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Achieving Science with CubeSats:
Thinking Inside the Box

of 10 cm cubes — have been launched into low Earth orbit for purposes rang-

ing from education to technology demonstration to scientific data collection.
Because CubeSats cost significantly less and are easier to launch than larger satel-
lite missions, nontraditional spacecraft users in academia, industry, and govern-
ment agencies now have options for accessing space. Recognizing this growing
interest in CubeSats, the National Aeronautics and Space Administration (NASA)
and the National Science Foundation (NSF) asked the National Academies of Sci-
ences, Engineering and Medicine to explore the current status of CubeSats and
to determine whether they can be effectively used to obtain high priority science
data. In Achieving Science with CubeSats: Thinking Inside the Box, the Academies
conclude that CubeSats are already producing high value science, are enabling
new kinds of targeted measurements, and can augment — but not replace — the
capabilities of large satellite missions and ground-based facilities. The Academies
recommend that NASA and NSF continue to support the use of CubeSats for
science without overly restraining the spirit of innovation that characterizes the
broad community of CubeSat users. The report also identifies several technol-
ogy areas derived from science needs that require additional research in order
to improve the CubeSat platform, including high bandwidth communications,
precision attitude control, propulsion, and the development of miniaturized in-
strument technology.

I n the last few years, hundreds of CubeSats — small satellites built in increments

USING CUBESATS FOR HIGH-PRIORITY SCIENCE

Since 2010, the use of CubeSats for science has grown rapidly with more than 80% of all sci-
ence-focused CubeSats launched from 2012-2016. Similarly, more than 80% of peer-reviewed
papers describing new science based on CubeSat data have been published in the past five
years. CubeSats excel at simple, short-duration missions that need to be of comparatively
low-cost and missions that require multi-point measurements. Some examples of how high-
priority science goals could be pursued using CubeSats include:

e The exploration of Earth’s atmospheric boundary region: CubeSats are uniquely suited
because of their expendability to explore the scientific processes that shape the upper
atmospheric boundary using short-lifetime, low-altitude orbits. (Relevant Fields: Solar
and Space Physics, Earth Science)

Top: NASA-sponsored MCubed and
IPEX 1U demonstration CubeSats.
Each CubeSat is 10 cm on a side.
Bottom: Students are involved in all
phases of CubeSat development and
flight operations.

Source: NASA/JPL-Caltech (Top), Uni-
versity of Michigan and the Michigan
eXploration Laboratory (Bottom)
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*  Multi-point, high temporal resolution of Earth pro-
cesses: Satellite constellations in low Earth orbit could
provide both global and diurnal observations of Earth
processes that vary throughout the day such as severe
storms and are currently under-sampled by sun-syn-
chronous observatories. (Relevant Field: Earth Science)

e In situ investigations of the physical and chemical
properties of planetary surfaces or atmospheres:
Deployable (daughter-ship) CubeSats could expand
the scope of the motherships with complementary
science or site exploration. (Relevant Field: Planetary
Science)

e Low-frequency radio science: Interferometers made
of CubeSats could explore the local space environ-
ment and also galactic and extragalactic sources with
spatial resolution that cannot be achieved from Earth.
(Relevant Fields: Astrophysics, Solar and Space Physics)

* Investigating the survival and adaptation of organ-
isms to space: CubeSats offer a platform to under-
stand the effects of the environment encountered in
deep-space such as microgravity and high levels of
radiation. (Relevant Field: Biological Science)

ENABLING CUBESAT DEVELOPMENT FOR
TRAINING AND HIGH-PRIORITY SCIENCE

NSF CubeSat Program

To unlock the science potential of CubeSats or missions re-
lying on CubeSat technology, federal investments continue

to be crucial, especially in areas that will not see commer-
cial investment. NSF’s pioneering science program has the
dual goals of supporting small satellite missions to advance
space weather related research and of providing opportuni-
ties to train the next generation of experimental space sci-
entists and aerospace engineers. As of the end of 2015, NSF
has launched 8 science-based CubeSat missions (consisting
of 13 CubeSat spacecraft), and has 7 missions (11 CubeSat
spacecraft) in development. This program has been suc-
cessful with regard to both goals; however, other disciplines
such as Earth science and astronomy could also benefit from
the opportunities that CubeSats provide.

