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Exploration activities on the lunar surface will require precise knowledge of the position of a robotic or

manned vehicle. This paper discusses the use of radio beacons as method to determine the position of a

mobile unit on the surface. Previous concepts consider the installation of such equipment by the robot

itself. A novel idea is discussed here, namely to use miniaturized radio beacons which are deployed

(released) during the descent of the lander on the surface. This idea has three major advantages

compared to previous proposals: (i) it avoids the time costly and energy consuming installation of the

equipment by a rover. (ii) The impact velocities of the probes are in reasonable range since the probes

are deployed at low altitude from the main lander that approaches its final landing site. (iii) The probes

can take reconnaissance pictures during their free-fall to the surface. This method will therefore deliver

charts of the proximity of the landing area with higher resolution than those done by orbital means.

Such information will enable scientists and mission operators to precisely plan robotic excursions (and

later Extra Vehicular Activity) through the identification of hazardous areas and spots of interest.

The paper will study the feasibility of this system from different aspects. The first section will

outline the application scenario and the potential outcome of such a system for the coming phase of

lunar exploration. A technological readiness review was done to evaluate if the payload instrumenta-

tion for these high velocity impacting probes is available. The second section presents the simulation of

the impact process of a preliminary probe model in nonlinear transient dynamic finite element analysis

using the Lagrangian hydrocode LS-DYNA. The purpose of this simulation was to evaluate if the beacon

is able to communicate with the mobile unit even when buried into the soil.

The integration of this payload into coming lunar missions will contribute to the international

efforts of lunar exploration with a landing site ad hoc navigation system for robotic or manned

excursions.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A return to the Moon with robotic vehicles is currently planned
in the 2013–2020 time frame by various nations. Four decades
after the last human presence on the lunar surface, most of these
missions aim to develop and test the technologies that are
necessary to establish a permanent outpost. These missions will
deliver precious data for the development of facilities that could
enable a long-duration human presence on the Moon (Foing and
Ehrenfreund, 2008; Gerzer, 2007; Plescia et al., 2007). Geochem-
ical in-situ soil analysis will complete current sample databases.
More than 40 years after the end of the ‘‘Apollo’’ and ‘‘Luna’’

program, these measurements can be done with improved
instruments. This knowledge will allow a more precise evaluation
of the ISRU elements in the soil, leading to concepts for the
retrieval, processing and usage of such resources by future lunar
inhabitants (Mendell, 1985; Matsumoto et al., 2007; Kulcinski
et al., 1992; Spudis and Hood, 1992; Swindle, 1992).

Life support technologies will include navigation and commu-
nication infra-structures to assure the security of personnel and
robots during surface expeditions and EVA (Extra Vehicular Activity).
New strategies need to be developed to explore sites that could not
have been assessed before, such as permanently shadowed craters,
near–Far-Side regions, shadowed from Earth, and areas of rugged
topography (Spudis et al., 1985; Spudis and Hood, 1992; Swindle,
1992). Reconnaissance and cartography of the local region around
the landing site will allow to plan excursion efficiently, and to search
for safe, hazard-free locations for exploration (Chin, 2007).

The concept of an ad-hoc landing navigation network is
discussed in this paper. The objective of such a payload is to
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build a navigation network based on radio beacons by the use of
impacting micro-probes: a series of four impacting micro-probes
is proposed which is deployed during the descent of the lander
onto the lunar surface. Each probe will consist of an optical
system for site reconnaissance and a telecommunication beacon.
The probes could also feature geochemical analysis instruments
to analyze the soil and search for ISRU elements. The probes are
deployed in sequence during the landing approach. In free fall,
without deceleration system, those will impact prior to the
touchdown of the main lander. The vision system will deliver high
resolution photography of the area surrounding the landing site of
the main lander, which can be used to assess the local
environment for potential hazards to the mobility of a later
deployed rover, and identification of locations of interest. While
the optical system will not survive the impact, the telecommu-
nication device will continue working after the impact. This
device will serve as ad-hoc navigation beacon network to
determine the location of a mobile unit during its excursions.

