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Project C3PO is a system designed to manufacture tiles from lunar regolith to develop launch
and landing pads to support infrastructure development for a permanent lunar outpost. C3PO is
a technology demonstration to test the manufacturing and performance of a small-scale landing
pad. C3PO consists of two primary subsystems: SABER is a rover for site preparation, regolith
excavation, tile placement, and site inspection, and KYBER is the tile manufacturing unit that
sifts regolith, compacts regolith into a tile mold, and sinters the regolith via a thermal oven.
The tiles features a symmetric, interlocking design, requiring only one tile mold to manufacture
a landing pad. Tests with experimental samples sintered with LSP-2 simulant resulted in high
compressive strength and temperature resistance. Although C3PO is a small-scale technology
demonstration, all systems and the tile can be easily scaled to support large infrastructure
development projects.

I. Introduction

In 2017, the United States government issued Space Policy Directive-1, outlining a return to the Moon. As humanity
progresses in extraterrestrial operations, establishing permanent lunar infrastructure has become an essential objective
for both governmental and commercial space agencies. The National Aeronautics and Space Administration’s (NASA)
Artemis Program and its commercial partners are taking steps to develop a long-term lunar base capable of supporting
scientific, logistical, and industrial operations. The ability to construct durable, large-scale infrastructure using in-situ
resources rather than relying exclusively on materials transported from Earth is imperative, as a primary challenge
associated with lunar construction is the high cost and limited capacity of Earth-to-Moon transport [1].

The lunar environment also presents significant engineering challenges for complex systems. Systems deployed on
the Moon must withstand highly abrasive lunar dust, extreme temperature fluctuations, a near-vacuum environment,
micrometeorite impacts, and extended periods of darkness during lunar night [2]].

To overcome these challenges in the face of vast potential, recent research aims to demonstrate the feasibility of
manufacturing construction materials using in-situ resource utilization (ISRU) techniques within the lunar environment.
With future missions such as Artemis, Starship, and Blue Origin landing on the Moon, building launch and landing pads
is necessary to reduce the dust plumes generated by the exhaust of the lander. These pads serve as a lunar parking lot,
where future landers can safely descend and be reused for repeated takeoffs and landings. This approach mitigates the
effects of dust plumes containing regolith reaching speeds of 2000 “* or 4400 % when a vehicle ascends or lands [3].

Lunar regolith is sharp and abrasive; therefore, nearby sensors and infrastructure can be damaged when the regolith
moves at these high speeds [3H6]. The first point of contact for a spacecraft is the lunar surface. Therefore, constructing
a landing pad that can reduce the effects of dust plumes during ascent or landing.

Team Cosmic Capstone Challenge Pad Operations (C3PO) is proposing the creation of novel, interlocking, ISRU
tiles for the creation of launch and landing pads, or lunar parking pads. The proposed tile shall withstand the plume
pressure and mechanical loads of future landers.

A. Mission and System Requirements

The system requirements shown in Table[T| were all derived from the RFP. System requirements 1.0, 2.0, 4.0, and 5.0
ensure that the payload is compatible with Griffin Lunar Lander (GLL). System requirements 3.0 and 7.0 ensure that the
payload can withstand the lunar environment and lunar night. Lastly, system requirement 6.0 ensures that the payload
can utilize resources on the lunar surface to develop infrastructure. These system requirements are expanded upon for
each subsystem.
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Table 1 Mission and System Requirements The requirements listed below apply to the entire system. All the system
requirements were derived from the RFP.

ID Description Parent
SYS 1.0| The system shall have a mass less than 200kg. RFP
SYS 2.0| The system shall have a volume less than 5.88 < RFP
SYS 3.0| The system shall survive the lunar night. RFP
SYS 4.0| The system shall interface with the GLL. RFP
SYS 5.0 | The system shall communicate with the GLL.. RFP
SYS 6.0| The system shall demonstrate ISRU manufacturing capabilities.

SYS 7.0 | The system shall withstand lunar south pole environmental conditioriRFP

B. Mission Architecture

Due to the 200 kg mass constraint, building a full-size landing pad is not feasible for the mission. Instead, the
objective is to construct a technology demonstration using ISRU methods, such as sintering, and prove that the design
can be scaled for larger missions.

To validate that the sintered tiles can withstand the forces of a lunar lander's takeo and landing, numerical analysis
is required. For this mission, the Grin Lunar Lander's Attitude Control Thrusters (ACS) will be used. However,
technical force data for the GLL is not available. To produce numbers for comparison, data from other landers, such as
the Blue Origin Blue Moon lander, can be used to estimate. The Blue Moon lander has a landing mass of around 45,000
kg, an estimated exhaust temperatur84080 , and an estimated plume pressuré@kPa. The leg force of the Blue
Moon lander on the surface is 72.9 KR|.[ This data is a viable comparison because it is from a lander speci cally
developed to land on the Moon for near-future missions.

C3PO will employ two systems: Surface-Prep Analysis Building and Excavation Rover (SABER), and the Kiln for
Yielding Building Elements from Regolith (KYBER). SABER is responsible for preparing the site by redistributing
regolith to create a level surface for the lunar parking pad, placing tiles, and delivering regolith to KYBER. After
delivery, the regolith is Itered out via an auger/hopper, placed into a tile mold, and sintered to form ISRU tiles. Once
sintering is nished, the tiles require a cool-down period before placement.

SABER is responsible for site preparation, delivering regolith to KYBER, and placing the tiles. A robotic arm
is used to excavate the pad area and place tiles. The chassis and suspension are made of aluminum and consist of
a rocker-bogie suspension system. Following tile placement, the lunar parking pad will be inspected using LiDAR,
thermal and optical cameras, a sun sensor, an Inertial Measurement Unit (IMU), and wheel encoders. In addition,
mounted on SABER is a solar panel to help provide additional power for operations, and a Warm Electronic Box (WEB)
is inside SABER to help keep the sensors insulated.

KYBER is a thermal oven that can produce sintered interlocking tiles that are made of 100% in-situ material. These
novel tiles will be used to carry out C3PO's mission. KYBER is broken down into three main subsystems: regolith
sifting and receiving, the tile mold, and the tile assembly method used to create structurally sound infrastructure. The
system is about 35 kg and requires an average power of 355 W to ramp up and e ectively sinter tiles. The lunar regolith
is packed into a silicon carbide mold that is capable of withstanding repeat tile rings. KYBER is carried o of the GLL
through SABER's robotic arm and placed onto the most accessible location of the lunar surface. Further discussion and
imagery of the KYBER system can be seen in sedtior] II.B.

After system deployment, the small-scale lunar parking pad is tested under the ring conditions of the GLL ACS
thruster. The lunar parking pad will have an are@&f5<?, consisting of 16 diamond-up tiles and 9 diamond-down
oriented tiles. The ACS thruster is manufactured by Agile Space Industries, which has a 2.4-inch diameter nozzle that
produces 111.2 N of thrust when re@][under optimal conditions. To simulate the landing of a small class lander on
the pad created by SABER, the ACS thruster is red at the center of the pad. This test can determine whether the pad
can survive future use.
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