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How to Use and Interpret this Report 
The Beyond LEO Instrumentation and Science Series (BLISS) Science Working Group 
aims to provide NASA’s Space Biology program with expert external opinions to define 
technical capabilities required and potential scientific studies enabled through beyond 
low-Earth-orbit (LEO) experimentation. This year, BLISS has focused on enhancing 
the payload development process for cis-lunar activities, focusing on the Gateway 
and expected lunar surface opportunities as NASA returns to the Moon as part of the 
Artemis Program. This product is not a consensus review but rather consolidates 
the opinions of participating subject matter experts. 

Space research can be considered in three contexts: Research in space, of space, or 
for space (Box 1). Of specific relevance to the work of the BLISS Science Working 
Group is future research in space beyond LEO (BLEO) over the next decade, especially 
including the constructive use of microbes, innovations in applied plant science, and the 
study of model biological systems to reduce risk to humans, as well as areas of synergy 
such as the limits of living systems, in situ resource utilization, astrobiology, and 
planetary protection. These are areas that the BLISS Science Working Group has been 
tasked to address in the context of BLEO research in the coming decade and therefore 
in the cis-lunar and lunar environments. Thus, many comments below are from this 
perspective. 

Part 1. Space Biology Beyond Low Earth Orbit 

1.1 Goals & Objectives 
Space biology BLEO research is inherently driven by the differences between the LEO 
and BLEO environments, which can be broadly characterized by the five-hazard 
“RIDGE” paradigm (Radiation, Isolation, Distance, Gravity, Environment, e.g., similar to 
Figure 2 in (1)). Thus, the envisioned goals over the next decade will include using the 
cislunar and lunar surface environments to (A) characterize deep-space environments 
including biological effects of radiation and other stressors, (B) gain experience from 
isolation of very small groups in very small enclosures, (C) learn to compensate for 
distance from Earth via in situ resource utilization (ISRU) and bioregenerative life 
support, (D) gain assurance that all aspects of deep-space exploration can proceed in 
altered or artificial gravity environments, (E) develop essential adaptation scenarios for 
the built (e.g., low pressure) and external (e.g., temperature extremes, dust) 
environments. 

Box 1: There are at least three types of space research.  
Research in space: studying the effects of the space environment on a system or process  
Research of space: the study of the space environment itself 
Research for space: preparing/advancing robotic or human exploration/habitation of space 
These are not mutually exclusive categories because these classifications relate to our 
intentions when we seek to acquire knowledge through research (e.g., for space). 
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In addition to living and traveling in deep space, opportunities to use the space 
environment have mainly focused on, but have not been limited to, low inertial 
acceleration (microgravity), i.e., to study its effects on living and physical processes. 
Due to its relative ease of access, such research is still often best conducted in LEO; 
however, to address gaps that are not able to be studied in LEO (such as long-duration 
partial gravity, and interactions with deep space radiation), certain processes used in 
ISRU and bioregenerative life support may be best studied in the lunar environments.    

1.2 Key Critical Questions and Knowledge Gaps 
Ground-based models have contributed immensely to the current understanding of the 
effects of spaceflight on cells, tissues, organ systems, and organisms. Several studies 
across different taxa have utilized single-factor and multi-stressor approaches to gain 
insight into underlying biological changes and the development of strategies to mitigate 
the negative effects of spaceflight. Studies on microgravity (2–7) and its analogs (8–10) 
have been conducted to gain insight on cellular and physiological changes from 
manipulating the ever-present 1g force on Earth. Studies on radiation as a main effect 
have been conducted, and in recent years, a number have reported on the impact of 
dose, particle type, and duration of exposure on the emergence of biological changes 
using a limited set of model organisms. In recent years, there has been increased 
interest in the use of spaceflight models for multi-stressor exposure, which is driven by 
the need to better recapitulate the spaceflight experience. To date, these multi-stressor 
studies mostly have focused on the combined effects of microgravity and space 
radiation, with some addressing the possible synergistic effects of social isolation on 
these space environmental factors (11–15). However, current knowledge is still very 
limited because of availability and constraints of existing capabilities (both ground- and 
flight-based) and funding limitations. 
 
