil (solid-like behavior), the formation of 

shear bands and subsequent cavity collapse 

(flow-like behavior). Therefore, the movement of 

the worm alters the structure of the soil and con-

stantly changes the nature of their interaction. 

This makes it difficult to use simple continuum 

mechanics models to study subsurface peristaltic 

motion. We created a simple earthworm (Lumbri-

cus terrestris) inspired soil penetration device by 

combining a miniature steel cone penetrometer 

with a soft membrane (figure 1) and deployed it in 

a bed of Lunar regolith simulant (LMS-1 Exolith 

Lab). 

 

 
Figure 1. Earthworm-inspired subsurface penetra-
tion probe. 

 Testing and results:  Instead of mimicing the 

entire body, our device is inspired on the earth-

worm’s anterior end. Forward movement is driven 

by a linear actuator set on a load frame. Hence, 

our study focuses on the potential changes in 

penetration resistance caused by volume expan-

sion and contraction of the soft membrane. Bioin-

spired penetration tests are conducted under dis-

placement-controlled conditions (velocity 2 = 

mm/sec) to a pre-set depth of 10 cm while logging 

the penetration resistance via a load-cell. The 

driving linear actuator is locked at this position 

and the membrane is inflated to a selected vol-

ume. Pressure sensors in the hydraulic system 

allow for the determination of the pressure re-

quired to inflate the membrane. After that, the 

membrane is retracted, and the probe is driven 

deeper into the regolith bed. The subsequent 

depth intervals and the final membrane volume at 

each stage are variables used in the study. Some 

of the test results are presented in figure 2. 

 
Figure 2. Penetration resistance of bioinspired and 
control tests. 

     Capabilities: Test results show that an earth-

worm-inspired penetration strategy can effectively 

reduce the the penetration force needed to drive a 

probe into Lunar regolith simulant. The magnitude 

of the decline depends on the inflation volume 

and pressure, which provides additional deggrees 

of freedom to optimize the penetration process. 

Compared to the control probe driving, the earth-

worm-inspired penetration can eliminate 67% of 

the surface mass, and cut the penetration energy 



by a quarter while limiting peak power consump-

tion to 8 Watts. 
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Introduction:  There is a growing interest in lunar 

exploration and resource utilization that is driving a 

need for detailed project and infrastructure planning. A 

critical step in infrastructure project planning is the 

"site investigation." Terrestrial site investigation organ-

izations traditionally collect data, analyze, and report it 

to their customers – the project developers.  The site 

investigation report organizes the knowledge gathered 

in a site investigation to clearly communicate engineer-

ing design requirements, provide regulatory reporting, 

and reduce program risk.  

A framework for conducting site investigations for 

lunar applications was developed by analyzing terres-

trial site investigations and practices from multiple 

industries, reviewing relevant current lunar research 

through interviews and publications, and then using 

these sources to adapt terrestrial site investigation prac-

tices to the lunar environment.  

The proposed lunar site investigation framework 

was tested and applied to two different resource utiliza-

tion architectures to test the framework's completeness 

and improve it through iteration. Numerous interviews 

were conducted with lunar professionals and scientists 

from government, private industry, and academia to 

develop and improve the framework.  

Teams and organizations that choose to adopt this 

framework will find it helpful to identify gaps in data 

needed to design lunar mission architectures and hard-

ware. It will allow prioritization of data collection to 

reduce program and operational risk efficiently. 

Methods:  This site investigation framework was 

developed through the systematic review of lunar re-

search, terrestrial site surveys, survey-related literature  

[1], [2], and interviews with industry experts. The 

framework was then developed for two of the three 

common stages of a site investigation - the Desk Study 

and the Detailed Study. The third phase - Construction 

Review - was omitted. With the initial framework out-

line, two case studies were evaluated. One case study 

was done at a site suitable for an Oxygen-from-

Regolith architecture. The second, at a Permanently 

Shadowed Region (PSR) suitable for a Thermal Ice 

Mining architecture. The lessons learned during the 

application of the site investigation framework to these 

case studies led to revisions of the framework. The 

framework was also revised based on additional input 

from concurrent interviews with lunar scientists and 

professionals.  

Results:  The review of terrestrial site investiga-

tions indicated that most projects start with a Desk 

Study that reviews current data and recommends addi-

tional data and analytic requirements. This is followed 

by a Detailed Investigation for Design that includes 

higher resolution data and more detailed analysis iden-

tified in the Desk Study. Finally, there is a Construc-

tion Review that modifies the Detailed Investigation 

for Design through observations during construction. 

The current state of lunar data acquisition and analysis 

allows for meaningful Desk Studies and initiation of a 

Detailed Investigation for Design for some lunar archi-

tectures.  

Key Lunar Considerations. Several lunar environ-

mental considerations modify traditional terrestrial site 

investigations [3], [4]. Some of these include Reduced 

Gravity, Solar Illumination, Landing and Launch Oper-

ations, Thermal Management, Electrostatic Properties, 

Long-Term behavior of regolith, Dilatancy and bulk 

density variation, Compaction Profile, Agglutinate % 

Content, Surface Dust, Temperature Variation, Geolog-

ic and Geotechnical variability, Regolith volatile con-

tent, Radiation, Behavior of disturbed/exposed rego-

lith, and the Lunar seismic environment. 

With the considerations above, the Desk Study and 

Detailed Study reporting structures are developed.  

 

Desk Study Content  

 Introduction 

o Project Description 

o Background 

o Previous Studies 

 Site Surface Location & Conditions 

o Site Location Overview 

o Surface Topography 

 Subsurface Conditions 

o Geology, Geophysics, Geochemistry, 

Geotechnical 

 Hazard Analysis 

o Operational Hazards 

o Seismic Environment 

  

Detailed Study Content  

 Introduction 

o Project Description 

o Investigation Methods 

 Surface Conditions 
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o Local Environment (compare with 

Desk Study assumptions) 

o Topography 

 Subsurface Conditions 

o Geotechnical assessment 

o Volatile/Chemical Assessment 

 Design & Construction 

o Site Preparation & Subgrade Prepara-

tion 

o Fill Specifications & Grading 

o Groundwork Construction 

o Recommended Bearing Capacities 

o Seismic Requirements 

o Dust Considerations 

o Electrical Grounding 

 Access Preparation 

o Launch/Landing Site 

o Travel Route Slope and Wall Stability 

 Hazard Analysis  

o Detailed Hazard Analysis 

The Desk Study and Detailed Study's proposed re-

porting structures were tested for two hypothetical but 

likely lunar resource architectures and plausible loca-

tions [5], [6].  

