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Introduction:  As a lunar application, NASA is 

developing a system capable of sintering the lunar reg-

olith.  Microwaves will be used to do the heating.  The 

project, called Microwave Structure Construction Ca-

pability (MSCC), lead from Marshall Space Flight 

Center, involves multiple NASA centers, professors at 

multiple universities, and private companies.  The cur-

rent conceptual use of the technology is to produce a 

landing pad, for repeat visits to a site, and to construct 

other infrastructure to reduce mechanical elevations of 

“dust” to protect the astronauts and functionality of 

systems.  Our current ambitions and working schedules 

aim to have a TRL 6 demonstration by 2022, test 

demonstrations on the Moon in 2026 and 2028, with 

deployment of a working unit in 2030. 

While the concept of using microwaves to heat the 

lunar regolith can be traced in the literature back to 

1969, and multiple people have heated lunar simulants 

in kitchen-type microwaves and small sample size ex-

periments, it appears the current NASA effort is the 

first to seriously attempt to scale-up this concept into 

reality.   

In so doing, a very large number of technical issues 

have been identified and must yet be solved.  This pa-

per will discuss some of the main challenges identified 

so far.  We will not seek here to identify or to state 

possible solutions to the problems enumerated.  It will 

be apparent from this paper, that reporting solutions to 

these issues will require a large amount of work and 

will need to be reported in a corresponding suite of 

publications. 

How you think about a problem determines the 

answer you get:  We suggest that possibly much of the 

previous work did not adequately think about the prob-

lems involved.  Here we offer two points that are fun-

damental to how our approach to this project is framed. 

Sintering vs. Melting. Melting lunar regolith or lu-

nar regolith simulants is known to be rather easy in a 

microwave cavity.  Therefore, producing a lunar glass 

on the Moon will be relatively easy.  But using such 

melted material on the Moon requires solving fierce 

technical problems that, at this time, may not be solva-

ble.  For example, pickup, pre-processing, intakes, re-

action vessel(s), outflow, forming, tempering to avoid 

cracking, handling, deposition on the lunar surface at 

temperatures of -170℃ are all tasks that have never 

been demonstrated on the Moon.  Each represents an 

unavoidable technical hurdle, and for sintering to be 

useful, all must be solved. Concurrently, the solutions 

must work without human maintenance while pro-

cessing thousands of kilograms of product.  Sintering 

regolith in place avoids most of these problems com-

pletely.  Of course, other problems arise.   

For this paper, as a practical definition, sintering is 

said to be a process that liquifies less than 50% of the 

total mass; above that threshold, a melt is considered to 

exist.  As a consequence of sintering, at least half of the 

original mass is likely to retain many of its original 

properties, including mechanical properties. 
Microwave vs. laser or solar heating.  Several 

methods have been proposed to heat the regolith in 

order to achieve various engineering goals.  Three fre-

quently proposed methods are to use microwaves, la-

ser, or focused solar radiation.  In the absence of more 

complex engineering, such as feeding thin layers of 

regolith past elements supplying heating energy, the 

latter two are rendered problematic by the low thermal 

conductivity of the regolith. Sintering by radiant energy 

(focused solar for example) applied directly to in situ 

regolith will not be viable on the Moon, due to the su-

per-insulation property. One could consolidate the reg-

olith with focused solar energy or a laser by fully melt-

ing a pool on the surface that in turn consumes the 

powder beneath it by a diffusion process.  But such a 

melt pool doesn’t present a solution with capability for 

volumetric sintering.  Microwave radiation avoids this 

problem.  

Challenges:  For a concept that has been discussed 

repeatedly for more than 50 years, the magnitude of 

what is not known adequately to permit engineering of 

a device is astonishing.  For convenience, we will 

break this discussion in three, largely artificial groups. 

Science Questions.  We do not have sufficient em-

pirical data or models to predict the sensitivity of mi-

crowave heating contribution to such things as: particle 

size, particle shape, particle composition, particle tex-

ture, particle temperature. 
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We know there are limitations to the simulants in 

their fidelity to lunar regolith.  For example, all simu-

lants from terrestrial, geologic, feedstocks include mi-

nor or trace amounts of non-lunar species.  For JSC-1A 

these include clays, sulfur compounds, carbonates, and 

salts.  The nature of these non-lunar phases varies with 

the origin of the simulant.  Simulants that are complete-

ly synthetic fail to include the low levels of H2O, CO2, 

and SOX that are present in the real lunar material.  At 

what level do these minor differences become signifi-

cant?  We know experimentally the non-lunar trace 

phases are significant in JSC-1A.  

Experimental Design.  The biggest handicap to the 

design of the necessary experiments is the fundamental 

lack of high-quality simulants.  We have sufficient ex-

perimental data to strongly suggest that simulant with 

lower Figure of Merit scores (Schrader, 2009) are like-

ly to introduce artifacts that may confuse our engineer-

ing design.  The estimated minimum volume of simu-

lant needed to complete TRL 6 testing is approximately 

6 tons.  If the targeted lunar landing is in a highlands 

site, that requires more high quality, lunar highland 

simulant than has ever been made, so far as we are 

aware. 

