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Abstract  
 
LunarCube, is a proposed architecture to extend the affordable and successful CubeSat standard 
to support cis-Lunar missions. Over the last decade, CubeSat has evolved in the direction those 
of us interested in lunar and planetary exploration would like to go: CubeSat-based programs 
now support cutting edge multi-institutional multi-disciplinary science using spatially and 
temporally distributed systems, while keeping costs low. LunarCube, analogous to CubeSat, 
allows higher risk implementation, thereby keeping costs low, but extends CubeSat capabilities 
in two stages to support operation in deep space and the lunar surface as an analog of most solar 
system real estate. A standard ‘bus’ provides standardized interfaces and shared access by guest 
‘instruments’ to all subsystems using existing SmallSat protocols.  Stage 1 would specify some 
additional capability in five key areas: 1) profile: somewhat longer duration (many months 
instead of many weeks); 2) form factor: small, but potentially larger volumes as needed; 3) 
control: active attitude control, propulsion; 4) information transfer: more robust, autonomous 
communication and C&DH systems, and 5) thermal/mechanical design: greater hardness to deep 
space radiation using, for example, MilSpec components, and ruggedness for extreme thermal 
variation. The first four would give access to lunar orbital space to provide, for example, 
communication satellites for cis-lunar or deep space. The fifth would allow access to, as well as 
survival and operation for at least a limited duty cycle on, the lunar surface. The somewhat larger 
volume would accommodate the additional needs, or allow several users to fly experiments. 
Stage 2 would enhance capability by allowing the technology impact to increase, enabling 
incorporation of state of the art or even currently ‘under development’ technologies in several 
key areas: 1) electronics, 2) autonomy; 3) precision navigation and control; 4) full deep cryo 
operation for ‘cold cubes’; and 5) advanced payload integration. At this stage, 24/7 operation 
anywhere on the lunar surface would be possible and the LunarCube could be a virtual ‘smart 
phone’ with a ‘nano–rack’ representing a variety of experiments, as open access software 
applications. Transportation to final destination could occur either as secondary payload on 
larger orbiters/landers, or via the low impulse micro-thruster propulsion systems currently under 
development.  LunarCube provides a platform that advances scientific exploration and 
demonstrates core technologies to support effective operation beyond Earth orbit. 
	  
	  
Purpose  
 
The objectives of the work presented here are:  
 
1) Describing the motivation for using the CubeSat model and the cis-lunar environment as a 
staging ground for reinvigorating deep space exploration 
 
2) Describing the LunarCube extension of the successful CubeSat strategy, architecture, and 
engineering to promote sustainable exploration;   
 
3) Presenting a strawman concept for system architecture and system engineering, requirements 
and capabilities, the nature and development timeline of core technologies needed to support 
LunarCube through stages 1a, 1b, and 2, as known to date 
 
 



The Moon from a scientific and technological development standpoint 
 
Recent findings (e.g., Mitrovanov et al, 2009; Pieters et al, 2009; Clark, 2009; Colaprete, 2009) 
indicate that the lunar polar regions (Figures 1, 2, and 3) in particular, are ready-made 
laboratories for studying surface processes and testing technology necessary to support such 
scientific activity throughout the solar system. The combination of lower sun angles and rugged 
bombardment saturated terrain creates a large variety of ‘microniches’, some as local as a 
boulder or overhung crater slope, with a variety of solar illumination/field/particle/ radiation 
interaction conditions.  Surface conditions range from constant exposure with temperature nearly 
constant around 225K to permanent shadow with temperature nearly constant at or below 40K. 
Studying variations in grain surface compositional constituent behaviors induced by differential 
shielding from fields, particles, dust, solar wind, and exosphere, would provide insights into 
space weathering processes affecting most of the (regolith covered, bombardment dominated) 
surfaces in the solar system. Surface conditions on a variety of targets, particularly asteroids, 
Mercury poles, and many outer solar system moons, overlap with those of the lunar poles (Paige 
et al, 2009; Zhang and Paige, 2009). The nature of and extent to which surface constituents are 
involved in surface and subsurface processes depends on the composition of both solids and 
temperature–dependent volatilities.  
 