Case Study #1 Oxygen from Regolith.  There ap-

pears to be enough data available from orbital and 

lander datasets on the topography, temperature, and 

bulk regolith properties that an Oxygen-from-Regolith 

pilot plant could have a reasonably well-constrained 

project risk profile. The highest priority missing data is 

site-specific subsurface composition and particle size 

distribution, the geotechnical properties affecting rover 

excavation and mobility, and higher resolution images 

to determine boulder presence and small crater loca-

tions. 

Case Study #2 PSR Thermal Mining for Water. 

There does not appear to be enough data from current 

orbital and existing lander data to adequately constrain 

the project risk profile of a typical thermal mining ar-

chitecture. The highest priority missing data are high-

resolution imagery or digital elevation models (DEMs) 

below 1-meter resolution in PSRs to determine eleva-

tion, slope, as well as boulder and small crater loca-

tions. PSR regolith's geotechnical properties are poorly 

constrained both in the near-surface for mobility and 

excavation and for understanding in-situ vapor 

transport.  

Conclusion: This lunar site investigation frame-

work is formulated to reduce risk to future lunar devel-

opment and operations by identifying the critical site 

conditions that must be measured to identify hazards 

and considerations for site development. This frame-

work is a potential solution to organize site investiga-

tion data acquisition and reporting. Several items in the 

framework apply to most locations on the Moon and 

are thus considered fundamental. These include the 

Project Description, Surface Conditions, Access Prepa-

ration, and Hazard Analysis. For more involved pro-

jects a Detail Surface Analysis, Subsurface Analysis, 

and Design and Construction Guidelines should be 

considered. There are many additional project specific 

considerations that may be necessary for some site in-

vestigations.  

As a body of experience develops in lunar opera-

tions, construction, and development, supporting 

standards should be developed to provide a common 

language and procedures for industry and other entities 

operating on the Moon. Site investigations and engi-

neering design will work iteratively to design better 

machinery and structures for mission success. A gen-

eral observation is that more complex architectures 

require more detailed knowledge of the site and a more 

thorough site investigation.  
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Introduction:  Although we are still at an early 

stage in space resources activities, government and 

commercial plans for space mining should consider 

their potential impacts on the outer space environment. 

Space and celestial bodies are often held to be lifeless, 

unoccupied areas where human activity can have little 

impact. Conversely, many areas of interest for space 

miners can be exceptionally fragile and could harbor 

extraterrestrial life. More directly, local pollution and 

disruption from space mining activities can pose opera-

tional risks to a mine site, as well as to adjacent space 

resources and other space activities. The emerging 

challenges of orbital debris highlight what can happen 

when activities are conducted without consideration of 

their potentially negative consequences. 

On Earth, governments and the mining sector have 

long used Environmental Impact Analyses (EIAs) or 

similar mechanisms as due diligence tools to identify 

environmental impacts before operations commence. 

Forward-looking processes such as EIAs can identify 

alternatives that bring safety, operational, environmen-

tal, and other benefits. Depending on the type of activi-

ty involved, EIAs can also be helpful in securing social 

license to operate from local communities. 

This presentation explores the potential develop-

ment and applications to EIAs in a space resources 

context.  

First, it identifies and characterizes potential envi-

ronmental impacts from space mining activities on the 

Moon, Mars, and asteroids. While many of these re-

main speculative, it considers dust as a primarily near-

term operational and environmental consideration, con-

trasting with similar concerns about dust from terrestri-

al mines. 

Second, this presentation reviews the development 

and contemporary use of EIAs by both government and 

industry. The United States started the modern era of 

environmental law and environmental disclosure when 

it passed the National Environmental Policy Act 

(NEPA) in 1970. NEPA has served as a model for oth-

er nation’s disclosure laws and has catalyzed the estab-

lished of environmental assessments globally. Report-

ing on recent statutory and legal analysis, this presenta-

tion describes how NEPA may require an EIA-

equivalent for government or government-authorized 

space resources activities.[1]  

Third, and finally, the presentation evaluates the 

commercial use of EIAs by private companies as envi-

ronmental management tools. It recommends that 

would-be space miners consider the voluntary use of 

EIAs as an extractive industry best practice and to mit-

igate potential space environment risks. While compa-

nies may raise concerns about the potential for added 

cost, this presentation provides an initial analysis show-

ing that many near-term environmental impacts are 

likely to be operational in nature and may thus bring 

limited additional costs. Further, widespread use of 

EIAs by the space resources industry may be in com-

panies’ self interest as it can identify potentiall harmful 

activities from nearby operations or competitors. The 

presentation concludes by considering pathways for-

ward to reduce industry risk and maximize the potential 

of due disclosure activities. 
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Introduction:  Space mining will be the greatest 

challenge of the current century. Many researchers 

have developed metallurgical processes to concentrate 

lunar ilmenite and produce oxygen on the Moon. How-

ever, the achievements are limited in terms of recovery 

and purity grade. This study reviews the geological 

data of the regolith and breccias sample brought by 

Apollo 11 to verify ore features that affect the meta-

llurgical behavior. This approach is known as geome- 

tallurgy and intends to combine geology with meta-

llurgical engineering to solve the lunar context's mining 

problems. The authors review the characteristics of the 

"degree of liberation" and "chemical composition" of 

ilmenite on Mare Tranquillitatis and their impact on 

concentration under the geometallurgy using mine-

ralogical calculates metallurgical balances, thermody-

namic tools from HSC Chemistry software, and statis-

tical analysis for lunar breccias with software Minitab. 

Results 

Degree of liberation: The degree of liberation 

(D.L.) is a quantitative measure of a mineral in a single 

particle. If the particle contains a single mineral, the 

D.L is 100, and it decreases with the association with 

other phases in the same particle [1]. This information 

is crucial for installing a concentrator plant in terrestri-

al mining to send concentrates with an acceptable 

grade and recovery to the refinery processes [2]. This 

sequence is validated for ilmenite lunar deposits to 

increase from 6% in the regolith to about 90% in the 

concentrate for efficient extraction of oxygen [3].  

