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2. Outline of the satellite (approx. 200 words) 

  ARETHUSA - Adjustable Ropeway for tETHered Underground Survey and Analysis - is a lunar mission that 
exploits a novel tethered ropeway concept to explore the Marius Hills (MH) pit, the first lunar skylight discovered 
by the Japanese Kaguya satellite. Consisting of two rovers and a tether, ARETHUSA introduces the Tethered 
Underground Survey System (TrUSS), that would demonstrate a safer, more economical way to access these 
lava tubes than conventional ways that involve locomotion across rough terrains. The mission would help us 
understand the Moon’s geological history by precise measurement of the lunar volcanic strata exposed in the 
skylight walls, as well as to prototype a system for loading large payloads in and out of the skylight. After landing 
on the Moon, the Lunar Platform will be separated into two “Base Station Rovers” (BSR) positioned on opposing 
sides of the skylight, with a mutual tether attached to both BSRs. Helical anchors will be deployed to assure the 
stability of the system. After that, the scientific payload containing the “Vertical Analysis Sensor” (VAS) and 
two “Mobile Micro Rovers” (MMR) will be released and horizontally move along the tether. This payload will 
then vertically descend via the tether into the skylight like an elevator and map the skylight’s inner walls. Once 
the payload reaches the bottom, the two MMRs would be released into the lava tube and commence in-situ 
assessment of the environment.  

 
3. Aims and significance (Purpose, importance, technical or social significance etc) 
(a) Aims 
  The primary objectives of ARETHUSA are (1) to scientifically analyse the lunar lava tubes and (2) to 
demonstrate the controlled access of extra-terrestrial skylights. The inner walls of the skylight provide natural 
access to the Moon’s palaeo-regolith, which is key to understanding the Moon's volcanic history. The VAS would 
map and analyse these geological features, using optical, thermal, and spectroscopic imaging instruments during 
the tethered descent. The MMR conducting in-situ exploration inside the tube will also reveal the environmental 
characteristics of lava tubes and evaluate its habitability. Technically, the TrUSS will serve as a proof of concept 
for a system which enables safe, reliable access to the tubes. It can be further developed, enhanced and transformed 
into a system for the transport of cargo, materials and ideally humans across and into lava tubes and other difficult-
to-access environments in future.  
 
(b) Importance, technical or social significance 
  The scientific findings from our mission are crucial in verifying the hypothesis that these lava tubes are ideal 



candidates for utilisation through the construction of lunar bases. Precise mapping of the Moon’s ancient layers 
of basaltic lava flows will also provide insights to understanding its subsurface mineralogy and geology. 
ARETHUSA aims to demonstrate that a ropeway-like structural design is feasible for the controlled exploration 
of lava tubes, and inspire new engineering designs based on this proof of concept. 

 

4. Specific content of the Mission 

(a) System (overall configuration, shape, mass, function, orbit, data acquisition etc, including ground 
station and satellite/mission device) 

ARETHUSA Lunar Platform 

Dimensions 190 × 70 × 150 (cm) Wet mass 650 kg 

Launch & lunar 
rendezvous 

- H-IIA Rocket (H2A02 dual PL) 
- Low-energy transfer and ballistic 
capture into lunar orbit 

ADCS + Landing 
operations 

- Sun Sensor 
- LIDAR 
- LRF 

Landing & 
Propulsion 

- BT-4 engine 
- 4 × 20 N-class RCS thrusters 
- Aluminum impact absorber 

Structure - Aluminium 
- ø 0.64 m two fuel 
tanks and ø 0.54 m 
oxidizer tank (spherical) 

 

 

Referring to the left figure, the main components of the 
ARETHUSA Lunar Platform consist of:  
 
(1) two Base Station Rovers (BSR), and the (2) Tethered 
Underground Survey System (TrUSS), which contains 
the (3) Vertical Analysis Sensor (VAS) and (4) two 
Mobile Micro Rovers (MMR). 

 

 BSR *for one TrUSS VAS MMR *for one 

Dimensions ≥ 70 × 70 × 70 (cm) 158m tether  
(5mm M5 fiber) 30 × 30 × 30 (cm) 30 × 20 × 20 (cm) 

Wet mass 70 kg 45 kg 10kg Maximum 10 kg 

Navigation Teleoperated from ground station Human-in-the-loop 
navigation system 

Scientific 
payload N/A N/A 

- Thermal Infrared   
   Sensor (TIRF) 
- Radar  
  (150~1200 MHz) 
- LIBS 

- Energetic Particle   
  Spectrometer 
- Sheath  
  Thermocouple 

Electrical power 
- Li ion battery (50 kg) 
- Solar cell paddles × 2, 
  (1 × 0.5m) 

- Li ion battery 
(3 kg) N/A - Li ion battery  

  (1 kg) 

Communications 
- Iris V2.1 X-band radio 
- Reflect-array antenna 
(29.2dB, 3.8W, X-band) 

- S-band repeater - PULSAR STX + 
SANT (S-band) 

- PULSAR STX + 
SANT (S-band) 

C&DH Hyperion Technologies CP400.85 processing platform 

Environmental 
control 

- Reversible Thermal  
  Panel  
- Heat pipe 
- Radiation shielding 

N/A N/A N/A 

 