Engineering.  Some of the engineering questions 

we face are inherent in the fact no one has ever made 

such a system, so there is limited prior art.  As a result, 

we have to answer such obvious questions as: applica-

tor design, horn vs. antenna, how many applicators and 

at what power levels, if multiple, what will be their 

individual performance specifications, duty cycles, 

impedance matching, hardware type and frequency: 

magnetron, solid state, or gyrotron? 

We have also recognized a class of problems that 

initially might not be obvious but can be profoundly 

important.  What will happen if the system is deployed 

over an area that has heat sensitive, “volatile” species 

below the surface?  The system will of necessity gener-

ate very large amounts of potentially wasted heat.  Be-

sides the emitted IR there will be backscattered radia-

tion.  On the Moon how can we monitor what is going 

on inside the regolith?  Sintering is a sensitive process. 

Conclusions:  By integrating a large team with 

highly varied backgrounds, and using close collabora-

tion, the MSCC project is identifying and solving a 

large number of scientific and engineering problems 

inherent in the old idea of microwaving the lunar rego-

lith.  We have changed the standard approach from 

melting to a very restricted sintering.  We have identi-

fied the knowledge gaps that must be filled before en-

gineering can be completed.  We have identified the 

engineering questions that require refined scientific 

knowledge.   
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Introduction: NASA and its partners endeavor to 

initiate construction of a permanent lunar base. In order 

to achieve this, mitigation of dust from rocket plumes 

landing and taking off on the Moon will be necessary 

to prevent interference with solar panels, machinery, 

instrumentation, and crew operations. A landing and 

launch pad will be one of the first infrastructure con-

structions to be built in-situ. 

The only construction method with volumetric heat-

ing to sufficient depth providing adequate strength 

while using the least consumables/upmass to manufac-

ture infrastructure is the use of microwave energy to 

sinter (densify) the lunar regolith. Additionally, micro-

wave sintering has minimal dust creation during pro-

cessing and minimal regolith preparation. Magnetron 

microwave sources have delivery hardware that are 

robust, durable, low maintenance and can be a common 

tool among many other applications (e.g., oxygen and 

hydrogen generation [1, 2], beneficiation [3], fus-

ing/joining parts, and repairing structures.   

NASA MSFC has assembled a large team, Micro-

wave Structure Construction Capability (MSCC), with-

in the Moon to Mars Planetary Autonomous Construc-

tion Technology (MMPACT) project, from other 

NASA Centers, industry, and academia to identify and 

overcome the many challenges in order to deliver a 

capability to construct a landing pad in the mid-to late 

2020s [4]. The first demonstration mission is anticipat-

ed to be on the end of an arm operated from the lunar 

lander vehicle (See Figure 1).  

               
Figure 1. Magnetron demonstration design consid-

eration that could be mounted to the landing vehicle. 

 

The Olympus team within MMPACT is responsible 

for other construction aspects not related to the micro-

wave sintering [5]. The specific lander has not been 

chosen yet for this mission. In order to develop re-

quirements for the remote mobility arm with micro-

wave sintering capability, initial testing, design, and 

analyses need to be conducted to downselect the mi-

crowave source & determine operational parameters.  

Materials: Accurate highlands simulant have not, 

until recently, been produced in the USA since NU-

LHT-2M was released more than ten years ago. There-

fore, JSC1-A was used for initial testing and procedure 

development. The MSCC team now has limited access 

to the new NU-LHT-4M, so that will be used sparingly. 

To understand and anticipate behavior of various min-

erals in the lunar regolith in new locations, synthetic 

mineral equivalents will be developed and character-

ized. Any production of such would be the role of an-

other project within NASA.  

Testing: Testing will provide inputs to models and 

help define requirements and the concept of operations. 

Simulant Tests The physics of microwave interac-

tion with the simulant, which results in heating and 

sintering, is complex. Therefore, details of the simulant 

that heretofore have not been characterized have to be 

measured and evaluated.  Thermal Gravimetric Analy-

sis (TGA) in vacuum is one example of such a test for 

simulant JSC-1A (see Figure 3a). 

a)  b)  

Figure 3. a) TGA b) Complex Permittivity  

 

Samples of JSC-1A were analyzed using a focused-

beam test stand and a two-port network analyzer in 

order to compute the complex permittivity of the mate-

rial using the reflection and transmission S-parameters 

across a wide band from 20 to 40 GHz (see Figure 3b). 

Across the measured band, the real permittivity is ap-

proximately 3.8, and the imaginary permittivity is 0.05 

to 0.1. These results indicate that the material has mod-

erately low loss with no peak absorption frequency 

from across the measured band. 
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Sintering Tests The impact of such variables as par-

ticle size, particle shape, composition, glass fraction, 

and packing density all have to be understood and 

quantified to predict and control the behavior in the 

microwave during heating and sintering. The interac-

tion of the simulant with the testing environment is 

important. For example, in certain frequen-

cy/temperature domains, the simulant can be transpar-

ent to the microwave energy and therefore interactions 

can occur with the boundaries of the test facility. This 

complicates understanding of experimental results. 