The texture of particles on the regolith in Mare 

Tranquillitatis, one of the highest ilmenite deposits, is 

preferent in mixed particles. Mare Tranquillitatis is an 

excellent soil to be processed since it is a fine grain 

size material. However, the fine ilmenite is hard to 

concentrate from the regolith up to an acceptable grade 

because other minerals lock its particles [4]. The re-

sults will be directly influenced by the degree of libera-

tion, and it would not be feasible to apply current 

grinding technologies to increase it. In this work, we 

calculated the degree of liberation from previous mi-

croscopic observation and modal analysis. Also, we 

applied metallurgical balance in some previous tests to 

find the effect of the degree of liberation in the quality 

and recovery of an ilmenite concentrate.  

 

Sample Size 
Grade %w  

Ilmenite Conc. 

Recovery 

% 
D.L. 

A.Basalt 

10058 

45 - 90 62 39.0 78 

B.Regolith 

10084 

45 - 74 24 8.8 37 

Table 1. Metallurgical balance of magnetic separation calcu-

lated from the data of previous tests [5] 

 

Chemical Composition: From a statistical analysis 

under 34 lunar breccias reported by Apollo 11 mission 

[6 -12], the oxides with more content are FeO and TiO2 

that define the composition (FeO*TiO2). The third 

most abundant oxide is MgO, which in some cases has 

reported values greater than 9%. Furthermore, accord-

ing to statistical regression, this element's presence is 

inversely proportional to FeO with a high correlation of 

R
2
 = 0.87. There could exist a replaces of FeO with 

MgO in many particles, like "false ilmenite, " which 

overestimates the amount of real ilmenite in the depos-

it. It was reported this mineral's presence as geikielite 

or MgTiO3 phases associated with ilmenite as inclu-

sions in the crystal lattice due to geological formation 

conditions. 

 

 
Figure 1. Pivot graph of the principal oxides in the ilmenite. 

Calculated by the Authors with Minitab Version 16.0. Data 

from [6 -12]. 

 

The authors measured the effect of geikielite in the 

process, the thermodynamic calculations for both min-

erals were carried out using the HSC 5 Chemistry soft-

ware, Version 6.0, simulating hydrogen reduction. To 

reaction occur, the Gibbs energy must be less than 0. 
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Figure 2. Energy free variation for both the minerals in the 

reduction by hydrogen. Calculated by the Authors with HSC 

Chemistry V. 6.0 and plotted in Excel 2010. 

 

The ilmenite reaction will become spontaneous 

(free energy less than 0) at temperatures over 1000°C; 

however, geikielite's reaction never achieves the spon-

taneous state; the free energy variation is always posi-

tive and never produces water, as it is shown in Figure 

2. It means that ilmenite with a high MgO content will 

have less water production yield since MgO * TiO2 

does not reduce even at very high temperatures 

Conclusion 

Regolith particles are fine, but most ilmenite ap-

pears encapsulated. There are no data that describe the 

entire particle size distribution, but the size ranges ana-

lyzed by direct and indirect methods show less than 

40% free ilmenite. This information should lead us to 

evaluate other ilmenite sources, such as the rocks and 

breccias mixed with the regolith, which have a higher 

content of free ilmenite (greater than 75%)[13]. 

In the same case, only ilmenite with low magnesi-

um should be processed with chemical composition to 

increase performance. The lunar breccia samples show 

that the magnesium oxide content is highly variable in 

the ilmenite with a statistical non-normal distribution of 

the MgO content. There are very high values, reaching 

up to three times more than average (over 9%). Ac-

cording to statistical and thermodynamic calculations, 

the presence of this oxide in ilmenite is detrimental to 

the process since it dilutes the iron content and reduces 

the process's efficiency. Future mining operations must 

identify high MgO and low MgO ilmenite as a correc-

tion factor in the economic evaluation of the deposit. 

Chemically, the Mare Tranquillitatis is a high de-

posit of ilmenite to mine. Instead, considering geome-

tallurgy, the ilmenite in the deposit must be classified 

according to their degree of liberation (free or mixed) 

and according to its magnesium oxide content. This 

knowledge will assist in selecting the right location in 

the deposit to mine, the right size range to process, and 

an accurate metallurgical architecture to maximize the 

operative results and, therefore, the profitability. 
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Abstract:   

 

The utilization of in-situ resources such as water ice 

and regolith materials found on the surface & near sub-

surface of the Moon is fundamental to establishing a 

sustainable and permanent human presence there. 

There are substantial, financially significant, and ac-

cessible deposits of water ice found near the Lunar 

poles (principally the 

Southern pole).  

Water ice is obviously 

necessary for all biologi-

cal processes, but can also 

be broken down by elec-

trolysis into O2 , which 

can be further processed 

into rocket fuel. Water, 

for this reason, would be 

the primary mineable re-

source. This water ice is intrinsically mixed with the 

Lunar regolith however, which itself has multiple sec-

ondary in-situ resources.  

Developing new beneficiation techniques that differ 

from contemporary terrestrial approaches is an impera-

tive to sufficiently utilize all of those resources. 

 

Step 1: Comminution 

 

The initial step of the new beneficiation technique 

proposed would utilize a focused high-voltage electro-

magnetic pulse (E.P.D.) [1] to comminute both water 

ice and regolith. This technology would act as an alter-

native to con-

temporary me-

chanical crush-

ers (such as jaw 

or gyratory). 

E.P.D. would 

result in drasti-

cally less ultra-

fine dust being 

disturbed into 

the local exo-

sphere than what 

contemporary 

mechanical 

crushers would produce, which would pose a signifi-

cant maintenance and safety risk.  

E.P.D. would also lead to higher disaggregation of 

water ice enclosed within micropores of the regolith, 

because of its ability to reach much finer particle sizes 

(up to 5-10 pm depending on the mineralogy). While 

relatively new, this technology is currently being ap-

plied by the company Selfrag to improve recycling 

techniques, geochronological research, and conven-

tional mineral processing plants.  

 

Step 2: Separation 

The resulting fine-grain material would then be par-

titioned using a triboelectric-charged belt (T.E.B.S.) 