 



(b) Concrete achievement methods or necessary tasks and/or items to be developed 
  The key design philosophy of the main tethering system centers on reliability and stability. To achieve this, 
we referred to existing ropeway systems to analyse the forces acting on the underground survey system. We 
performed a quantitative evaluation of the BSR to be stabilized on the ground during survey from the mass of 
BSR and TrUSS, with safety factors of at least 2 considered due to the design's yet unproven use in the lunar 
environment. We anticipate that more rigorous finite element analysis and verification of the deployment and 
cargo transportation techniques will be required to assure that the entire system is stable and reliable. A 
preliminary analysis also showed that the use of helical anchors could provide additional stability and redundancy 
to the BSRs, albeit at the potential loss of an extra degree of freedom afforded by the BSRs' mobility.  
  Concerning ancillary subsystems, the ideal is to adopt technologies that are or have been developed for other 
lunar mission proposals and that have tangible, verifiable published results. We proposed that the two BSRs will 
be teleoperated from the ground station, as is conventional practice. However, more development tasks are 
required to verify that the navigation of both BSRs in tandem is technically safe and stable. 
     Our selection of scientific equipment is based on the instruments that have been proved useful in past missions. 
The radar is based on the RIMFAX of the Mars2020 Perseverance rover and TIRF is based on Mini-TES of Mars 
Exploration Rover. The LIBS is based on the Mini-LIBS which is going to be loaded on the Exo-Mars rover. The 
design of the MMRs is tailored to meet principles of simplicity and controllability, as to assure that they may be 
operated on uneven terrains and conduct in-situ analysis. As the configuration and navigation system of MMRs 
are now based on previously proposed designs, we anticipate that more customisation could be made in future to 
enhance its functionality and mitigate risks. 
  The landing system has been proposed based on the SLIM project with custom changes, as it is expected to 
demonstrate the highest landing accuracy of any previous or existing mission. Aluminum fibers located on the 
landing legs will absorb the impact easily due to a design with similar mass as SLIM. Radars used for landing 
navigation have flight heritage in the successful Hayabusa project. The real-time image analysis is a key 
technology for landing accuracy that will need to be realized. 

 
5. Originality and/or social effects 

(a) Originality of the mission 
  Although there have been many proposals for lunar lava tubes exploration, ARETHUSA differs greatly in 
the way that it emphasises controlled access and reliability. Without the need for complicated robotic locomotion 
designs or flying craft requiring propulsive control, our unique ropeway-inspired design could overcome the 
challenge of sheer vertical walls with minimal risks. At the same time, as on Earth, a future system could be 
designed to handle significantly larger payloads, as will be important for providing access and transportation of 
construction materials, passengers, and cargo into these underground environments. Also, another unique point 
of ARETHUSA is the analysis of volcanic strata exposed in skylight walls, which is achieved via precise 
positioning of the VAS scientific instruments. The VAS could map the inner walls with high accuracy thanks to 
the stability provided by the tethered system and its horizontal and vertical position control. Additionally, the 
mobile BSRs could also move along the skylight edge, contributing an extra degree of freedom for 3-dimensional 
positioning within the skylight. Finally, with larger payload capacities, we could potentially send more scientific 
equipment and exploration rovers into the lava tube than other proposals, for extra redundancy and better 
mapping of the lunar subsurface environment. 
 
(b) Anticipated results, effects, intended users 
  Scientific data obtained in this mission will provide crucial sources to study the moon’s geological and 
structural characteristics. From an engineering perspective, we believe that ARETHUSA has the potential to be 
developed into an elevator system for repeatable access into and out of the lava tube and skylight. With further 
improvements to our tethering system design, TrUSS could be developed to handle even greater payloads. Amidst 
the widely expected “moon rush” of the 2020s, such transportation technology might even secure a strategic edge 
for the future utilisation of lunar underground shelters. With JAXA keen to play a leading role in lunar missions, 
a successful demonstration of controlled exploration of lava tubes would open up many opportunities to exploit 
these shielded environments and expand our frontiers in space. 
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The exploration of lava tubes and caves on extra-
terrestrial bodies is hailed as an important step

towards the future establishment of off-world human
habitats.1 First postulated in the 1960s,2 their existence
was confirmed with the discovery of a “skylight” – a
lava tube ceiling collapse∗ – on the Moon by the Kaguya
lunar satellite.3 Since then, several lunar and Martian
skylights have been discovered, motivating research to
understand their physical properties, including natural
shielding against meteoroids and radiation and their
stable thermal environment, to enable more permanent
shelters for future utilisation and settlement of the
Moon and Mars.4

The difficulty in accessing lunar lava tubes is a major
challenge in their exploration, given skylight entrances
with sheer vertical walls of unknown surface structure,
and depths exceeding 50 m to 100 m. Existing proposals
tend to rely on sophisticated robots for scaling down
the rocky walls,5 or flying craft needing propulsion and
complex control.6 These have yet to be demonstrated
as safe, reliable methods for humans to descend into,
and return from, the lunar subsurface.