The lunar surface is thus an ideal ‘test bed’ for exploring planetary surface processes and origins 

Figure	  1	  Map	  of	  the	  lunar	  south	  polar	  region	  as	  an	  environmnetal	  analogue	  for	  many	  solar	  system	  bodies,	  
with	  temperature	  range	  for	  the	  Moon	  indicated	  on	  the	  left,	  and	  temperature	  ranges	  for	  other	  bodies	  on	  the	  
right. 



as well as for developing core capabilities.  In addition, the lunar surface could act as a proving 
ground for technologies that reduce resource consumption while improving capability (e.g., ultra 
low temperature ultra low power electronics) for operating in extremely cold environments, 
resulting in higher value and lower cost exploration of the entire solar system. Thus, any sound 
approach to planetary exploration should prioritize access to the Moon.  
 
Not surprisingly, the Moon has been a target for innovative approaches for scientific exploration 
serving the needs of a broad range of communities. Large-scale efforts during the Apollo era 
combined the development of core deep space operation technologies developed through 
precursor Lunar Ranger, Orbiter, and Surveyor missions, with the human landings that supported 
high yield science based on these core capabilities (Clark, 2010). Within the last decade, a 
smaller investment footprint has led to the proliferation of lower resource profile and in some 
cases multi-platform ‘SmallSat’ missions to the Moon (Figure 4), including Smart-1, LCROSS 
(deployed from LRO), GRAIL, LADEE (Rathsman et al, 2005; Wikipedia/LCROSS, 2011; 
Wikipedia/GRAIL, 2012; Wikipedia/LADEE, 2012), the proposed Lunar Swirl Impactors, 
Astrobotic Nano-Rack, and LunarCube concept (Garrick-Bethell et al, 2011; 
Wikipedia/Astrobotic Technology, 2012; Clark et al, 2012) we will discuss below. 
 
 
Initiating a New Approach 

Figure	  2	  Indications	  of	  newly	  discovered	  volatiles	  and	  volatile	  processes	  on	  the	  Moon	  from	  observations	  
made	  by	  Chandrayaan,	  Cassini,	  LCROSS,	  and	  LRO	  LEND 

	  



 
The question is how to provide such access at a time when the conventional approaches to space 
exploration are unable to provide adequate support to achieve high priority planetary exploration 
goals. The following steps are crucial to initiating effective change, some of which are already 
being taken: 
 
(1) Form cross–disciplinary stakeholder collaborations to identify and connect key science 
interests, engineering challenges, and technology solutions near and far term using 
brainstorming, operational scenario development, and problem–solving tools. 
 
(2) Use an extension of a demonstrated affordable approach to payload development available 
online, through standards documents and even standard kits (e.g., CubeSat Kit).   
 
(2) Develop onboard intelligence capability to minimize use of resources and maximize value of 
distributed assets in supporting science activities in deep space, or those in Earth orbit that 
require proximity operations and formation flying, such as interferometry or spatially and 
temporally distributed measurements.  
 
(3) Promote multi-faceted public and private investment strategies that support the development 
of a sustainable aerospace environment, by lowering barriers to multiple stakeholder 
participation. 
 

Figure	  3	  Chart	  showing	  volatile	  activity	  as	  a	  function	  of	  temperature	  on	  lunarlike	  bodies	  based	  on	  Zhang	  and	  
Paige,	  2009 



 
The CubeSat Methodology  
 
We are using the CubeSat (Figure 5) approach and methodology as the basis for the LunarCube 
design and implementation standards to facilitate access to the Moon.  Currently, standards for 
CubeSat hardware and hardware interfaces are published online (e.g., 
http://www.cubesat.org/images/developers/cds_rev12.pdf) facilitating a low-cost, focused-
objective implementation process, and reducing development costs, risks, and time.  Four key 
aspects of design are specified:  
 
1) profile: short duration, low earth orbit;  
 
2) form factor: 10 cm cubes, typically containing structures with several options for standard 
overall lengths (from 0.5 to 3 U);  
 
3) technology impact: low, incorporating off the shelf electronics and software;  
 
4) risk: Class D (high risk, low priority, low cost) based on the rationale that CubeSat standards 
have been improved and demonstrated with use, and failures have far less impact, in terms of 
expenditures and size of groups involved, than conventional government sponsored ‘missions’.  
 