[2] to separate water ice particles [3] from regolith 

material. This technology arises as an alternative to 

froth flotation and leaching, which are much less effi-

cient on the moon due to the reduced gravity and pres-

sure. The problem of utilizing flotation is further high-

lighted because of the technique’s difficulty in separat-

ing particles smaller than 75 μm, while T.E.B.S. works 

well for particles under 1 μm and as large as 300 μm. 

This process utilizes static electric charge differ-

ences on particle surfaces as the separating criteria, 

which is well-suited to Lunar surface materials due to 

the constant bombardment of the solar wind leaving all 

those materials highly charged. The intrinsic material 

properties of water ice, silicate minerals, and native 

metallic particles would lead to each of them carrying 

slightly different surface charges generated by the solar 

wind.  

Therefore, the remaining fine regolith material 

would then undergo further belt separation where na-

tive metallic particles of iron, titanium, and aluminum 

[4] may be partitioned out and used for infrastructure 

or machine part repair. 

 

Step 3: Sintering 

The regolith minerals would then be subjected to 

sintering (i.e., powder metallurgy) via molten regolith 

electrolysis [5] to extract additional elemental re-

sources. Powder metallurgy works by fine metallic 
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particles being pressed into a mold and sintered togeth-

er. The ultra-fine native metallic particles found in the 

regolith and separated by T.E.B.S. would need no fur-

ther processing to be used in this system.  

Molten regolith electrolysis would then be required 

to extract pure select pure elements from the regolith 

minerals. 

Thorium [6] 

may be re-

moved and 

used as a fuel 

in a “melt-

down-proof” 

fission reac-

tor.  

Sulfur may be removed and used as the bonding 

agent of a waterless lunar concrete which uses the re-

maining fine regolith particles as aggregates. [7]. The 

extremely fine particle sizes E.P.D. can produce and 

T.E.B.S. can differentiate are large assets in producing 

quality, uniform aggregate that would lead to the 

strongest possible concrete. The waste heat generated 

by the use of molten regolith electrolysis can be used 

for sintering the waterless sulfur-based Lunar concrete, 

which would further increase its strength and durabil-

ity.  

 

Ultimately, this process provides a feasible mineral 

processing system that would mitigate hazards, reduce 

infrastructure costs, and may be scaled down to fit the 

needs of a fledging Lunar outpost. 
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Introduction:  A new type of rotary mining imple-

ment with pneumatic conveyance is proposed for exca-
vating and conveying icy lunar regolith located within 
the permanently shadowed cratered regions at the 
Moon’s poles.  The proposed mining system (“design 
concept”) consists of, in combination, a lunar rover out-
fitted with a specialized drill rig configured to simulta-
neously drill and excavate (pneumatically) two separate 
holes (vertical shafts to depths of at least 350 cm for 
suggested drill bit diameters of between 10 cm to 30 
cm).  The drill rig, in combination with the rover, sup-
ports and powers two drill strings (pipes) each of which 
is fluidically coupled (at their respective lower ends) to 
a new type of nested rotary drag bit, which, in turn, is 
designed to cut, grind/smash and deconsolidate icy reg-
olith (believed to be cementitious in nature) into decon-
solidated particles (i.e., granularized icy regolith).  A 
specialized gas-driven “venturi eductor” nested within 
each drag bit pneumatically excavates the granularized 
icy regolith out of the two holes through their respective 
drill stings.  To offset the twisting force (torque) felt by 
the rover during drilling, the drill strings counter-rotate 
with respect to each other.  A concept drawing of the 
proposed rover with its two-string drill rig set-up (omit-
ting ancillary components) is shown below in Figure 1. 

 

 
Figure 1 

Lunar Excavation:  At very shallow depths (<30 
cm), excavation of lunar regolith is not challenging.  
However, at increasing depths the bulk density of the 
regolith increases sharply – and with this, so too in-
creases the interlocking of adjacent regolith particles, as 
well as the friction and cohesive forces between parti-
cles.  Indeed, and as demonstrated during the small-

scale excavations attempted by Astronaut James Irwin 
during the Apollo 15 mission, a “stiff layer” of cementi-
tious regolith is encountered at a depth of about 30-35 
centimeters that could not be penetrated with a scoop, 
and required chipping to reach deeper levels [1]. 

The Moon is known to be largely devoid of water, 
except for small amounts existing within the so-called 
permanently shadowed regions (PSRs) located at the 
Moon’s poles.  Although not known with certainty, 
NASA has hypothesized that lunar ice deposits may 
contain up to 5, or even 10 percent, water (by weight).  
In addition, NASA has further hypothesized that as the 
regolith’s water concentration increases (generally with 
depth), so too increases certain geomechanical proper-
ties such as bulk density (up to 1.85 g/cm3), compressive 
strength (up to 35 MPa), and tensile strength (up to 12 
MPa).  For example, NASA has suggested a hypothet-
ical water profile (weight percent) for icy regolith at var-
ious depths up to 350 cm as shown below in Figure 2. 

 

Figure 2 

NASA has also suggested a preferred “Excavation Site” 
(outlined in green in Figure 3 below), which is located 
within a selected PSR near the lunar South Pole [2]. 

    
Figure 3 

NASA contends that icy regolith within this PSR 
(and others like it) is likely cementitious but soft.  Thus, 
and similar to sandstone, when cut and ground/smashed 
with an appropriate cutter/grinder, icy regolith will 
break apart (deconsolidate) to yield deconsolidated dis-
crete grains of regolith like those found throughout the 
uncompacted uppermost surface layer (<30 cm) of lunar 
regolith (which exists everywhere on the Moon) [3]. 
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Pneumatic Conveyance:  Pneumatic conveying in-
volves transporting a particle-laden gas flowstream 
through a pipeline.  The gas flowstream transmits a pro-
pulsion force to the entrained particles, and thus con-
veys the entrained particles through the pipeline.  All 
pneumatic conveying systems necessarily require a 
pressure difference between the beginning and end of 
the pipeline. 

The use of compressed gas for the purpose of rego-
lith excavation and transfer (mining) is not new – it was 
first proposed in 1993 by chief scientist David McKay 
at NASA’s Johnson Space Center (JSC).  McKay envi-
sioned long tubes “sucking” lunar regolith and deposit-
ing it in far-away containers as generally depicted (con-
cept drawing) below in Figure 4 [4]. 