We propose ARETHUSA – Adjustable Ropeway
for tETHered Underground Survey and Analysis, a lunar
exploration and technology demonstration mission that
features a tethered system providing both controlled
ascent and descent of a payload of circa 20 kg into a lava
tube skylight. The system is inspired by aerial ropeways,
a reliable and historically-proven technology widely
used in the transport of passengers and materials.7,8

Named after a mythical nymph transformed into an
underground spring by the goddess of the Moon,
ARETHUSA is envisioned as a proof of concept for
reliable access to and initial scientific investigation of
lunar underground lava tube structures. In this way,
ARETHUSA seeks to pave the way towards future
inhabitation and utilisation of such environments.

∗Also referred to in the literature as “sinkholes” or “pits”.

1. Mission Objectives & Significance
ARETHUSA is designed to achieve several scientific
and engineering objectives in support of selenological
science and long-term plans for off-world human
settlements. Two significant benefits of this mission,
particularly in comparison with other lava tube
exploration proposals, are: firstly, in measurements of
the lunar volcanic strata exposed in the skylight walls,
offering crucial insights into the volcanic processes
behind the Moon’s geological history; secondly, in
a novel method of skylight and lava tube access
with potential applications to the safe and reliable
transport of astronauts and cargo, as required for future
construction of underground habitats.

Scientific Objectives
The primary scientific objective is to reveal structural,
environmental, and geological characteristics of lunar
lava tubes. The inner walls of the skylight provide
natural access to the Moon’s palaeoregolith, exhibiting
the ancient layers of basaltic lava flows key to
understanding the Moon’s volcanic history, and
distribution and age of its subsurface mineralogy.9
ARETHUSA will map and analyse these geological
features using optical and thermal imaging and
high precision radiometry during tethered descent
into the skylight. Temperature and radiation dose

Summary of Significance & Originality
• First proposed demonstration of tethered technology for

up to 3 degrees-of-freedom of controlled, reliable access
of a lava tube skylight environment.

• Early exploration and assessment of an environment with
significant applications to future human habitation.

• Scientific investigation of structural and geophysical
properties of lunar lava tubes, towards a deeper
understanding of the Moon’s geological evolution.
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measurements will also help to verify the potential
habitability and suitability of the environment for
future lunar base infrastructure.
Engineering Objectives
Lava tubes and underground spaces are ideal
candidates for cheaper and more practical lunar
infrastructure thanks to substantial protection from
radiation and micro-meteorite impacts, and a lack of
dust and temperature variations, and may therefore
provide significant strategical advantages towards
lunar utilisation.9 ARETHUSA’s primary engineering
objective is to demonstrate a novel tethered ropeway
concept for controlled access of extraterrestrial lava
tubes, providing up to 3 degrees-of-freedom of access
using economical and relatively lower-risk technology.
The mission is to serve as a prototype for the future
transport of cargo, materials, and even humans across
and into lava tubes, avoiding more complicated or risky
solutions that may need propulsion or locomotion across
challenging rocky surfaces and terrains.

2. Mission Profile
The primary ARETHUSA mission is comprised of a
Lunar Platform (LP), pictured in fig. 1. This consists of
two Base Station Rovers (BSRs) positioned on opposing
sides of a lunar lava tube skylight and attached by
a mutual tether, forming a ropeway-like structure.
Supported between them is the Tethered Underground
Survey System (TrUSS), supporting a scientific payload
and providing it with vertical access into the skylight.
This payload includes a Vertical Analysis Sensor (VAS)
used to measure and map the skylight itself, stabilised
by a tethered station carrying a Mobile Micro Rover
(MMR) to be released for exploration and structural
assessment of the lava tubes below.
2.1. Mission Schedule
The mission is envisioned to operate in three phases:
Launch & Lunar Rendezvous (section 2.3), Landing
& Deployment (section 2.4), and Lunar Platform
operations (section 3). Lunar Platform operations are
expected to last at least one full day/night cycle (∼ 28.5
days), providing sufficient time to: remotely assess and
navigate the surface terrain for optimal positioning;
deploy and operate the TrUSS by lowering the MMR
into the lava tubes; perform scientific operations
including environmental assessments of the lava tubes
and skylight, under both lunar day and night conditions;
and power up communications for full transmission of
scientific data.
2.2. Spacecraft Structure
The bus of the ARETHUSA spacecraft (including
the Lunar Platform and landing module) is made
of aluminium, with a total spacecraft mass of
approximately 650 kg (see table 1). The propellant
tanks (section 2.4.3) are the largest and heaviest
component. The Lunar Platform (section 3) is fixed
atop of the tank during its spacecraft configuration
until landing and deployment. Thruster nozzles and
landing legs are located on the bottom of the spacecraft.

Fig. 1. Artistic impression of the ARETHUSA Lunar Platform (LP)
exploring a lunar lava tube via its skylight. The LP consists of:① Base
Station Rovers (BSR, Section 3.2).② Tethered Underground Survey
System (TrUSS, Section 3.3), containing the③ Vertical Analysis Sensor
(VAS, Section 3.6) and④ Mobile Micro Rovers (MMR, Section 3.6).