Strategies must be developed to eliminate or subtract 

this type of interference. These aspects are being exam-

ined in in a thermal vacuum chamber (see Figure 4). 

a)                 b)  

Figure 4. a) Microwave sintering in thermal vacu-

um chamber. b) First sintering example in air. 

Design, Modeling, & Analyses: Power availability 

will drive many design decisions for early demonstra-

tion missions. Olympus is conducting analyses to de-

termining the power availability for MSCC. While a 

power requirement is being established, that leaves 

room for several design options such as a waveguide or 

coaxial delivered microwave energy. Additionally, 

several applicators are being considered as well.  

Applicator & Microwave coupling. Heating of sim-

ulant requires radiating device (the applicator) de-

signed which can efficiently transfer the electromagnet-

ic energy into the material. This requires a fundamental 

understanding of the electrical characteristics (permit-

tivity/dielectric constant and dielectric loss tangent) of 

the simulant as well as how these parameters vary with 

temperature. Controlling the power deposition, scan 

rate (for making large horizontal structures) and depth 

of penetration (to insure sufficient mechanical strength) 

are several of the challenges that are to be solved. 

Modeling of microwave applicators for regolith 

heating is also underway. Coupled Radio Frequency 

(RF) and thermal models that consider temperature-

dependent RF and thermal properties are necessary to 

determine the figures of merit for the system, such as 

sintering depth and efficiency (CCs sintered per Joule). 

Two different modeling approaches are employed to 

allow for cross-checking of results. 

a)      b)  

Figure 4. a) COMSOL non-linearity of heating over 

time illustrates the change in dielectric properties with 

temperature. b) HFSS RF model in vacuum above the 

simulant and is enclosed in a radiation boundary condi-

tion, allowing any reflected energy to radiate into the 

space above the regolith. The frequency of operation is 

2.45 GHz. 

Microwave energy source. Current emphasis for 

developing the processing protocols relies upon a mag-

netron-based source. A magnetron is a vacuum tube 

device that was originally developed in its current form 

in the late 1930’s finding wide use during World War 

II. This is a very well-known microwave source (i.e. 

home microwave oven) that has been shown to be very 

reliable with a high Technology Readiness Level. Oth-

er sources, e.g. Solid-State Power Amplifiers (SSPAs), 

are also being considered. While SSPAs have not had 

the experience level in high-powered (> 1kW) space-

based applications, they offer useful advantages over 

magnetron-based microwave energy sources with re-

gard to operating life, power supply requirements, and 

frequency agility. Methods being considered for mi-

crowave power transmission include rectangular wave-

guide and coaxial line, the configurations for which 

depend on the chosen microwave energy source and 

design constraints for construction machinery. 

Summary: MSCC is a large team including gov-

ernment, industry, and academia that is scaling up mi-

crowave sintering approaches in order to construct 

horizontal infrastructure on the Moon. Future work will 

include developing microwave sintering-specific, site 

preparation hardware and operations concepts, micro-

wave operations concepts, sintered simulant mechani-

cal and thermal property testing, non-destructive evalu-

ation, and process and product instrumentation devel-

opment. Refinements on microwave design and model-

ing will also occur.  

References: [1] E.C. Ethridge & W. Kaukler, 

(2012), AIAA 0810. [2] R.R. Wheeler et al, (2014), 

44th International Conference on Environmental Sys-

tems, ICES 2014-034. [3] L.A. Taylor & T.T. Meek 

(2005) ASCE. [4] M.R. Effinger et al, (2020) Moon 

Village Architecture Working Group Workshop, De-

cember 14. [5] R.G. Clinton et al (2020) Moon Village 

Architecture Working Group Workshop, December 14. 
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NASA’s Artemis Program is a two-phased plan to send 

American astronauts back to the Moon and to develop the 

capabilities for long term presence on the lunar surface. In 

Artemis Phase 1, NASA plans to land the first woman and 

next man on the Moon by 2024. In Phase 2, NASA and its 

international partners plan to create the infrastructure neces-

sary to enable a sustained long-term presence on the lunar 

surface. NASA’s Space Technology Mission Directorate 

(STMD) has formed Lunar Surface Innovation Initiative 

(LSII), which aims to spur the creation of novel technologies 

that will be needed for lunar surface exploration and to ac-

celerate the technology readiness of key systems and compo-

nents. The primary thrust areas of LSII include the following: 

sustainable power; dust mitigation; in-situ resource utiliza-

tion (ISRU); surface excavation and construction; and ex-

treme access/extreme environments. 

NASA’s Marshall Space Flight Center has formulated the 

Moon-to-Mars Planetary Autonomous Construction Technology 

(MMPACT) project in partnership with other Government 

organizations, multiple academia, and industry organizations, 

and with the Jet Propulsion Laboratory and Kennedy Space 

Center. MMPACT was initiated to address the lunar surface 

construction thrust area of LSII. The goal of the MMPACT 

project is to develop, deliver, and demonstrate on-demand 

capabilities to protect astronauts and create infrastructure on 

the lunar surface via construction of landing pads, habitats, 

shelters, roadways, berms and blast shields using lunar rego-

lith-based materials.  