 

 
Figure 4 

In view of this design concept, Sullivan (1994) de-
termined that the saltation velocity (i.e., the velocity of 
gas required to keep particles suspended in a vertical 
tube) is only about one-third at 1/6th gravity (i.e., the 
gravity on the Moon) [4].  Later, Zancy et al. (2004, 
2008 and 2009) developed and tested various ap-
proaches to mining lunar regolith using compressed 
gases, and determined that just 1 gram of gas at <100 
kPa absolute can loft almost 6,000 grams of lunar sim-
ulant at velocities approaching 10 m/s [5]. 

Pneumatic transfer (conveying) systems, like the 
one being proposed here, require a “venturi eductor” im-
mersed (essentially at all times) within a contained body 
of granularized regolith to function properly.  A venturi 
is a type of constriction within a pipe (classically an 
hourglass shape) that creates a powerful suction.  The 
venturi effect (utilized by venturi eductors) works well 
in an atmosphere or under water (e.g., subsea mining), 
but in vacuum will not work unless the inlet to the ven-
turi is largely sealed from the vacuum. 

Proposed Lunar Mining System:  In view of the 
foregoing background and in order to rapidly and effi-
ciently excavate and convey icy lunar regolith from 
within the PSRs on the Moon (with minimal dust gen-
eration), a novel rotary drill with nested pneumatic 
transfer mining implement and system are proposed.  As 
noted above, the proposed mining system preferably 

consists of a lunar rover outfitted with a specialized drill 
rig configured to simultaneously drill and excavate (via 
pneumatic transfer) two separate holes (to depths of at 
least 350 cm for suggested bit diameters of between 10 
cm to 30 cm) by means of a new type of lunar mining 
implement.  The proposed lunar mining implement is 
best characterized as a new type of nested rotary drag 
bit because it has no moving parts, and because it works 
best in soft to cementitious soils (like those found on the 
Moon at shallow depths).  As shown below in Figure 5, 
the proposed mining implement comprises three nested 
components: namely; (1) an outer drum having a bottom 
bladed cutting crown (that, during operation, grinds and 
feeds regolith through openings into the interior of the 
drum); (2) an axially-aligned conical hopper within the 
drum (that, during operation, fills with granularized icy 
regolith); and (3) a specialized “venturi eductor” posi-
tioned lengthwise within both the hopper and the drum 
(that, during operation, uses a motive gas ejected from 
a nozzle to suck regolith in from the hopper, to thereby 
create a fluidized regolith-laden gaseous flowstream 
that, in turn, lofts and conveys the excavated icy regolith 
particles (grains) out of the implement through a central 
transfer pipe (aka drill string) for further processing. 

 
Figure 5 

In this configuration, the outer cylindrical drum 
sealingly encases the hopper and the venturi eductor 
(thereby enabling the venturi suction effect to take 
place).  As shown, the bottom cutting crown includes a 
plurality of spiraling hard metal blades that funnel cut-
tings (i.e., ground and smashed up icy regolith parti-
cles/grains) into openings and into the interior of the 
drum and hopper where it is then sucked away. 

Preliminary estimates suggest that the proposed 
mining system, sized with two counter-rotating drags 
bits each having a nominally sized cutting crown can 
excavate icy regolith at rates exceeding 1,000 kg/hr. 
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199-208. [5] Zancy, K. et al., (2008) Amer. Inst. Aero. 
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Introduction:  Helium-3 (
3
He) amongst other light 

volatiles implanted by solar wind into the lunar regolith 

is a valuable resource because of its potential to be 

used as a fuel in a fusion cell in the near future [1]. 
3
He 

abundance and concentrations cannot be measured 

directly, and instead must be inferred through other 

measurable variables, which are referred to as proxies. 

The chosen proxies for the detection of 
3
He are: the 

presence of the mineral ilmenite (FeTiO3) inferred 

through TiO2 abundance [2], and the age of the regolith 

inferred through optical soil maturity index (OMAT) 

[3] and the relative ages of lunar geologic units from 

the USGS [4]. The location of  
3
He deposits is not use-

ful if the resources are inaccessible. Engineering con-

straints such as the diurnal heating (as a power source 

for an extraction system) [5], the topography of the 

lunar landscape that is being excavated [6], the abun-

dance of rocks in the lunar regolith [7], and the grain 

size of the regolith as solar wind implanted volatiles 

can be lost to the vacuum of space simply by agitation 

during their extraction process [7]. 
3
He Mapping Model: To create our model, the team 

utilized LROC: QuickMap [8] to perform data pro-

cessing and visualization of datasets from LROC’s 

WAC, LOLA, and DIVINER instruments, as well as 

Kaguya’s MI instrument. Selected datasets include: 

abundance_TiO2 [2], lclem_omat [3], ldsm_16 [5] and 

abundance_rock [6] from Planetary Data System to 

create a 
3
He favorability model that indicate areas 

where 
3
He mining would be feasible. 

Legal Lunar Mining Regime: Although finding a 

potential mining location for 
3
He on the lunar surface is 

challenging, the legality of such activities must also be 

considered [1]. We propose a legal regime shall be 

establish a lunar mining claim under existing interna-

tional space law. This project proposes a set of mining 

claim criteria to legally extract volatiles under current 

international and domestic policies with the aim of 

creating a safe and cooperative environment for private 

and governmental entities to operate within [9]. 

Preliminary Results: Our model of likely 
3
He de-

posits includes a map indicating ideal mining locations 

of 
3
He. Potenital mining sites include: Oceanus Procel-

larum, Mare Imbrium, and Mare Tranquillitatis. As this 

model further matures, it will help to determine loca-

tions on the lunar surface that are most viable for estab-

lishing a lunar mining claim for the extraction and uti-

lization of 
3
He on the lunar surface. 
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Introduction:  The lunar surface is once again 

within reach as the NASA’s Artemis program aims to 

put the first woman and the next man on the Moon by 

2024. Achieving long-term human habitation on the lu-

nar surface requires in-situ resource utilization (ISRU) 

technologies to be developed in order to reduce depend-

ence on Earth commodities.  

Excavation of regolith and granular ice is the first 

step in the production of useful resources on the lunar 

surface. With its low gravity and distance from Earth, 

the Moon presents an exceptional excavation challenge. 