2.2.1. Attitude Determination & Control System. Attitude
determination is provided primarily by a Sodern Hydra
multiple-head star tracker (3.2 kg, 8 W)10 and four
NewSpace Systems NFSS-411 sun sensors (total 0.14 kg,
0.15 W) to provide redundant determination in each
direction. Attitude control is sufficiently performed by
4 × RCS engines described in section 2.4.3.

2.3. Launch & Lunar Rendezvous

ARETHUSA is to be launched on an H-IIA launch
vehicle from the Tanegashima Space Center (N 30°24′0′′

latitude).11 The launch payload is fixed to the lower
fairing of a dual launch configuration, effectively piggy-
backing on a larger lunar mission; this is assumed
at this stage to allow for lower costs and risks. For
injection into lunar transfer, ARETHUSA requires a
characteristic energy of C3 ≈ −2.1 km2/s2, allowing
either a short direct transfer (2∼6 days with ∆V ≈
820 m s−1) or an extended low-energy ballistic transfer
and capture (70∼120 days with ∆V ≈ 640 m s−1),
the latter preferred for its launch window flexibility
and much lower orbit insertion risk.12 Under these
requirements, the launch vehicle supports a maximum
payload mass of ∼800kg within an approximately
cylindrical �3.7×5.3m volume.† The spacecraft is
assumed to transfer into an elliptical orbit with 100 km
perilune altitude that is gradually lowered to 15 km
(using ∆V ≈ 40 m s−1) until landing commences.

†Assuming a H2A202 dual payload fairing configuration.11

Table 1. Estimated mass budget for ARETHUSA.

Item Value

Landing module (section 2.4.3) 455 kg
Propellant + oxidiser tanks 400 kg

Lunar Platform (section 3) 195 kg
BSRs (total of BSR-1 & -2, section 3.1) 140 kg
Tether + Power line (lateral only, section 3.2) 10 kg
TrUSS (excluding Scientific Payload, section 3.2) 18 kg
Scientific Payload (VAS + MMRs, section 3.3) 27 kg

Estimated Spacecraft Mass 650 kg
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Fig. 2. Photos of the Marius Hills pit revealing presence of caves
beneath the lunar surface, and the stratified layers of the skylight walls.
Courtesy of [15].

2.4. Landing & Deployment
2.4.1. Landing Sequence. Landing operations begin from
an altitude of 15 km and proceed according to the
following sequence:

15 → 3.5 km altitude: The lander coasts in a ballistic
trajectory, gradually lowering its altitude and
reducing its horizontal velocity. From this initial
height, the lander images the lunar surface to track
and adjust its attitude and velocity appropriately.

3.5 → 0 km altitude: The lander begins vertical
descent above the landing site, adjusting its
horizontal position by using an Optical Navigation
Camera to identify obstacles on the lunar surface.

0 km altitude: The lander lands on the lunar surface
and deploys the Lunar Platform.

The landing sequence is assumed to achieve a high
landing accuracy close to the selected landing site
through the use of state-of-the-art real-time image-
and radar-based navigation, hazard detection, and line-
of-sight guidance control technologies.13,14

2.4.2. Landing Site Selection. The preliminary selection
for a landing site is the Marius Hills Pit (fig. 2), a
lunar lava tube located at N 14°5′24′′ E 303°18′36′′

in the Marius Hills region, selected for its proximity
to abundant volcanic structures and its smaller size
compared to other known skylights.4,9 The maximum
and minimum skylight diameters are 57 m and 48 m
respectively, and the maximum depth of the floor below
the surrounding terrain is 45 m.

2.4.3. Landing Module. The landing module requires
the use of an impact absorber and a landing radar.
Aluminium fiber on the tips of each landing leg are
used to absorb the impact.16 Two types of landing radar
with flight heritage from Hayabusa, LIght Detection
And Ranging (LIDAR) and Laser Range Finder (LRF),
are used as altimeters. LIDAR is a pulse radar that
uses a laser as its transmitting light source,17 whereas
LRF uses 4 lasers, each at 30° relative to vertical, to
identify its relative attitude to the landing plane. The
measuring range differs between the two (see table 2).18

A main engine and four RCS engines are used
for propulsion. The BT-4 main engine, with flight
heritage on SELENE, uses a Hydrazine fuel and MON-3
oxidizer, and provides 547 N of thrust (specific impulse

Table 2. Performance of altimeter radars for landing.

Radar Measuring range Accuracy

LIDAR 30 m - 25 km 1 m (at 30 m), 5.5 m (at 25 km)
LRF 7 m - 100 m 0.1 m (at 10 m), 3 m (at 100 m)

of Isp = 319.8 s, weight ∼4 kg). The RCS engines
are also based on the SELENE propulsion system,
with each engine providing a thrust of 20 N. These
RCS engines are monopropellant and share a common
propellant tank with the main engine.19 For orbit
insertion and landing, a total of 400 kg of propellant is
required, stored in three spherical tanks with a total
volume of 0.36 m3 (approximately � 0.64 m for two
Hydrazine tanks and � 0.54 m for a MON-3 tank).