The ability to excavate, convey, and beneficiate large quanti-

ties of lunar regolith for construction materials is key to the 

successful development of infrastructure at scale. An early 

projection of lunar regolith materials needed for a 100 foot 

diameter landing pad was estimated at several hundred tons. 

Transportation of that quantity of materials, or even binders 

for the regolith, from Earth would be extremely costly and 

impractical as Artemis proceeds into Phase 2 with multiple 

infrastructure elements required on the surface such as the 

aforementioned landing pads (multiple), roadways, habitats, 

shelters, storage facilities, etc. While there are multiple con-

stituent materials in lunar regolith that could serve as binder 

materials for raw regolith such as calcium, sulfur, aluminum, 

magnesium, and others. the ability to produce these materials 

in sufficient quantities from the raw regolith will require 

time. For these reasons, MMPACT is also evaluating di-

rected energy methods, such as microwave sintering, laser 

sintering, and high temperature methods for melting and 

sintering regolith.  

The MMPACT project is leveraging technology derived 

from NASA’s 3D Printed Mars Habitat Centennial Chal-

lenge. Space Exploration Architecture, winners of two phas-

es of the design element of the Habitat Challenge, are devel-

oping design concepts for lunar infrastructure and ICON, a 

finalist in the construction element of the Habitat Challenge, 

is leading the development of the construction hardware. The 

construction hardware development effort was initiated 

through a Small Business Innovative Research (SBIR) com-

petitive selection in which NASA partnered with the Air 

Force. Multiple common key functional capabilities for mili-

tary, commercial and space applications were identified, 

including dust mitigation, field reparability, remote opera-

tions, increased autonomy, etc., and serve as focal areas of 

the effort. 

The MMPACT project is comprised of three interrelated 

elements, hardware and process development; construction 

feedstock materials development; and microwave structure 

construction capabilities. These elements are working to-

gether to address the multiple challenges of infrastructure 

construction on the surface of the moon including hardware 

operation and manufacturing under lunar environmental con-

ditions, long-duration operation of mechanisms and parts, 

scale of construction activities, and material and construction 

requirements and standards.  

This presentation will include an overview of the status of 

the development activities in each of the three elements, 

preliminary design concepts for future lunar infrastructure 

elements, and the vision for future technology demonstra-

tions on the lunar surface. These demonstrations, targeting 

the mid-to-late 2020’s, are expected to enable landing pad 

construction, habitat construction and commercial construc-

tion capabilities early in the next decade. 
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Introduction:  Landing pads will be necessary to 

mitigate the blast effects of landing and launching 

rockets on the airless Moon. As part of the Robotic 

Lunar Surface Operations 2 (RLSO2) study [1], the 

author performed a trade analysis of several candidate 

landing pad construction technologies. The study as-

sessed the requirements for a pad that would prevent 

all ejecta from a 40 t (landing mass) vehicle. It evaluat-

ed the mass of hardware and consumables that must be 

delivered to the Moon, the energy required to construct 

the pad, and the time required to complete construc-

tion. The landing pad for this case study was 27 m di-

ameter. The inner 12 m diameter disk must withstand 

high temperature stagnation of the plume and prevent 

gas diffusion, while the outer region must prevent ero-

sion from shear stress of the gas. This study is updated 

and extended, here. 

Candidate Technologies:  The trade study focused 

primarily on (1) microwave sintering in-place across 

the surface, (2) sintering of pavers or bricks in an oven 

then robotically installing them, (3) application of pol-

ymer (palliative) into the soil, and (4) collection and 

sorting of rocks and gravel of different sizes to con-

struct a size-layered “breakwater” [2]. The trade did 

not include solar sintering because prior efforts had not 

yet demonstrated ability to print thick layers and pro-

gress is needed to prevent delamination. It did not in-

clude luanr concrete due to the need for water, which is 

too valuable to waste, and progress is needed to 

demonstrate a concrete that recovers and recycles wa-

ter in the lunar environment. Several other methods 

have been proposed but were not assessed since the 

technology readiness level is still low for each. 

Methodology:  The literature was reviewed for 

candidate technologies to determine reasonable esti-

mates of hardware mass and consumables, energy re-

quirements, and speed. Each method includes grading 

and compacting the soil as a sublayer to the landing 

pad. The time and energy of these processes were in-

cluded in the sums. The data were written into a 

spreadsheet form so individual parameters can be mod-

ified and all calculations automatically updated. For 

example, changing the radius of the inner pad would 

automatically update the expenses for all candidate 

technologies. Physics-based equations were embedded 

in the calculations where appropriate. For example, it 

uses heat capacity of lunar soil to calculate the energy 

required from microwave sintering. An example of the 

spreadsheet is shown in Fig. 1.  