Figure	  4	  Completed	  of	  Planned	  Mission	  to	  the	  Moon	  involving	  Small	  Spacecraft 



Part of its appeal is that CubeSat afforded universities access for hands on student education 
(Wikipedia/CubeSat, 2012). Now, this approach has the potential to yield scientifically useful 
monitoring of Earth’s atmosphere and climate by several experiments (e.g., CINEMA, CubeSat 
for Ions, Neutrals, Electron, and Magnetic Fields) (UCBerkeley News, 2011). Most recently 
CubeSat has been proposed as a model for a lunar swirl study mission (Garick-Bethell et al, 
2011).  CubeSat has demonstrated the emergence of a multi-national, multi-institutional, multi-
platform distributed workstation model (UCBerkeley News, 2011; CubeSat, 2012; NSF 12-536, 
2012), which could provide the basis for a sustainable market, from the single platform, single-
purpose, small mission team over less than a decade.  Such a transition will be critical for 
achieving sustainable infrastructure for exploration beyond Earth orbit as well.   
 
Major CubeSat Subsystems must be miniaturized to fit within Standard Housing, and properly 
interfaced with a standard Carrier/Launcher (such as the CalPoly PPOD for up to 3U, 3 kg) for 
Earth Orbit.  Standards specify subsystem and component performance and in some cases 
provide available components list for the ‘bus’. The ‘payload’, often sensor systems (imaging, 
environmental monitoring, particle detection) or technology demonstrations, is defined by user.  
Users provide and design of the layout and the circuit board.   Subsystems include sensor 
(instrument) system, Communication/Command and Data Handling (Telemetry, Tracking, 
Control), Attitude Determination (stabilization, navigation), Deployment mechanism, and Power 
generation and distribution (power source, wire harness).  Typically, CubeSats are wait-listed on 
manifests for vehicles launching regular spacecraft.  When orbit is achieved, the deployment 

Figure	  5	  Examples	  of	  CubeSats	  and	  Concept	  of	  Earth	  Orbital	  Operations 



mechanism, involving springs, releases individual CubeSats. Currently, CubeSats typically use 
GPS and passive stabilization (magnetic (line up with Earth’s magnetic field) or gravitation 
(offset center of mass) for attitude control and navigation, and most do not use an active 
propulsion system. CubeSats typically use batteries or a limited number of solar cells for power.  
Operating in a deep space environment will require additional performance and protection, and 
thus additional active control and complexity, mass and volume, as described below.  
 
 
LunarCube Concept with Design and Development Implications 
 
Our strategic plan, prospectus and a strawman requirements document for LunarCube 
architecture and standards are under development. The current status is presented, and the 
implications discussed, here. We are currently planning a workshop to provide a preliminary 
design for the LunarCube platform in October  (www.lunar-cubes.com). 
 
LunarCube uses an approach analogous to CubeSat by maintaining the same standard on risk, 
thereby keeping costs low (Canan, 2011; Kennedy, 2011), but extending the current CubeSat 
concept in two stages to include several additional features and core technologies directly 
relevant to survival in any lunar environment. The goal is to provide interesting science while 
demonstrating useful technology. These additional features are meant to accommodate deep 
space and ultimately lunar surface operation as described briefly above, as well as components 
capable of operating in more extreme environments. Enhancements generally required by 
LunarCube relative to CubeSat include,  
 
1) active guidance, navigation, and control (sun sensors, star trackers, accelerometers, micro-
thrusters or momentum wheels, with onboard intelligence and in-space propulsion system to 
achieve mobility beyond Earth orbit;  
 
2) enhanced power generation and storage capacity, to allow longer duration operation and more 
power to support active systems. In later phases, as indicated above, improvements will be 
required to allow more robust performance for electronics, power storage and transmission as 
well as greater autonomy. 
 
3) greater thermal and radiation protection 

 
Stage 1 would specify some additional capability in four key areas:  
 
1) profile: somewhat longer duration than CubeSat (many months instead of many weeks);  
 
2) form factor: small, but potentially larger volumes than current CubeSat, as needed, analogous 
to, for example, the ISS multi-user ‘Nano-Rack’;  
 
3) radiation environment design: accommodation for deep space radiation (with greater radiation 
hardness provided, for example, by MilSpec components);  
 
4) thermal environment design: accommodation for variation from equatorial to DeepCryo 



surface conditions.  
 