2.4.4. Post-Landing Deployment. Prior to landing, the
Lunar Platform (LP) consists of a payload fixed above
the propellant tanks of the landing module. Upon
landing, two ramps are unfolded to allow the LP to
deploy by driving down onto the lunar surface directly.
A fold-type ramp design (total system weight ∼ 15 kg)
is selected for its high reliability and redundancy.20

3. Lunar Platform (LP)
The LP provides the basis for achieving the scientific
and engineering objectives (as per section 1) of the
ARETHUSA mission. The LP is deployed from the
landing module as a pair of Base Station Rovers (BSRs),
which are then navigated towards opposing edges of
the lava tube skylight. From there, TrUSS deployment
commences so as to provide vertical access into the
skylight for scientific operations.

3.1. Base Station Rovers (BSRs)
The Base Station Rovers (BSRs) are designed as
two separate rovers that act as bases for the TrUSS
lateral tether system used to lower the scientific payload
into the skylight, and also provide the processing,
communications, and power subsystems for the mission.

3.1.1. Structure & Dimensions. Each BSR is a small
wheeled rover estimated to weigh approximately 70 kg,
including electrical power (section 3.4), communications
(section 3.5), command and data handling (section 3.6),
and environmental control (section 3.7) systems. Most
importantly, the two BSRs together act as the base
supports for a tethered payload delivery system: the
TrUSS (section 3.2).

Each BSR is assumed to provide a working volume
of at least 0.35 m3 with dimensions of at least 0.7 ×
0.7 × 0.7m. This provides space for spools and motors
for the tethers and power lines, support structures for
the rover and wheels, and all other necessary equipment
for each system. Solar electric paddles are deployed on
hinges from either side of the BSR. A boom extends out
from the top surface of the BSR, with a swivelling head
mounted atop it, containing the Navigational Camera
(NavCam), and a feed for the reflect-array antenna
covering the top surface of the BSR.

3.1.2. Navigation. At first, the BSRs are connected by
a short tether and navigated in tandem towards an
appropriate initial location near the edge of the skylight.
This is done primarily via tele-operation with near real-
time feedback from each BSR’s stereoscopic NavCam
to ensure appropriate hazard avoidance and assessment
of the environment around the skylight edge.
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Having reached the skylight, BSR-1, containing the
TrUSS with its scientific payload, remains in place while
(BSR-2) navigates separately around the edge towards
the opposing side of the skylight, travelling a maximum
distance of approximately 150 m. A spool installed
within BSR-2 continuously unspools the tether.

Once both BSRs are approximately in place, their
positioning is refined such that each BSR is about 1 m
away from the edge of the hole.‡ Once BSR-2 reaches its
final position, approximately 52 m on the opposite side
from BSR-1, the tether is spooled up until it reaches
its initial sag position (section 3.2.3).

Although each BSR has its own C&DH and
navigation system, prior to separation the whole
structure is treated as a single rover for control. The
sensors (including the NavCam) of the front BSR are
used for primary tele-operated navigation. Relative
positioning of the BSRs is computed by mission control
given imagery and odometer telemetry received. Loss
of driving force or traction on either BSR could be
compensated by further design allowing the other BSR
to tow it using the tether.

3.2. Tethered Underground Survey System (TrUSS)
The TrUSS is a ropeway system for payload delivery8

into the lunar lava tube, designed to be mounted on
a tether supported by the BSRs and provide vertical
access into the skylight.

The TrUSS has a drive motor for moving horizontally
along the tether and an elevator motor and tether
spool for lowering a payload vertically into the skylight.
The payload consists of a VAS (section 3.3.1) to map
the skylight structure, and a tethered station carrying
MMRs (section 3.3.2) to analyse the subsurface
environment. The TrUSS also provides power lines
between the BSRs and VAS and tethered station; these
are not exposed to tension loading from the forces
acting on the TrUSS. Communication between them
and BSRs is via wireless connection (section 3.5.2).

3.2.1. Operational Sequence. The TrUSS is operated
according to the following sequence, as shown in Fig. 3:
① Once both BSRs have reached opposing sides of

the skylight, the TrUSS is released from BSR-1 and tele-
operated towards the center of the tether, positioned
above the skylight. Its lateral position is measured by
an odometer on the drive motor and calibrated against
images from the BSR NavCams.
② When the TrUSS reaches its target position, the

VAS and tethered station descend together.
③ From the bottom, the VAS is commanded to

move along the vertical tether to commence scientific
measurements of the inner walls of the skylight.

3.2.2. Tether. The tether is composed of M5 fiber, a
high-strength (stress limit 5.7 GPa) synthetic fiber
material.21 The tether design is based on the Tether
Physics and Survivability (TiPS) mission,22 with
ARETHUSA’s proposed tether having a 5 mm diameter
(assuming a safety factor of 2.5).

‡Or until an appropriate distance depending on the local slope of the
skylight edge, which determines the ground clearance of the TrUSS.

Fig. 3. The TrUSS provides tethered (black lines) horizontal and vertical
positioning and power (green) for the scientific payloads (VAS+MMRs).

Fig. 4. Equilibrium of forces acting upon BSR and TrUSS.