 
Figure 1. Example of the user interface in the trade 

study spreadsheet. 

In the new work, the equations were inputted into 

Mathematica to enable repetitive testing with different 

parameter values. Detailed microwave susceptibility 

and heat capacity equations were programmed into the 

Mathematica version as shown in Fig. 2 to enable full 

simulations of sintering to obtain realistic energy and 

construction time values as a function of pad thickness. 

 
Figure 2. Blue: microwave absorption property of lu-

nar soil simulant JSC-1A at 2.45 GHz following [3] but 

extrapolating for T>1100 °C. Red: specific heat of bas-

alt following [4]. 
Results:  The inner region of the pad can be sin-

tered (Si) or pavers (Pa). The outer region can be sin-

tered, pavers, gravel (Gr), or polymer (Po). In each pair 

the inner region is listed first, e.g., SiPo. Each method 

can be scaled-up with more equipment to work faster, 

requiring greater power to operate simultaneously alt-
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hough total energy to complete the job is the same. Fig. 

3 shows the relationship of total mass (equipment plus 

consumables in the case of Po) versus power. Fig. 4 

shows construction time vs. total mass. 

 
Figure 3. Scale-up of mass and power for nine con-

struction methods. Green, top to bottom: PoPo, PoGr, 

PaPo, PaGr, PaPa. Inner pad Po shown for reference 

though not included in the entire analysis due to con-

cerns over polymer breakdown at high temperature. 

 
Figure 4. Contruction time vs. total mass for 12 con-

struction methods. The circles represent the starting 

cases for six, with green curves showing their scale-up.  

A cost metric was developed including estimates ost 

of hardware development per [5], transportation cost to 

the lunar surface, energy cost based upon the historic 

cost of space solar power systems including their 

transportation to the Moon, operations cost during con-

struction, and a delay cost that accounts for some con-

struction methods taking longer than others resulting in 

varying delay of the benefits of lunar surface activity. 

These were calculated using a discount rate of 3.5% as 

typical of the federal cost of money. The energy cost is 

the fraction of the yearly energy value that the con-

struction consumes. The delay cost is the total program 

value as determined by Congressional funding in equal 

appropriations over 20 years converted to present value 

then delayed at the discount rate. Without optimizing 

individual construction methods, the costs are shown in 

Fig. 5. 
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Figure 5. Total cost of reference cases. 

Next, each technology in each pairing was individ-

ually scaled up or down to minimize its cost metric. 

This produced completely different results (e.g., Fig. 

6). This demonstrates that a trade study is not valid 

unless scale-optimization is included. For example, 

SiPo originally seemed non-competitive (Fig. 5), but 

after optimization it is the most competitive choice. 

The economic assumptions were varied over a wide 

range: lunar transportation costs between $1Mv/kg and 

$300/kg, and program delay costs between zero and 

$50B. The optimized results were not sensitive to the 

variation in values. Additional trades were made incor-

porating expected improvements in sintering by modi-

fication of the soil (not shown here), which makes SiPo 

by far the leading candidate, in addition to being the 

simplest and most robust. 
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Figure 6. After optimization, with cheap transportation 

and no delay cost 
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Introduction:  A key capability required for the explo-

ration of planetary bodies is the ability to land on the 

surface. Previous work performed by NASA and other 

institutions has primarily focused on landing small 

spacecraft on planetary surfaces and the associated 

small-to-medium thrusters required for the soft land-

ing. In the case of human exploration—particularly the 

establishment of long duration exploration and habita-

tion outposts—the ability to land large landers, such as 

the SpaceX Starship, is necessary. 

 These larger landing systems require the use 

of more powerful engines, with higher temperature 

engine exhaust and higher landing loads. Understand-

ing the excavation of material by the engines, as well 

as the potential for the landing legs to sink into the 

subsurface, is key in ensuring reliable and safe land-

ings. A further improvement in landing reliability can 

be achieved by constructing landing / launch pads, 

especially with in-situ resources.  
 

Computer Modeling & Test Campaign:   
 

Using a large chemical rocket engine for landing on 

the Moon and Mars will result in the plume rapidly 

expanding (due to an under-expanded nozzle), in effect 

resulting in a large fan of exhaust gas rather than a 

collimated stream. This condition is quite different 

from what has been previously studied (Figure ).  
 

 
Figure 1: Lunar regolith plume surface interaction 

ejecta modeling [1] 

Looking at plume surface interaction (PSI) 

more holistically, the details of the landing profile may 

also affect the plume interaction. To optimize landing-

propellant usage, a higher thrust with a shorter duration 

landing profile is preferred. Understanding the effect 

of this type of landing compared to the lower rate of 

descent (and thus longer pressure and heat load pro-

files exerted on the surface) is of interest. 

These differences in the rapidly expanding plume from 

the under-expanded nozzle, the very high plume tem-

perature, the unique landing profile, and the high thrust 

will result in surface effects, including plume induced 

excavation, that are distinct from what has been stud-

ied so far. Some material excavation by the plume is 

inevitable, leaving at least a portion of the surface 

scoured and uneven under the lander and ejecting rego-

lith particles and rocks at very high velocities.  