The first three (LunarCube, Stage 1a), requiring active guidance, navigation and control unless 
delivered as a secondary payload to lunar orbit, would give access to lunar orbital space to 
provide, for example, communication satellite capability for near lunar or deep space. The fourth 
(LunarCube, Stage 1b) would allow access to, as well as survival and operation for at least a 
limited duty cycle on, the lunar surface. The somewhat larger volume would potentially allow 
several users to fly experiments, as in the ISS ‘nano’ rack concept (Space Systems Laboratories, 
2011). Stage 1a will require use of an existing transportation infrastructure to achieve Earth Orbit 
or onboard propulsion, as well as an improved communication relay infrastructure, to arrive in 
cis-lunar space or in lunar orbit.  An example of a LunarCube mission in Stage 1a would be 
multi-platform communication assets where needed.  Stage 1B would require an onboard 
propulsion system to arrive at the lunar surface and upgrades to support operation under most 
lunar surface conditions for at least limited duty cycle.  An example of a LunarCube mission in 
Stage 1B would be a surface environmental monitoring package. 

 
Stage 2 (LunarCube 2) would enhance capability by allowing the technology impact to increase, 
enabling incorporation of state of the art or even currently ‘under development’ technologies in 
several key areas:  
 
1) electronics and software;  
 
2) precision navigation and control;  
 
3) full deep cryo operation for ‘cold cubes’; and  
 
4) advanced payload integration.  
 
Full operation anywhere on the lunar surface would be possible. At this stage, the LunarCube 
could be a virtual ‘smart phone’ with a ‘nano–rack’ of reconfigurable network of work stations 
representing a variety of experiments, as open access reconfigurable software applications as 
swarms/clouds, sharing subsystem services (power, communication, data handling).  Stage 2 
Earth to Lunar Surface with full operation anywhere on lunar surface. Stage 2 would require 
additional capabilities, including either a surface transportation infrastructure (Astrobotic ‘nano-
rack’), or its own surface mobility.  
 
Additional autonomy is recommended at every stage to support the sustainability and 
adaptability needed for distributed systems that meet demands for multiple science and other 
stakeholders efficiently with minimal resources. Robust onboard intelligence is required to 
robotics that allow maneuverability in any environment and the resiliency in behavior and 
capability for learning (Clark et al, 2011; Rilee et al, 2012). 
 
Adaptable, reconfigurable communication, command, and data handling capability are critical to 
move from ‘mission’ to sustainable ‘work station in space’ model.  These subsystems must be 
tailored to the needs and shared among a variety of LunarCubes users, especially those operating 
in distributed networks and beyond Earth orbit. Sharing where possible will minimize resources, 



but, as discussed earlier, add complexity. 
We see these functions ultimately as 
reconfigurable software applications on 
standard platforms, analogous to Smart 
Phone Apps. Achieving the degree of 
adaptability necessary for this kind of 
operation will require achieving greater 
autonomy than we have had before.  We 
see this as internet protocol adaptation for 
using ‘multiple broadcast stations’ in 
space, creating a communication 
infrastructure with OSI layer 2 and layer 3 
adaptations (Wikipedia/OSI Protocols, 
2012), and analogous to setting up a 
network of mobile cell phone towers.  We 
will need multi-channel communication 
along the lines of existing practices, (ref) 
for a Dedicated Channel plus open 
Channel, to process universal and mission 
specific signals.  Ultimately, Optical 
systems, instead of RF, will be preferable, 
as they can transmit at higher data rates for 
less mass and power (Wilson and Enoch, 
2000).  

 
Two models for LunarCube, as for CubeSat, have major implications for development, 
implementation, and operations. The first is the conventional ‘single cube’.  This model has 
proven advantageous for current applications, and will be needed for more advanced applications 
requiring distributed small self-similar assets.  In addition, LunarCube will require innovative 
design of housing for greater thermal and space radiation protection, active stabilization and, in 
later stages, propulsion, with associated mass and volume penalty In later stages, LunarCube will 
require longer duration operation in more extreme environments translating into greater 
interconnectivity and complexity in design, flight plan and operation. The other model is the 
payload Cube Rack with Shared Subsystems, otherwise known as a ‘nano-rack’. Dedicated 
Instrument Cubes with standardized interfaces will connect to external dedicated and shared 
subsystem cubes. For this model, more extensive early phase planning, integration and testing 
efforts will be needed. Individual cube design can be simpler, with savings of mass and power in 
return for greater need for planning and operational complexity for the whole system. The nano-
rack is appropriate for current applications needing in situ instrumentation complexity, or future 
distributed reconfigurable assets. 
 