The maximum diameter and depth of the target
skylight necessitate a minimum length for the
vertical descent tether of ≥ 100 m, and for the
lateral tether connecting the BSRs of 158 m.§ With
these assumptions, the mass of the horizontal and
vertical tethers are estimated to be 5.3 kg and 3.0 kg
respectively (given material density 1700 kg/m3).

A power line gauge of AWG 12 is selected for an
assumed maximum current, weighing approximately
4.7 kg and 3.0 kg for the horizontal and vertical power
lines respectively. In addition, the VAS may also require
its own power line (3.0 kg) as it is expected to move
separately. The vertical tether and vertical power lines
are carried on spools within the TrUSS.
3.2.3. Lateral Forces & Stability. During the underground
survey, the BSRs must be able to support the TrUSS
and scientific payload appropriately with a stable and
reliable method. The lateral forces acting on the BSRs
from the tethers must be less than the static friction
acting on the BSR wheels.

From Fig. 4, a loaded lateral tether force (Fl) acting
on a BSR can be computed as:

Fl = (gm ∗ mT )/2 ∗ tan α ∗ SF [1]

where mT [kg] = mass of TrUSS, gm[m/s2] = lunar
gravity, α[deg] = tether angle, and SF = safety factor
of 2.5. Each wheel resistant force (Fx) is given by:23

Fx = rb
∫ θe

0 −σ(θ) sin θ dθ [2]

where r[m] = wheel radius, b[m] = wheel width,
θe[rad] = wheel entry angle, and σ(θ) = distribution
of normal stress under a wheel.

§BSR-2 is required to move along the semi-circular edge of the selected
skylight with radius r ≈ 25 m, and assuming a safety factor of 2.
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Fig. 5. Distribution of the normal stress under wheels on soil surface.

Using Bekker’s empirical equations,23 the distribu-
tion of normal stress is computed using linear approxi-
mations and a wheel exit angle of zero (as it is generally
small).24 Considering the total wheel contact patch,
the wheel entry angle (θe, shown in Fig. 5) is found
when the vertical force acting on each wheel (Fz) and
the weight of the wheel are equal:

Fz = rn+1 ∗ (kc + bkϕ) ∗
∫ θe

0 (cos θ − cos θe)n cos θ dθ

= gm(mT /2 + mB)/4
⇔ (0.15)1+1 ∗ (2.29 ∗ 102 + 0.15 ∗ 1.35 ∗ 105)

∗
∫ θe

0 (cos θ − cos θe) cos θ dθ = 1.62 ∗ ((55/2 + 70)/4)

where n = sinkage exponent, mB[kg] = mass of one
BSR and number of wheels = 4. Lunar soil values for kc

(soil deformation from cohesion), kϕ (soil deformation
from internal friction angle), r, and b are referenced
from prior research.25,26 Substituting θe into Eq. (2)
finds a wheel resistant force of (Fx) ∼= 7.75 N.

From Eqs. (1) and (2), the tether angle (α) when
BSR is static is computed. When α < 15.6°, the BSRs
can stably support the tethered payload. Also, this
angle provides the tether sag (hp [m] shown in Fig. 4)
as hp = (ds/2)/ tan α − hB

∼= 98.2m, where ds = 55 m
is given by the average diameter of the target skylight
plus a margin on both sides to each BSR, and hB [m] =
height of BSR. This tether sag is too deep for the initial
position of TrUSS; therefore, the resistant force of BSR
wheels alone may not be sufficient for stable support.

Thus, we recommend the use of helical anchors to
support the BSRs. A single-helix anchor with a plate
diameter of 27 cm, a shaft diameter of 4 cm and an
installation depth into the lunar soil of 30 cm could
be expected to resist a lateral load of about 300 N on
the lunar surface.27 For ARETHUSA, this lateral load
is more than would be expected, and an even smaller
helical anchor could possibly be used for BSR support.

The lateral tether force Fl also causes a destabilising
torque acting on the BSR, with a restoring torque
provided by gravity acting on its center of mass. The
BSR remains in simple stable equilibrium so long as
the torque forces satisfy the inequality:

hBFl ≤ mBgmdB/2

where dB/2[m] = distance from the center of mass to the
wheel contact patch, assuming a center of mass halfway
between the two sets of wheels (distanced dB[meter]
apart), and the front wheels acting as a fulcrum directly
beneath the vertical force of the tether, and mB here
is replaced with a minimum (worst-case) weight for a
BSR, giving a minimum base distance of dB = 0.62 m.

3.3. Scientific Payload
3.3.1. Vertical Analysis Sensor (VAS). The VAS aims to
analyse the geological and environmental features of the
inner walls of the skylight and lava tube. It is supported
by a rotating mechanism enabling it to investigate
360◦ of the inner wall and point the instruments
towards the directions in which the lava tube extends.
Furthermore, it contains its own drive motors, allowing
it to independently climb the tether as necessary for
scientific operations.

A visible and thermal infrared (VIS+TIRF)
compound sensor will measure the temperature
distribution of the inner wall of the skylight during
tethered descent and the wall of the lava tube after
descent. The TIRF sensor is able to measure the
temperature precisely with a resolution of 0.3 K, but
its spatial resolution is low. On the other hand, the VIS
sensor has high spatial resolution but cannot measure
the temperature. By overlaying data from these two
instruments, the advantages of both are realised.28

The external dimensions of the compound sensor are
260 × 150 × 150mm, its mass is 3.4 kg, and the data
collection frame rate is 30 frames/s.