One possible solution would be to robotically 

build landing / launch pads (ideally autonomously) at 

the destination using in-situ materials. In this case, the 

first one or few landers will need to land on unim-

proved surfaces at higher risk; however, they would 

bring the required equipment to build the landing pads 

with mostly local resources, thus increasing the relia-

bility of safe landing for subsequent larger landers. A 

number of methods to build in-situ landing and launch 

pads have already been developed. These methods 

have various levels of required binder additives to the 

local regolith material, methodologies and resulting 

landing pad strengths. A simulated subscale rocket 

engine plume, analogous to that of landing on the 

Moon was used to assess the effectiveness of an in-situ 

built landing pad, The GO2/CH4 rocket engine fired 

on 1m x 1m coupons of representative pad materials.   

The results will allow continued development towards 

materials that satisfy the landing pad properties re-

quired for the effective risk reduction and increased 

reliability for landing people and equipment on plane-

tary surfaces. 

This work contained two parts: (1) computer 

modeling of a large rocket engine plume interacting 

with regolith on the Moon, using the Granular Gas 

Flow Solver (GGFS) provided by CFD Research Cor-

poration as well as other computational fluid dynamics 

codes (CFD) such as Loci/CHEM. (2) Developing 

landing/launch pad materials that could be used for in-

situ construction on the lunar surface in the future, to 

mitigate the calculated effects of a large vehicle rocket 

engine landing and launching on the Moon.  

The resulting values of plume impingement 

surface temperature, stagnation pressure, gas velocity, 

shear stress and heat flux were then matched as closely 

as possible in the Earth’s atmosphere in a sub-scale 

rocket engine GO2/CH4 test which was provided by 

Masten Space Systems in Mojave, California. The 

rocket engine was mounted on a test stand with vertical 
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translation capabilities so that the landing operations of 

a lander could be simulated (Figure 2). 

  

 
Figure 2: Masten Space Systems Rocket engine 

vertical translation test stand 

The pad materials test coupons were placed in a 

regolith bin containing simulated basalt lunar regolith 

granular material and subjected to a test firing as 

shown in Figure 3.  

 

 
Figure 3. Regolith bin with pad material coupon   

under the rocket engine test stand 

 

After a large selection of concepts was examined and 

ranked [3], five types of materials coupons were tested: 

 

• Sintered Hawaiian basalt pavers [2] 

• Ablative polymer regolith mix pavers 

• Anorthosite rocks in Gabion cages 

• High temperature textile regolith bags 

• High temperature textile blankets 

 

The results of this testing will be presented at the 

2021 Planetary & Terrestrial Mining Sciences Sympo-

sium (PTMSS) / Space Resources Roundtable (SRR) 

with related findings and discussions. (Figure 4). 

 

 
 

 

Figure 4. Ablative Polymer Regolith paver shortly 

after rocket engine testing with a collimated plume 

which is more severe than a lunar vacuum scenario 
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Introduction: The Canadian Space Agency (CSA) 

Lunar Exploration Analogue Deployment (LEAD) and 

the European Space Agency (ESA) Human Operations 

Precursor Experiments (HOPE) projects collaborated 

to conduct two joint mission simulations in 2017 and 

2019, emulating various segments of the Human En-

hanced Robotic Architecture and Capability for Lunar 

Exploration and Science (HERACLES). The 2019 

LEAD/HOPE focused on having operators carry out a 

HERACLES-inspired lunar sample return mission [1] 

using a CSA rover [2]. Among the various tests con-

ducted, a rover-based system to robotically acquire, 

handle, and deliver rocks and soil samples to a 

lander/ascent vehicle was demonstrated [3]. A key el-

ement of this concept is a miniature excavator-type 

sampling tool described herein.  

Background: The target scenario includes a lunar 

rover controlled from Earth to collect surface samples, 

operating under a 3 to 10 sec. (round-trip) communica-

tion delay with limited bandwidth, constraining the 

amount of situational awareness data that can be trans-

mitted and precluding real-time operator-in-the-loop 

schemes. As a preliminary phase of geological explora-

tion, this scenario called for three types of surface 

samples to be collected. Consultations with planetary 

geologists led to establish the minimal sample size re-

quirements: 

a. Loose regolith volume: > 25 cm³ 

b. Gravel size rocks: > 1 cm 

c. Fist size rocks: > 5 cm 

 
Figure 1: Sample Handling Subsystem on the rover 

Sample Handling Subsystem (SHS): The SHS in-

cludes a robotic manipulator equipped with a custom 

scoop/gripper tool, as well as a dedicated sample canis-

ter. A set of on-board automated scripts, launched and 

monitored remotely by the operators, is used to ac-

quire, store and ultimately deliver the samples to the 

lander/ascent vehicle. For more realism, the arm con-

troller power draw is limited to 80 W and movements 

are performed at low speeds (typ. < 5 cm/s). 