BLEO space biology studies have been extremely limited due to the lack of flight 
opportunities and difficulty in simulating BLEO conditions on Earth. However, it is easy 
to forget how much was learned from Project Apollo and follow-on studies, such as 
enabling age dating of lunar rocks, the general absence of life and organic material, the 
high-temperature origin of lunar rocks, the formation of the Moon due to a major Earth 
impactor, and a wide-ranging set of studies about biomedical and human performance 
in the lunar environment. The extensive literature on this subject is beyond the scope of 
this report, yet it is important to highlight a few key studies such as the Biomedical 
Results of Apollo (16), the Biostack experiments during Apollo 16 and 17 (17), and the 
incredible wealth of applied and operational knowledge accumulated, a convenient 
repository of which is the set the primary and secondary sources of the Apollo Lunar 
Surface Journal1. The Soviets also flew non-human biological payloads on circumlunar 
loop trajectories as part of the Zond payload series (Zond 5-8) and, indeed, in 1968 
“Zond-5 was the first spacecraft to carry life from Earth to the vicinity of the Moon and 
return.”2 The Lunar Receiving Laboratory served as a primary hub for planetary 
protection and contamination control, as well as ground-based biology experiments with 

 
1 https://www.nasa.gov/history/alsj/ 
2 https://en.wikipedia.org/wiki/Moon_landing 
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lunar regolith during and after Apollo3. An understandably significant initial focus was on 
preventing back contamination of the Earth from putative lunar microbes. Early 
microbiology studies demonstrated a lack of viable microbes using the culture-
dependent methods at the time. Even in the Apollo era, plants were considered as 
integral tools to address space biology questions, as well as part of future habitats and 
life support, and were studied throughout Apollo 11-15 (18). Lunar samples also 
enabled the creation and validation of lunar simulants used in diverse fundamental and 
applied studies. Lunar samples continue to deliver key scientific insights after more than 
50 years of analysis (19). 
 
For decades—since the end of the Apollo program—few spaceflight opportunities have 
been available for addressing space biology research in situ. Spaceflight research 
platforms for life sciences have primarily consisted of those in LEO (Skylab, the Salyut 
and Mir Space Stations, the Space Shuttle program, the International Space Station, the 
Chinese Space Station, a handful of CubeSats), and may soon include commercial LEO 
destinations (20)) along with sub-orbital platforms such as parabolic flight (21) or sub-
orbital rockets (22), or ground simulation platforms such as drop towers (23),  magnetic 
levitation (24), and clinorotation (25). Numerous lunar and cis-lunar flight missions have 
taken place in recent decades (SELENE, Chang’e 1-5, Chandrayaan-1, LCROSS, 
GRAIL, LADEE, TESS, and many more)4, but these have rarely involved biology, two 
notable exceptions being Chang'e 4 and the failed Beresheet lander. As of March 2024, 
five nations have successfully landed on the Moon: the U.S., U.S.S.R., China, India, 
and Japan. 
 
While work using these platforms has provided substantial insight into the effects of 
altered gravity and certain other features that are common to the LEO and BLEO 
environments, there are some key features of deep space that we simply have not had 
the chance to study effectively. The current context for space biology must also include 
the recent National Academies report “Thriving in Space: Ensuring the Future of 
Biological and Physical Sciences Research: A Decadal Survey for 2023-2032” (26), 
where there is a clear emphasis on research that enables safe and efficient human 
exploration of deep space, even while the proposed research is focused squarely on 
LEO with limited opportunities foreseen for BLEO research. 
 
The Decadal Survey addresses eleven Key Scientific Questions (KSQs), of which six 
directly require continued life science research. Each of these KSQs (e.g., Table 3-1 in 
(26)) elevates the call for research performed to enable space travel. Human and 
environmental health and bioregenerative life support systems are emphasized. In other 
words, the call emphasizes research for space more than research in space or of 
space, and KSQ8 and KSQ11 would utilize the space environment to research in space 
on fundamental processes (e.g., adaptation of life to altered gravitation, and new 
physics only realizable in space, respectively). Focusing on those KSQs specific to 
space biology: 
 

 
3 https://www.nasa.gov/history/building-on-a-mission-the-lunar-receiving-laboratory/ 
4 https://en.wikipedia.org/wiki/List_of_missions_to_the_Moon 
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KSQ1 asks “How does the space environment influence biological mechanisms 
required for organisms to survive the transitions to and from space, and thrive while off 
Earth?” Areas of emphasis are fluid shifts and plant growth and survival. 
 