Figure	  6	  Transport	  of	  LunarCube	  Missions	  to	  Cis-‐Lunar	  
Space	  and	  Lunar	  Surface	  



 A variety of modes for transport (Figures 6) to the final destination are being considered, 
including 1) flying as secondary payload as space allows, the least expensive option and the 
method of choice to date for CubeSats in Earth orbit; 2) flying as primary payload with the active 
propulsion as required to achieve the target beyond Earth orbit, which is the approach of many of 
the Google X-prize participants; and 3) a hybrid of the first two, which we anticipate will be the 
most common.  The proposed Lunar Swirls Impactor mission is a hybrid (Garrick-Bethell et al, 
2011).  The spacecraft hitches a ride as a secondary payload to GEO, and then uses a deployment 
system to achieve an ultra-low Delta-V trajectory to the lunar environment.  Individual 
‘impactor’ cubes are then launched in cis-lunar space.  Cubes have minimal impact, in terms of 
mass, volume, power, or other resources, on the orders of magnitude larger GEO satellites. The 
10 to 20 GEO launches per year anticipated over the next decade should provide a number of 
opportunities for LunarCubes using an analogous approach.  Several companies, including 
Astrobotic, are developing lunar landers (for the Google X-Prize) that will have space for 
hundreds of cubes under the lander deck (Wikipedia/Google Lunar XPrize, 2012). Astrobotic 
plans to launch early free ‘demonstration’ missions as well as later missions where ‘standbys’ 
can fly for reduced cost.  These activities could potentially provide opportunities for many 
LunarCubes for minimal launch cost over the next decade.  Ultimately, the existence of a 
transportation infrastructure in Earth-Moon space, analogous to the one for Earth orbit, will be 
essential for full-scale operation.  Early steps to increase participation such as these will establish 
a ‘market’ for such transportation, and thus facilitate it. 
 
 
Conclusions  
 
The successful approach to providing access to the Moon must include elements summarized 
below. Many of these capabilities, with the exception of new technologies mentioned in Table 1, 
have been demonstrated to at least some extent by one or more CubeSat Projects. Developing 
and implementing LunarCube, an architecture and engineering standards for lunar and planetary 



exploration, will lower costs and 
ultimately lower risks and increase 
investment through the use of:  
 
1. A phased, user friendly onramp 
approach to implementation 
 
2. standardized Hardware and 
Software for incorporation into Cubes 
 
3. Standardized Interfaces (for 
‘payload’) 
 
4. Design for multi-functional, 
demand-responsive allocation and use of 
all resources (memory, sensors, power, 
time) 
 
5. Cross–disciplinary stakeholder 
collaborations to identify and connect key 
science interests, engineering challenges, 

and technology solutions near and far term for the broad community of those benefiting from 
the Moon as analog and testbed supporting exploration within and beyond the Earth-Moon 
system.  
 

6. Shared, synergistic development of Core Technologies (Table 1) to adaptively support 
multiple users, particularly in electronics; power and propulsion systems; cold temperature 
operation; wireless operation; autonomous systems for design, implementation, and 
operation.  These can be developed and tested on LunarCubes in the early Stages. 
 

7. Development of autonomous systems to include intelligent design tools capable of evaluation 
of complex systems (multiple asset, missions, programs) based on inputs from stakeholders 
with varying viewpoints (demand information, supply components, mission or program 
development, short to long term timescales) in terms of sustainable achievement of long term 
goal (Figure 7).   
 

8. Further promotion of public and private investment strategies that create an infrastructure 
‘onramp’, analogous to that used government rail, or air transportation systems, to extend a 
transportation system, very modestly at first, to the Moon. This effort could evolve from 
modifying available launch systems and/or utilizing existing propulsion technologies to 
developing a fleet of new systems to support increased activity on the lunar surface. 
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