Scoop-Rake-Gripper (SRG) Tool: The SRG 

(Figure 2) is the end effector used to acquire rocks and 

soil samples. Its scoop can hold up to ~100 cm³ of 

loose soil and gravel-size rocks up to ~2 cm. An actu-

ated thumb acts as a gripper to grasp rocks in the ~4 to 

10 cm range. The narrow scoop has very sharp edges 

and teeth to maximize the ground pressure. This effec-

tively facilitates excavation. 

 
Figure 2: Scoop-Rake-Gripper (SRG) tool design 

The scoop is fully passive, relying solely on the ro-

botic arm’s actuators to operate. Multiple features help 

prevent samples from remaining stuck inside the buck-

et: 1) The bucket is mounted on a spring-loaded pivot. 

The robotic arm can pivot the scoop then snap the 

bucket back to its nominal position by manoeuvring 

against a fixed surface. 2) The back of the bucket is 

made of flexible spring steel which deforms in the rest 

position to help expel the material. 3) The bucket ge-

ometry minimizes soil compaction when scooping. 4) 

An aluminum version of the bucket performed well, but 

stainless steel was used for the final prototype to re-

duce bucket to soil friction. These prototypes respec-

tively weigh 332 g and 600 g, not including the Robot-

ic Tool Interface (256 g). 

The tip of the scoop can be used to rake the ground. 

The scoop’s spring-loaded pivot facilitates the auto-

mated raking of uneven ground without adding control 

constraints on the robotic arm.  

Sharp claws at the back of the scoop assembly are 

designed to break and rip harder consolidated soils, 

Electronics 

Side Pin 

Claws 

Scoop 

Thumb 

Robotic Tool Interface 

(Tool Side) 
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facilitating digging. This approach was inspired by 

excavator bucket designs used to dig permafrost. 

A side pin serves to actuate other surrounding sub-

systems with the robotic arm, such as indexing the 

sample canister and closing its doors. 

A small side brush proved useful to prevent issues 

with the sample canister door closure, allowing soil 

spills to be brushed away from the narrow compart-

ments openings. 

The thumb actuator is driven by a simple on-off 

(open-close) control scheme which only requires power 

during transitions between open and closed states. A 

spring-loaded contact switch embedded in the thumb is 

used to detect when the grasp is effective. This also 

provides automatic re-grasp behaviour if the rock 

moves and starts slipping away during manipulation. A 

lighter, simplified version could omit the thumb to 

make easier to build and qualify for space, but would 

remove the capability to pick up larger rocks. 

Results: The LEAD 2019 mission simulation and 

characterization demonstrated that with minimal train-

ing, operators could remotely collect and store various 

rocks and soil samples, and transfer the sample canister 

to a lander using the SHS. Over the 2019 four-day 

campaign [2], the teams successfully collected two 

rocks and one soil sample through 1.59 km of travers-

es. It took on average 100 minutes from the initial rov-

er alignment phase to the end of the sampling operation 

with the arm stowed. Subsequent tests run by operators 

more familiar with the SHS typically took 15 to 30 

minutes to scoop soil and 20 to 45 minutes to grasp a 

rock, from rover alignment to end of operation (arm 

stowed) under a 10 sec. round-trip communication de-

lay. Because every sample and its surrounding site is 

unique, deriving quantitative performance statistics 

remains challenging. A high rate of success has, how-

ever, been demonstrated. Failure cases typically suc-

ceed by tweaking the tool positioning and trying again, 

when time permits. The biggest challenge to address 

remains the assessment of rocks sizes from the camera 

views. While camera overlays enable the operators to 

get a good size estimate once a rock has been grasped 

by the SRG, assessing their sizes before manipulation 

proved to be difficult. 

SRG Characterization: Following the LEAD simu-

lation, additional functional tests of the SRG were per-

formed in a variety of media. Forces required to exca-

vate were characterized along with the depth achieved 

and weight of material collected. Rock handling, in-

cluding collecting a specific sample of interest from a 

rock bed, was also demonstrated. The SRG was capa-

ble of retrieving a 120 g surface sample from frozen 

and compacted lunar simulant (CHENOBI) with 1.7% 

moisture content and density of 1.4 g/cm³ (Figure 3). 

The excavated depth was 25 mm, while vertical and 

horizontal forces on the order of 30–50 N and 80 N 

respectively were required. At 6.8% moisture, excavat-

ing any significant depth in frozen and compacted 

CHENOBI was not possible at up to 100 N and 120 N 

vertical and horizontal applied force. However, a series 

of rip commands using the claws successfully loosened 

and allowed to retrieve a small but measurable surface 

sample of almost 2 g. This compares with a 150 g sam-

ple of dry, loose sand at 1.6 g/cm³, retrievable with < 

40 N applied load in each the horizontal and vertical 

direction. 

 
Figure 3: Scooping through frozen lunar simulant 

Some of the lessons learned: Cohesive materials 

can overfill the scoop, necessitating a means of scrap-

ing away overfill before storing. This was done using 

the bottom front bar of the rover chassis. 