Terrestrial excavation is based around intentionally 

massive machinery to produce sufficiently large reac-

tion forces that balance against very large excavation 

forces. This general structure does not scale to lunar op-

erations where landing mass on the lunar surface is ex-

ceedingly expensive and only provides 1/6th of the reac-

tion force due to reduced lunar gravity.  

Lunar excavator design must first be approached 

from the tool/terrain interface. This approach seeks to 

reduce excavation forces to minimize required reaction 

forces, and thus  resuls in an excavator that is less mas-

sive and likely requires less total power. 

The mTRAX Planetary Exploration Labs group at 

NASA Glenn Research Center is investigating the use 

of a resonantly vibrating leading edge on a bucket to re-

duce the penetration force as the tool engages the soil. 

Early studies show very successful results of ultrasoni-

cally vibrating horns and probes significantly reducing 

the penetration force in granular lunar soil simulants 

[1]–[4]. While forced vibration tools will increase end-

effector power and mass, the goal is to achieve a net re-

duction in power consumption and overall system mass 

due to  significant force reduction. 

Currently, the research effort is looking at character-

izing the behavior of an ultrasonic horn penetrating 

granular lunar regolith simulant in a lunar vacuum envi-

ronment at a component level. The results from this ex-

perimental study will enable characterization of the im-

pact of atmosphere on the effectiveness of the force re-

duction phenomenon. 

 In parallel, a design for an integrated leading 

edge on an excavator bucket is being developed for full 

scale testing in the Excavation Lab at NASA Glenn Re-

search Center in ambient conditions. The Exavation Lab 

(Fig. 1) houses the Advanced Planetary Excavator 

(APEX) which is used as a highly repeatable path gen-

eration tool for excavation testing. Both the soil simu-

lant and ultrasonic leading edge have directional prop-

erties  so to better understand their coupled interactions 

testing via two-dimensional toolpaths generated by 

APEX are required. These tests will highlight toolpath 

restrictions for using ultrasonic blades in soil and will 

likely indicate which orienations are most effective at 

reducing penetration forces. These full scale tests will 

feed into the final branch of this research effort is work-

ing to develop modeling capabilities for the APEX plat-

form. The purpose of the model is to enable more effi-

cient design and development of novel excavation tools. 

This work will present the state of development of the 

ultrasonic bucket tool at NASA Glenn Research Center. 

  

 
Figure 1. The APEX excavation platform in the Ex-

cavation Lab at NASA Glenn Research Center with 

the first generation Ultrasonic Bucket prototype at-

tached as the end effector. 
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Problem: NASA Advisory Council provided their 

“Recommendation Regarding Mismatch Between 

NASA’s Aspirations for Human Space Flight and Its 

Budget, from the Council Public Deliberation, in July 

31, 2014, and concluded that without a major change 

in strategy and approach, NASA’s budget will not sup-

port the type of exciting missions that are needed to 

justify the existence of the human exploration program 

TransAstra has performed mission design and econom-

ic analysis of the potential benefits of space-derived 

propellant for human exploration beyond LEO. The 

results show that up to 80% of the cost of establishing 

and maintaining a human outpost in deep cislunar 

space is in launching and transporting propellant from 

the surface of the Earth. If plentifully available in cis-

lunar space, water could be electrolyzed into O2 and H2 

and liquefied for use in cryogenic propulsion or used 

directly as propellant in solar thermal rockets to pro-

vide a breakthrough in affordable transportation.  

Historically the lunar surface has been viewed as 

an unpromising source of propellant feedstocks. How-

ever, recent work has shown that in lunar polar regions 

there may be vast areas with large quantities of frozen 

water and peaks that are perpetually in sunlight. This 

promises near continuous solar power for ISRU and 

other operations. Unfortunately, the multi-kilometer 

geographic separation between the perpetually lit 

peaks and the icy regolith on the bottom of large cra-

ters creates significant power distribution challenges. If 

the power distribution challenges can be circumvented, 

Figure 1- Lunar Polar Propellant Mining Outpost 
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it will obviate the need for massive and expensive nu-

clear power systems and it will greatly reduce the cost 

of ISRU for the lunar water needed to reduce the cost 

of developing and maintaining a lunar outpost.  

Solution: The Lunar Polar Propellant Mining Out-

post (LPMO) is a breakthrough mission architecture 

which greatly reduces the cost of human exploration, 

habitation, and industrialization of the Moon. LPMO 

will be humanity’s first permanent beachhead on an-

other planetary body and it will be economically sus-

tainable based on two new innovations that together 

solve the problem of affordable lunar polar ice mining 

for propellant production. The first innovation is based 

on a new insight into lunar topography: our analysis 

suggests that there are suitable (10
4
 m

2
) landing areas 

in small (1 to 2 km) near-polar craters on which the 

surface is icy regolith in perpetual darkness but with 

nearly perpetual sunlight available at altitudes of only 

a few 100 m above ground.  

In our proposed landing sites, our Sun Flower™ 

consisting of rotating light weight deployable reflec-

tors held diagonally at the top of tensegrity masts only 

~800 m in length (lightweight and feasible in lunar 

gravity), that can provide illumination to ground based 

solar arrays, provide nearly continuous power There-

fore, large landers such as the Blue Moon proposed by 

Blue Origin (2), or the SpaceX Starship (formerly 

BFR) can feasibly deliver the power systems needed to 

both extract water (using the breakthrough Radiant Gas 

Dynamic (RGD) Rover approach) and process it into 

propellant via electrolysis and liquefaction. Perpetual 

darkness at ground level provides a naturally cold en-

vironment for easy radiation of waste heat to space for 

liquefaction and cryogenic storage of the produced 

propellants. 
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Abstract:  This report presents a space resource 

business plan with an engineering framework and ro-

bust financial analysis for the development of a lunar 

regolith sample excavation, storage and data collection 

company, henceforth referd to as ISRA (the Interplane-

tary Space Resource Alliance).  

ISRA provides services on the Moon that range 

from geochemical analysis to ownership transfer of 

lunar regolith, and future site preparation for surface 

operations. ISRA has shown there exists a strong busi-

ness case for the robotic excavation of lunar regolith 

based on market potential combined with potential 

resource availability. There is a strong geological case 

for the accumulation of large reservoirs of volatiles 

(particularly water-ice) at the lunar poles, supported by 

limited quantitative data points collected over the past 

50 years, from Apollo to LCROSS [1,2].  