RECOMMENDATION: The NSF should continue to support
the existing CubeSat program, provide secure funding on a
multiyear basis, and continue to focus on high-priority sci-
ence and training of the next generation of scientists and en-
gineers. In particular, NSF should consider ways to increase
CubeSat opportunities for a broad range of science disci-
plines going beyond solar and space physics with financial
support from those participating disciplines.

NASA CubeSat Programs

Although NASA’s CubeSat programs have historically placed
greater emphasis on developing new technologies, in recent
years NASA has greatly increased the number of opportuni-
ties to propose science-based CubeSat missions. As of the
end of 2015, NASA has launched a total of 18 CubeSat mis-
sions (34 spacecraft) with science and technology objec-
tives, yet the use of CubeSats for science has not reached
its full potential. CubeSat activities within NASA programs
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have remained largely independent of one another, but with
the growing use of CubeSats for science, this lack of coordi-
nation is beginning to impact NASA’s ability to communicate
a clear strategic vision on the role of CubeSats. The grow-
ing interest in the deployment of CubeSats has led to some
management challenges that have the potential to stifle the
impact that CubeSats can have for science. In addition, be-
cause of the disaggregated nature of CubeSat programs at
NASA, programs have begun to duplicate efforts in some
areas and are not systematically sharing lessons learned.

RECOMMENDATION: NASA should develop centralized
management of the agency’s CubeSat programs for sci-
ence and science-enabling technology that is in coordina-
tion with all directorates involved in CubeSat missions and
programs, to allow for more efficient and tailored develop-
ment processes to create easier interfaces for CubeSat sci-
ence investigators; provide more consistency to the integra-
tion, test, and launch efforts; and provide a clearinghouse
for CubeSat technology and vendor information and lessons
learned. The management structure should use a lower-cost
and streamlined oversight approach that is also agile for di-
verse science observation requirements and evolutionary
technology advances.

The goal of this increased management focus is to leverage
NASA’s investments to maximize scientific output. However,
itis equally important to encourage innovation by maintain-
ing a variety of programs.

RECOMMENDATION: NASA should develop and maintain
a variety of CubeSat programs with cost and risk postures
appropriate for each science goal and relevant science divi-
sion and justified by the anticipated science return. A vari-
ety of programs are also important to allow CubeSats to be
used for rapid responses to newly recognized needs and to
realize the potential from recently developed technology.

One critical benefit of NASA’s engagement in CubeSats is the
role of CubeSats in training students, early career project sci-

The BRITE (Bright Target Explorer) constellation consists of six 20-cm

cube satellites, each employing one of two different optical filters to
study variations in the intensity of massive stars. Source: Space Flight
Laboratory of the University of Toronto

entists, engineering teams and project managers. Care must
be taken to not inadvertently stifle such training opportuni-
ties, as CubeSats evolve towards more capable science mis-
sions and as the proposed new management structure is
implemented.

RECOMMENDATION: NASA should use CubeSat-enabled
science missions as hands-on training opportunities to de-
velop principal investigator leadership, scientific, engineer-
ing, and project management skills among both students
and early career professionals. NASA should accept the risk
that is associated with this approach.

IMPROVING THE CAPABILITIES NEEDED
TO LEVERAGE CUBESAT TECHNOLOGY

The capacity to do science with CubeSats strongly depends
on the technological capabilities of the CubeSat platforms
available to investigators. Due to their geometrical and
mass constraints, CubeSats provide a unique innovation
platform for rethinking many engineering subsystems, and
such development may have important consequences be-
yond CubeSats for spacecraft of various sizes.

RECOMMENDATION: NASA and other relevant agencies
should invest in technology development programs in four
areas that the committee believes will have the largest im-
pact on science missions: high-bandwidth communications,
precision attitude control, propulsion, and the development
of miniaturized instrument technology.