A radar is used to reveal the structure of lunar
skylight’s inner wall and the underground layers of
the lava tube. Its frequency can be adjusted from
150 MHz to 1200 MHz; lower-frequency waves are used
to penetrate and reveal the structure of underground
layers, and higher-frequency waves to map the surface
structure. The radar’s power consumption is 5 W to
10 W, mass is 3 kg, and the size is 196 × 120 × 66mm.29

A Laser-Induced Breakdown Spectrometer (LIBS)
is capable of determining the elemental composition
of the inner wall with tens of µm spatial resolution
from a distance of more than 1 m. The total mass of
this instrument is 1 kg.30 An extensible probe may be
desired so that the LIBS can reach closer to the wall.
3.3.2. Tethered station - Mobile Micro Rovers (MMR). The
tethered station is designed to carry and deploy
two MMRs, to provide them with power charging
capabilities (from the BSRs’ electrical power system,
section 3.4), and to act as a stabilising counter-weight
or anchor for the VAS during its scientific operations.

Once the tethered station reaches the floor of the
skylight pit, the two MMRs are deployed. These are
used for the in-situ lava tube exploration, providing
redundancy and exploration of both sides of the tube
simultaneously. Each of the MMRs aims to at least: (1)
measure ambient temperature, (2) analyse radiation
dosage, and (3) capture panoramic images for scientific
and public outreach.
Structure Each MMR weighs 10 kg at maximum, has
dimensions of ∼ 30×20×20cm, and are proposed to be
made of carbon fibre reinforced plastics.31 Each MMR
contains: a rotating turret with a laser range finder and
two CMOS cameras; a high-power strobe light installed
on the front side; grouser wheels for extreme terrain
mobility; and an on-board controller.
Science instruments A Sheath thermocouple and an
energetic particle spectrometer are available on each
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Fig. 6. Each component in an MMR’s navigation system communicates
via message passing protocols listed below its block.

MMR. The Sheath thermocouple measures spatial
temperature inside the lava tube through the Seebeck
effect. The energetic particle spectrometer measures
the absorbed radiation dose – that is, the intensity of
radiation and radiation quality factor that defines the
type of radiation present.

While navigating, each MMR’s strobe light and
CMOS cameras capture panoramic images of the
environment. At each observation point, it switches
off its light and waits to cool down to avoid interfering
with temperature and radiation measurements.

Fig. 7. The MMR Path
Planner evaluates a discrete
number of exploration paths.

Navigation Each MMR’s 2D
laser range finder is mounted
on a servo to enable 3D range
scanning. The navigation sys-
tem (fig. 6) constructs a 25 cm
resolution terrain elevation
map given input from the two
CMOS cameras along with the MMR’s orientation.32

The system is designed to evaluate paths (fig. 7) and
explore semi-autonomously, improving the system’s
robustness to communications issues while retaining
human-in-the-loop safety for unexpected circumstances.

3.4. Electrical Power System

The electrical power system for ARETHUSA needs to
supply power to distributed components and survive
the long and cold lunar night. Solar panels are used to
generate electricity which is stored in Li-ion batteries.
A total of 2 m2 of solar panels generate 500 W, with
each BSR having two solar paddles of 0.5 m2. The
specific energy of each battery is 213 W h kg−1 and
energy density is 395 kWh/m3.33 Total electric energy
needed overnight is 15 kW h, so the total weight of
batteries is 100 kg including a safety margin. A 50 kg
(∼0.054m3) battery is installed on each BSR, a 3 kg
battery is loaded on the Tethered Station to distribute
power to the MMRs, and a 1.0 kg battery is loaded on
each MMR, as per table 3. Using this, an MMR can
operate remotely for 3 hours in succession. The VAS is
powered directly by the TrUSS, which receives power
from a BSR via a power line cable unspooled with the
tether.

Table 3. Specification of batteries on ARETHUSA.

Item 2× BSRs Tethered station 2× MMRs

Mass [kg] 100 3 2
Energy stored [kW h] 21.3 0.64 0.43

Table 4. Link budget for ARETHUSA communications.

Item Value

Noise (T ≈ 200 K, BN = 10 MHz) −249.6 dB
Path Losses (X-band, ↓ 7167.5 ↑ 8425 MHz) 222.3 dB
EIRP (3.8 W, GT x = 29.2 dB) 28.0 dB
SNR (GRx = 67.7 dB, LA ≈ 0 dB) 123.0 dB
Link Margin (C = 3.5 Mbit/s, B = 130 kHz) 3.4 dB

3.5. Communications
ARETHUSA must support communication across
a distance of (3.84 ± 0.5)×105km, manual rover
operations via stereoscopic images, and near real-time
control to minimise navigation and deployment time.
These requirements necessitate a high-gain ground
receiver, a relatively high data rate, and frequent
or continuous contact respectively. Mission telemetry,
scientific, and operations data are to be transmitted
via the NASA Deep Space Network (DSN) 34 m BWG
antennas, which can provide a maximum possible 87%
time coverage for ARETHUSA,34 and a very high
67.7 dB receive gain with minimal system noise.35