Picking rock from a pile is feasible. It was most 

flexible and successful when implemented with a series 

of operator-commanded repositioning, push, and pull 

commands, instead of a more automated process. It is, 

however, operator intensive and more time consuming.   

A four Degrees of Freedom (DoF) arm is sufficient 

for sampling, while two other DoFs were needed to 

interact with the other elements of the system. 

Having an impact mode on the scoop would help 

better excavate consolidated soils, but also increase 

complexity of the device. 

Conclusion: The Scoop-Rake-Gripper tool was 

successfully demonstrated in 2019 by CSA as part of 

the Sample Handling Subsystem. The results showed a 

reliable approach to acquire, store and transfer rock 

and soil surface samples, under a simulated lunar ex-

ploration scenario, by using straightforward tools and 

automation. Video footage of the resulting approach is 

available online [4]. While the prototypes built are at a 

proof-of-concept stage, the architecture, designs and 

concepts put forward all have a relatively clear path to 

flight. 
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Introduction:  Various past ISRU works focused on 

concrete-like materials or the sintering of extraterres-

trial regolith into (often dry-pressed) ceramic bricks. 

However, dry-processing of space weathered regolith 

materials (with their sharp morphologies and unique 

surface properties) can be expected to faces various 

challenges. In this respect, wet-processing, which is 

the most used approach for the shaping of oxidic mate-

rials on Earth, has significant advantages (e.g., higher 

particle packing, dust reduction) and what is essential, 

after 'fusion drying' wet-processing leads to hard pow-

der agglomerate structures due to the interaction of 

minerals with water. 

Wet-processing of Lunar regolith simulants:   
Why are sandcastles hard after they dry? The water in 

wet sandcastles has dissolved parts of the minerals [1]. 

During drying, precipitation leads to solid bridges in 

the shape of interparticle necks (similar to sintering 

necks) with agglomerate cohesion strength dependent 

on the nature and number of particle to particle inter-

faces. On Earth, fusion drying of phyllosilicates (na-

ture's nanomaterials) has been an essential construction 

technology for all major civilizations (e.g., the 30 m 

high ancient skyscrapers of Shibam in Jemen build 

with unfired blocks of clay earth). There is aqueous 

mineral alteration on the Moon [2], which could hint at 

phyllosilicates' presence [3]. If water ice and phyllosil-

icates were found in the permanently shadowed re-

gions (PSRs) [4], mined regolith might be turned into 

solid bricks by simply heating and drying. However, if 

clay is unavailable, even unaltered regolith can be 

turned into hard granular compacts by mixing with 

liquid water, aging and drying. From the dispersion of 

Apollo samples [5], it is known that regolith is highly 

reactive to H2O [6]. 

  
Fig. 1: Illustration of lunar regolith fusion drying: (a) During weathering, mineral ions are 

dissolved in the water. (b) After water reduction, capillary bridges between particles form 

(this mechanism gives wet sandcastles their strength). (c) Precip. of dissolved ions leads to 

solid interparticle necks. Cut out SEM images of Apollo 17 particles courtesy of NASA [7]. 

Weathering lunar regolith through dispersion in water 

will lead to the release of ions into the liquid – if such 

dispersions are dried, the ions will be precipitated at 

interparticle contact points resulting in hard powder 

compacts/agglomerates. This mechanism could either 

be used to build infrastructure or complement other 

ISRU efforts on the Moon. Furthermore, the dissolu-

tion/precipitation of individual Lunar minerals and 

glasses might be employed to produce synthetic phyl-

losilicates. In recent work [8], we have used the wet-

processing of simple Lunar regolith simulants from 

two feldspar powders for dry powder compacts (simi-

lar to dry sandcastles). In a first step, feldspar powders 

were dispersed in deionized water and a pH buffer to 

study mineral dissolution. Dispersions were aging to 

increase ion concentrations, and subsequently, water 

content was reduced. The resulting pastes were molded 

into cylindrical shapes and dried. Dried powder com-

pacts yielded compressive strength of ~ 0.23 MPa from 

deionized water and 0.52 – 0.7 MPa for powders dis-

persed in buffer solution. Longer and more specialized 

leaching experiments with high fidelity simulants can 

be expected to result in powder compacts with higher 

compressive strength, especially relevant for real Lu-

nar regolith, which is highly reactive to H2O. 

Wet-processing of Martian clay regolith simulants: 

Fusion drying of clays has been (and still is) an essen-

tial construction technology for all major civilizations 

on Earth. In recent work [9], we have introduced wet-

processing of phyllosilicates for ISRU, using Mars 

global simulants (MGS-1C). We could develop a uni-

versal clay-based material system for unfired clay 

structures (adobe) on Mars that can be formed using all 

common shaping processes. Fusion dried adobe from 

clay slurries/pastes had a compressive strength of 5 – 

30 MPa, which is similar to common terrestrial con-

cretes. What is more, sintering such green bodies in 

terrestrial/simulated Martian atmosphere lead to ce-

ramics with flexural strengths of 57.5/53.3 MPa [10]. 
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