Many high-priority science investigations of the future will
require data from constellations or swarms of 10 to 100
spacecraft that would have the spatial and temporal cover-
age to map out and characterize the physical processes that
shape the near-Earth space environment. Historically, the
cost associated with large constellations has been prohibi-
tive, but the time is ripe to develop this capacity.

RECOMMENDATION: Constellations of 10 to 100 science
spacecraft have the potential to enable critical measure-
ments for space science and related space weather, weather
and climate, as well as some for astrophysics and planetary
science topics. Therefore, NASA should develop the capa-
bility to implement large-scale constellation missions taking
advantage of CubeSats or CubeSat-derived technology and
a philosophy of evolutionary development.

The fast pace of technology development, highly engaged
academic and commercial communities, and rapid and fre-
quent flight opportunities, allow CubeSat technology gaps
to close at a much quicker pace than elsewhere in the space
sector. Private industry is an important stakeholder in the
CubeSat ecosystem, and one that the government and sci-
entific community can leverage to promote its own cost-
effectiveness.



RECOMMENDATION: As part of a CubeSat management
structure, NASA should analyze private capabilities on an
ongoing basis and ensure that its own activities are well co-
ordinated with private developments and determine if there
are areas to leverage or that would benefit from strategic
partnerships with the private sector.

CUBESAT POLICY ISSUES

There are several policy challenges that could constrain
the expansion of CubeSats for science applications. Three
in particular stand out: the reality and perception of Cube-
Sats as an orbital debris hazard, the complexities and con-
straints of radio spectrum availability, and the availability of
affordable launch opportunities. The CubeSat community
has an opportunity to avoid potential future problems by
proactively engaging in policy discussions and seeking tech-
nological solutions.

RECOMMENDATION: NASA, with the National Science
Foundation and in coordination with other relevant federal
agencies, should consider conducting a review and devel-
oping a plan to address CubeSat-related policies to maxi-
mize the potential of CubeSats as a science tool. Topics may
include, but are not limited to, the following: guidelines and
regulations regarding CubeSat maneuverability, tracking,
and end-of-mission deorbit; the education of the growing
CubeSat community about orbital debris and spectrum-li-
censing regulatory requirements; and the continued avail-
ability of low-cost CubeSat launch capabilities.

GUIDING PRINCIPLES FOR CUBESAT
DEVELOPMENT

CubeSats, which provide unique services at low cost and
are evolving rapidly to meet the needs of underserved us-
ers, share many of the characteristics of disruptive innova-

tions. As is the case with most disruptive technologies,
CubeSats began with a threadbare set of capabilities, but
the small size and standardized form factor have helped to
accelerate innovation and those capabilities are beginning
to improve as the technology matures. Currently, it seems
that CubeSats will become an effective tool for a specific
and eventually well-defined performance envelope, similar
to balloons or sounding rockets. However, it is possible that
CubeSats will have a much bigger impact and lead to new
types of missions and scientific data, and perhaps even lead
to a more macroscopic realignment of the space industry.
The principles of managing disruptive innovations led the
committee to suggest some best practices that can guide
the ongoing development of CubeSats are:

*  Avoid premature focus: Although the report recom-
mends a NASA-wide management structure to create
opportunities for new investigators and provide a
clearinghouse for information and lessons learned,
premature top-down direction that eliminates the
experimental, risk-taking programs would slow
progress and limit potential breakthroughs.

*  Maintain low-cost approaches as the cornerstone of
CubeSat development: It is critical to resist the creep
towards larger and more expensive CubeSat mis-
sions. Low-cost options for CubeSats are important,
because more constrained platforms and standardiza-
tion, coupled with higher risk tolerance, tend to cre-
ate more technology innovation in the long run.

* Manage appropriately: As missions grow more ca-
pable and expensive, management and mission as-
surance processes will have to evolve. Yet, it is critical
to manage appropriately and not to burden low-cost
missions with such enhanced processes, by actively
involving CubeSat experts in policy changes and dis-
cussions as well as in proposal reviews.
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