3.5.1. Transponder & Antennas. The Iris V2.1 (NASA
JPL) transponder fulfils the above requirements with X-
band communications,¶ and supports the data capacity
required for near real-time rover navigation. It has flight
heritage spanning communication distances from LEO
to Mars, and is considered a reliable, low-cost option
for micro-satellite mission,36 requiring a maximum of
35 W for simultaneous TX/RX.37

A 3.8 W reflect-array transmission antenna with
dimensions of ∼40 × 40cm is to be installed on the
top surface of each BSR. A small feed antenna located
on the backside of the BSR’s NavCam head bounces a
signal off the reflect-array. Such a design is mechanically
simple and low-cost, provides beam steering and
shaping via phase control of the array components,38

and supports a high transmitting gain (∼29.2dB, based
on an existing design demonstrated with the Iris
V2.139). As per Table 4, this is sufficient to support
a channel capacity of 3.5 Mbit/s for ARETHUSA. In
terms of pointing, the Earth is expected to subtend an
angle of 2°, remaining relatively high in the lunar sky
from the proposed landing site with up to 7.5° deviation
over a lunar day/night cycle.40

3.5.2. Internal Communications. Internal communica-
tions between the BSRs, VAS, and MMRs need to
support distances of 50 m to 100 m, with complications
arising from signal bouncing, multi-path interference,
and attenuation due to the lava tube and skylight
walls. To mitigate these effects and ensure the highest
possible reliability, internal communications will utilise
disruption-tolerant networking protocols41 on a stan-
dard S-band (∼2.25 GHz) system42 (PULSAR STX
radio + SANT antenna) with a repeater on TrUSS.

3.6. Command & Data Handling (C&DH)
Each BSR has its own C&DH subsystem controlling all
other subsystems, as does each MMR for storing data
collected from science instruments prior to transmission.

¶Higher data capacity is also available on the Ka-band.
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The Hyperion Technologies CP400.85 processing
platform43 is chosen as the C&DH subsystem in both
cases, with radiation tolerant storage of up to 64 GB,
sufficient for the scientific data to be collected.

3.7. Environmental Control
In operating on the lunar surface, the BSRs must
withstand the harsh lunar environment. The mean
lunar surface temperature ranges between 380 K during
the day and 120 K at night. For this, a Reversible
Thermal Panel (RTP)44 is installed on the surface
of each BSR. During the lunar night, the aluminium
surface insulates the spacecraft and maintains internal
temperature. During the day, the radiator is deployed
and the surface of an Optical Solar Reflector (OSR)
is exposed, reflecting sunlight and emitting heat by
infrared radiation.45 Thus, the heat is dissipated and
the internal temperature is kept lower than 284 K
without any active control. A heat pipe is also used for
local thermal control;46 a 30 W heater is sufficient to
maintain the spacecraft at 273 K during the night.

The Moon’s very weak magnetic field means high
levels of radiation experienced on the surface, including
solar wind, solar radiation and cosmic radiation. To
withstand these hazards, the BSRs are shielded by
aluminium; if needed, additional spot shielding, such
as tantalum boxes or tungsten cylinders, is to be used
for specific components.47

Lunar dust is considered to pose a low risk for
the duration of the mission; moderate sealing of BSR
components should prove to be sufficiently protective.

4. Conclusion & Anticipated Results
The ARETHUSA mission is expected to demonstrate
the first controlled exploration of an extra-terrestrial
underground lava tube, providing a novel method for
simpler, more reliable access for future utilisation and
potential habitation of such environments.

The mission will require the development of the
TrUSS tethered payload delivery design, building on
thousands of years of ropeway technology on Earth.
Under the proposed design, micro exploration rovers
and scientific equipment can be moved into and out of
the lunar lava tube without relying on propulsive power
or complex locomotion. In operating within the Moon’s
lower gravity and airless vacuum, we envision that
TrUSS will build upon the benefits of aerial ropeways
in the transportation and delivery of large payloads in
construction, mining, and passenger applications, as
used widely on Earth.7,8 A detailed design including
FEM analysis, tether spool and motor configuration,
and validation of the deployment techniques will be
necessary for the success of the mission.

The scientific results of the mission will lead to a
greater understanding of the lunar subsurface and its
advantages for human utilisation. Somewhat uniquely,
ARETHUSA will focus particularly on the paleoregolith
strata exposed by the skylight walls, providing crucial
insights into the Moon’s volcanic and geological history.
Data collected from the selected site, lying in a Helium-
3 rich region,9 may support future industrial operations

on the Moon. Development of ARETHUSA will require
an appropriate set of scientific analysis equipment,
which may additionally benefit from a third degree
of freedom afforded by the mobile BSRs moving along
the skylight edge, or from fixing the BSRs in place
using helical anchors, providing potential applications
in regolith sample analysis.

The ARETHUSA mission was designed to support
the exploration and utilisation of lunar lava tubes. We
hope that the technologies demonstrated may lead to
advances in the exploration of such extreme off-world
environments on the Moon, Mars, and perhaps beyond.
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