The purpose of ISRA is to provide viable commer-

cial sample collection and resource excavation, togeth-

er with the provision of reliable geologic information 

for specific locations thereby facilitating sustainable 

and equal opportunity cooperative space infrastructure 

development, towards the advancement of the cis-lunar 

economy and beyond. 

The long term goal of ISRA is to provide equal op-

portunity services for the collection, analysis, and stor-

age of space resource samples, together with the provi-

sion of scientific and economic information, thereby 

facilitating sustainable and cooperative space infra-

structure development and construction. 

The mission of ISRA is to pioneer sustainable 

space exploration, resource identification, and settle-

ment through the profitable deployment of science and 

technology in order to facilitate the transition of hu-

manity to a space-faring civilization.  

The vision of ISRA is to create new exploration 

opportunities for space agencies and commercial com-

panies in the field of space resources by enabling the 

collection and analysis of samples through the use of 

robust and reliable currently available technologies. 

Products.  ISRA offers the ability to purchase sci-

entific information on the geological and geochemical 

characteristics and water-ice percentage of lunar rego-

lith to customers who want to learn more about a par-

ticular location, or group of locations on the surface. 

Such information will be essential to project de-risking 

through the generation of robust 3D resource models in 

line with the terriestrial JORC code and the upcoming 

LORS (Lunar Ore Reserves Standards) code, currently 

in development by ispace.  

As a byproduct of prospecting, we offer excavated 

bulk regolith for sale on the lunar surface. In our ex-

tended future campaigns, we will use our experiences 

from the Moon to provide an unparalleled landing site 

selection consulting service. ISRA plans to eventually 

offer a service that provides cleared flattened areas 

with the unconsolidated bulk regolith nearby for the 

future construction of rocket launch and landing pads. 

Our customers are primarily established national 

space agencies such as NASA, ESA, JAXA, CNSA, 

ISRO, ROSCOSMOS, and UAESA. We also consider 

the growing potential of both large and small commer-

cial space companies as our future customers who will 

need our prospecting data and regolith to establish 

their sustainable presence on the Moon. 

Technology.  There are a robust set of technologies 

[3,4] currently at TRL 5 or higher that can be deployed 

at relatively low-cost to the lunar surface that would 

enable both the acquisition of ground truth scientific 

data, and the collection of bulk-regolith as a saleable 

commodity. The primary technologies we will use to 

meet our goals and objectives include a third-party 

launch service and lander, state-of-the-art semi-

autonomous excavation rovers (RASSORs), advanced 

solar power and energy storage systems, geochemical 

analysis instrumentation, orbital communications, and 

rover-rover/lander communications. 

ISRA’s lunar operations are focused on excavation 

of the upper 10–100cm of regolith using rovers inte-

grated with excavation bucket drums, lights, cameras, 

and modularity (to permit future instrumentation 

changes, upgrades, and repairs), that are capable of 

recharging with a solar PV powered battery bank sys-

tem at the lander. One of our founding goals is to de-

velop a client-vendor relationship with lunar lander 

and launch vehicle companies for the development and 

deployment of technologies on the lunar surface. 

Our team chose the lunar landing services provided 

by Astrobotic for our analysis based on reliability, in-

tegrated communications, and delivery payload mass 

capability. We will consider other launch and lander 

services and options on a case-by-case basis and will 
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ultimately choose the lowest cost option with the high-

est reliability that is able to meet the technological 

requirements of each mission. 

Justification.  ISRA believes that given the recent 

surge in interest for lunar polar water-ice exploration 

and extraction, in conjunction with the NASA led Ar-

temis program and other commercial interests, that 

there is sufficient justification to attempt to capture a 

‘first-mover’ advantage by developing and deploying a 

lunar regolith excavation architecture in anticipation of 

significant development in the cis-lunar space econo-

my. 

ISRA will use science, technology, and business to 

capture the opportunity to become a key player of this 

rapidly evolving field and address the needs of multi-

ple customers with an equal opportunity service toward 

the benefit of all of mankind, paving the way for future 

expansion of sustainable human existence throughout 

the solar system and beyond. 
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Introduction:  The Planetary Surface Technology 

Development Laboratory (PSTDL) is a new research 
facility designed and led by Dr. van Susante at Michi-
gan Technological University (MTU) and consists of 
several spaces with various equipment and supporting 
labs. The goal of the PSTDL is to prototype, build, test 
and quickly increase the Technology Readiness Level 
(TRL) of technology being developed for lunar and 
mars missions. 

Major facilities:  The central piece of the PSTDL 
is a custom built rectangular 60inchx60inchx80inch 
Dusty Thermal Vacuum chamber (DTVAC) with a 
usable volume inside the thermal shroud of 50x50x70 
inches, that can be cooled as low as -196˚C and heated 
as high as 150˚C, reach a vacuum of 10-6 Torr and 
contain a box with up to 3000 lbs. of regolith simulant. 
Outside the lab, a dedicated 3,125 Gallon Bulk LN2 
tank supplies the liquid nitrogen to the DTVAC ther-
mal shroud and plate and allows for long duration test-
ing at cryogenic temperatures. The chamber has two 
10-inch viewports, 16 smaller ports for power and data 
feed throughs. A 20-inch diameter expansion port is 
available if vertical expansion of the vacuum space 
would be required (this would require major modifica-
tions though).  

The DTVAC facility is now operational as of Janu-
ary 15, 2021. The chamber will have a regolith bin that 
can hold up to 3000 lbs. of simulant and can be rolled 
into and out of the chamber. There will be two regolith 
bins so one can be prepared while the other is being 
tested. Water, compressed air, and high voltage power 
are available to the chamber as needed. 

 
 
Figure 1: DTVAC loaded with regolith bin and 

experimental rover 

 

  
Figure 2: DTVAC operational 

A small 18-inch sided cube acrylic vacuum chamber is 
available for small scale testing in the PSTDL. It is 
connected to the LN2 supply for cooling of ice blocks 
or other hardware. 