An option to this scenario is to equip the probes with
instruments that can identify buried water ice. In this configura-
tion, the probe can be deployed into permanently shadowed
areas, where its instruments would identify buried water ice, if
present. The impact sites of one or several probes will be in the
reach of the rover. It is therefore possible to examine the impact
site of the probe by the robot later. This will deliver insights about
the impact condition of such instrument as technological
assessment for future penetrator mission. The possibility to
‘‘revisit’’ impactor-type mission sites is only given in the
constellation with a landing mission. The analysis of the impact
site will enable scientists to examine fresh ejecta. Models later
discussed show that this would give the opportunity to analyze
ejecta from several meters depth through the instruments of the
rover.

This work describes the feasibility study of such a low-altitude
penetrator payload: the technological readiness for its main
components is studied in the first section. The ruggedness and
degree of miniaturization are of highest priorities for this
application scenario. The report will review different beacon
technologies. The feasibility of the deployment method is then
evaluated by simulating the impact of a design model onto lunar
regolith. The penetration depths were derived from empirical
formula and hydrocode simulations. The objective of this effort
was to evaluate the capability of the probe to communicate with
the mobile unit even when buried into the soil.

2. Literature review

2.1. Mission objectives

The purpose of this manuscript is to describe the concept of
micro-penetrators as deployment method of a surface navigation
network. In this section, it will be explained how such a system
could meet different objectives of the coming phase of lunar
exploration.

2.1.1. Positioning and navigation

Excursions of robotic vehicles and ultimately EVA by astro-
nauts will require accurate positioning systems to perform a
secure exploration of the areas in proximity of the landing site.
The idea of using standalone radio beacons for such task is not
new, and was proposed for lunar and planetary applications
(Beggins et al., 1988; Abelson and Satter, 2005). The novelty in our
concept is the idea, to deploy such equipment in low altitude
during the descent of the landing craft. The positional beacons are
designed to survive the impact. Such beacons can be used to

determine the location of a rover (longitude, latitude and
altitude), and positioning system will be ultimately necessary to
allow operations out-of-sight from the lander, a relay satellite or
Earth.

The proposed deployment through penetrators solves several
problems related to the installation of surface equipment: (i) it
avoids the time and energy consuming setting up of such beacons
by rovers or astronauts on different, distant locations. (ii) The fact
that the system will be buried partly in regolith through the
impact will decrease the problem of the thermal management of
its components: at a depth of �50 cm virtually no temperature
fluctuation between the lunar day and night has been measured
(Vaniman et al., 1991). However, the penetrators will still need a
thermal protection mechanism, since the isolating layer will be
disturbed through the impact. (iii) As a solution of the problem of
surface navigation, this concept also serves as penetrator
technology verification within the time frame of coming lunar
missions.

2.1.2. Landing site reconnaissance

The main objective of the proposed payload is to enhance the
capabilities for secure surface operations and navigation: it is
proposed to deploy a series of four micro-impactors during the
landing phase of the main vehicle. It is assumed that the main
lander is actively decelerated by retro thrusters. The probes are
released at different instances of the approach. During their
descent, they transmit surface pictures of the local landing area at
increasing resolution. The result of this method will be to produce
accurate charts of the surrounding area. Those can be used to
identify locations of scientific interest for exploration activities by
rover, once the lander is landed: the imagery will help to visually
identify surface spots that call for further investigations in the
perimeter of the landing site.

2.1.3. Identification of potential resources

One major goal of coming lunar missions will be to measure
abundances of resources that are needed to sustain life during
long duration missions. Potential candidates for sites with high
abundances of water ice are permanently shadowed craters.
Although these locations will be a primary mission target for
robotic vehicles, their exploration will come with a high risk for
the vehicle, and a high price in terms of energy consumption (the
rover will be driven by battery or Radioisotope Thermoelectric
Generator, and will require artificial illumination). The here
presented concept offers the potential to deploy micro-impacters
into these regions during the landing of the main craft at the
poles. The deployed beacon could identify water ice in the soil of
its impacting site. Upon confirmation on its presence, it could
serve as radio pinger to lead the rover to the spot where the ice
was found.

2.1.4. Measurement of the properties of the lunar dust

Conclusions on the soil’s geo-mechanical characteristics can be
drawn through investigation of the impacting site by a rover. The
ballistic impact will excavate fresh subsurface material which can
be examined in-situ. Such material hosts the possibility of not
having been substantially altered by space weathering processes
and would therefore be in a rather pristine state.

2.2. Review of the technological readiness

The development of the impact-deployed radio beacons can be
achieved by using technologies which have reached technological
maturity. Some of these were tested either in real space missions
or through terrestrial trials in the last years. The following section
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