The other part of the PSTDL is a new 1100+ ft2 lab 
that contains a 6 axis Fanuc m-710iC/50 industrial 
robotic arm with a reach of 2m and a 50 kg load capac-
ity. In the robot’s reach is a 14 ft3 chest freezer in 
which lunar simulant can be mixed with water and 
frozen for excavation and measurement testing. The 
arm can support end-effectors and payloads for opera-
tion on the lunar surface (or on Mars or other planetary 
surfaces). An augmented reality sandbox system is 
installed to function together with the excavation 
sandbox filled with regular play sand and the robotic 
arm.  

 
Figure 3: FANUC robotic arm and AR sandbox 

Another major piece of the lab is a 14ftx6ftx1ft 
regolith simulant filled sandbox that is enclosed, kept 
under slight negative pressure for dust control as well 
as an ‘airlock’ to mitigate dust, has an overhead rail 
system that has as a gravity off-loading system (up to 
200 lbs. total load) installed. Slopes up to 45˚ are pos-
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sible to be built into the box. PPE and respirator certi-
fication are maintained for use with the facility. 

 
Figure 4: Regolith sandbox with slope testing 
In addition to the test facilities, the PSTDL space 

contains mechanical build aeras, electrical workbench-
es, and several computational systems dedicated to 
modeling (CAD, FEA, DEM, CFD, etc.)  the systems 
under development. Several groups of students under 
Dr. van Susante’s supervision have access to the 
PSTDL. Students received extensive safety training to 
be allowed to work in the lab. Personnel working with 
specific hazards and PPE receive additional trainings 
as needed (robot, regolith simulant extended exposure, 
DTVAC, LN2), in coordination with our environmen-
tal and safety staff.  

The PSTDL facilities are a shared space between 
several research groups. Dr. van Susante’s Mining 
INnovation Enterprise is building a robot for the 
NASA Lunabotics Mining Competition. 35 students 
design, build, and test their robot for the competition. 
Additionally, they are fabricating a a trencher for op-
eration in the DTVAC. Five graduate students will be 
working on more advanced design, modeling, build-
ing, and testing of space qualified hardware for the 
DTVAC and hopefully future CLPS payloads. A total 
of 15 full time undergraduate (12) and graduate stu-
dents (3) worked on 4 funded NASA projects in the 
PSTDL during summer 2020. One of these inaugural 
projects the student team participated in was the 
NASA 2020 BIG Idea Challenge. The PSTDL team 
won this competition with the T-REX rover: a system 
built to deploy over 2km of superconducting power 
and communication cable into lunar PSRs.  

 
Figure 5: T-REX won the Artemis Award 

17 students will work on 5 funded NASA grants 2021 
including the recently awarded NASA LuSTR grant.  

 
Simulant and Ice:  35,000kg of lunar simulant 

will be required for use in the sandbox, the DTVAC 
and for use in the field tests for LuSTR. We have cre-
ated our own lunar simulant named MTU-LHT-1A to 
support these large-scale tests. Our simulant consists 
of crushed glassy basaltic scoria mixed in appropriate 
ratio with Greenspar 90 and Greenspar 250 (which are 
both pure crushed anorthites). This created a lunar 
simulant that is similar in particle size distribution and 
mineral composition to Apollo Highlands material, but 
for a price of $1 to $2/kg. 

To study ice/water extraction under cryogenic and 
vacuum conditions, it is required to pre-freeze all 
components: ice, lunar simulant, and any additional 
process component. In Michigan, chilling can be done 
outside in the winter. Year-round cold processing will 
be supported by a 40ft freezer container and a 40ft 
dryer container to dry the lunar simulant after use with 
ice/water. A process using ice-shavers, buckets of reg-
olith simulant and a poly-ethylene cement mixer was 
devised to precisely mix the simulant and ice without 
melting. The simulant/ice mixture is then placed in the  

Figure 6: Icy Regolith Manufacturing Process 
bin by hand and compacted as desired. For quality 
control purposes, the temperature of the ingredients at 
different steps is measured with a ThermoWorks ther-
mopen. Temperature did not exceed 17F during test 
runs. It is crucial to ensure a very quick loading proce-
dure in the DTVAC to keep cart contents frozen. 
Quick connect couplings for power and sensors are 
required to speed up the installation and loading pro-
cedure.  

Conclusion: The PSTDL is a new, versatile facili-
ty with a capability to test TRL-1 to TRL-6 technolo-
gies for use on the Moon, Mars or asteroids and is 
sized for CLPS and other missions. We would be hap-
py to discuss collaboration or testing and look forward 
to serving the needs of the community. 
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Introduction: 
Using dusty thermal vacuum chamber experiments and 
Finite Elements Method modellings, I was able to simu-
late the behaviour of icy regolith analogues in a PSR-
relevant environment. The investigations focused on 
combined heat and mass transfers within the deposits 
with a special focus on phase change interface move-
ment, which can be easily translated to the water pro-
duction. The investigations showed interesting similari-
ties to terrestrial production systems and allow for a 
redesign of thermal mining architecture and its busi-
ness case. 
 
 
Icy regolith heating: 
If a necessary heat input is provided to the icy deposit 
on the Moon, water ice starts sublimating from the de-
posit creating a sublimation lag. The lag acts as a ther-
mal insulator and damps further production. This is 
reflected in distinct process phases seen in Figure 1. 
Temperature- and pressure-dependent material proper-
ties also damp the production. Multiple other non-
linearities and negative feedbacks exist in the system, 
which further lower the performance of the process, but 
need further research. Those include the inability to 
capture vapour resulting in pressure gradients directed 
towards the deposit and subsequential redeposition of 
water, as well as dust uplifting, which refracts light and 
lowers heat input to the deposit.  
The investigations [1], [2] allowed for validation of 
state-of-the-art equations governing this process but 
also allowed for development of simple tools to predict 
the production rate and yields on the Moon. Those pre-
diction tools are similar to Decline Curve Analysis 
methods [3] used successfully in the petroleum industry 
for over 70 years. It was found that there is an identity 
between terrestrial reservoir pressure decrease and 
lunar thermal conductivity decrease in those parame-
ter’s influence on production performance. 
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Figure 1: A typical movement rate of sublimation interface 
with distinct process phases 

Figure 2: Total yields during 106 second heating operations at 
various ice contents 
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