KSQ2 asks “How do genetic diversity and life history influence physiological adaptation 
to the space environment?” Areas of emphasis are the identification of advantageous 
genetic variations for adapting to the space environment, the use of existing data from 
model biological systems, space-induced gene expression, and gene manipulation to 
optimize stress resistance. 

KSQ3 asks “How does the space environment alter interactions between organisms?” 
Areas of emphasis include cellular cross-talk via extracellular molecules and exosomes, 
host-microbiome communication, and plant-microbial interactions. 

KSQ4 asks “What are the important multi-generational effects of the space environment 
on growth, development, and reproduction?” Areas of emphasis include fluidics of 
microbial systems, plant fertilization, pollination, and mutation and epigenetic effects in 
animals and humans. 

KSQ5 asks “What principles guide the integration of biological and abiotic systems to 
create sustainable and functional extraterrestrial habitats?” Areas of emphasis include 
synthetic biology engineering of reliable functional biological systems, maintenance of 
biodiversity, microbial biomining, microbes of the built environment, biofilms, and 
harmful effects of biological systems.  

KSQ8 asks “What are the mechanisms by which organisms sense and respond to 
physical properties of surroundings, and to applied mechanical forces including 
gravitational force?” Areas of emphasis include utilizing the gravity continuum, plant 
tropisms, mechanical effects on animals and unicellular organisms, nuclear 
mechanotransduction, and bacterial mechanosensing. 

These KSQs are cross-cutting with traditional areas of fundamental and applied 
research in space biology. Of specific relevance to the work of the BLISS Science 
Working Group is future research in space beyond LEO (BLEO) over the next decade, 
especially including the constructive use of microbes, innovations in applied plant 
science, and the study of model biological systems to reduce risk to humans, as well as 
areas of synergy such as the limits of living systems, ISRU, astrobiology, and planetary 
protection (Table 1). Like KSQs, applied research areas such as ISRU, bioproduction, 
life support, environmental monitoring, and countermeasure development and 
optimizing a beyond-LEO Crew Health Care System (CHeCS) are cross-cutting, 
bridging many research areas.  

In the Decadal Survey, some of these research areas are incorporated into a “Research 
Campaign” (one of two) titled “Bioregenerative Life Support Systems (BLiSS)”, bridging 
fundamental knowledge to achieve self-sustaining services from living systems. In 
contrast, the second campaign, “Manufacturing Materials and Processes For 
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Sustainability In Space (MATRICES)” focuses on the provisioning of services from non-
living systems. The health-related (e.g., the Human Research Program, or HRP- 
oriented) study of model organisms is addressed in Appendix D of the Decadal Survey. 
These are areas that the BLISS Science Working Group has been tasked to address in 
the context of research beyond LEO in the coming decade and therefore in the cis-lunar 
and lunar environments. 

Table 1. Fundamental and Applied Research Areas in Space Biology for the 
Beyond Low Earth Orbit and Cislunar Environments. 

Area Fundamental Applied 
Ionizing Radiation and 
Space Weather 
(KSQ1, KSQ2, KSQ3) 

Impact on organic material and 
living organisms, including acute 
and chronic effects classified 
according to the characteristics of 
the radiation environment 

Mitigation measures, such as 
improved shielding, pharmacologic 
stability and interventions, long-
term health risks; applications of 
space weathering for ISRU 

Gravity (KSQ1, KSQ2, 
KSQ3, KSQ8) 

Effects of reduced gravity, artificial 
gravity, and gravity transitions on 
living organisms in the short- and 
long-term 

Application or mitigation of 
gravitational interactions for 
human benefit on Earth (e.g., drug 
manufacturing (27)) or in space 

Lunar Materials (including 
Dust) (KSQ1, KSQ2, 
KSQ3) 

Characterization of lunar materials 
and dust; interactions with biology 
from microbes to human cells 

Mitigation of dust effects on human 
systems, health (28); ISRU; 
environmental monitoring. 

Combined Effects (KSQ1, 
KSQ2, KSQ3, KSQ8) 

Interactions between biological 
effects caused by radiation, 
gravitation, materials and other 
environmental factors 

Applications or mitigation of 
interactions (including isolation) for 
human benefit in space 

Habitability (KSQ1, 
KSQ5) 

Assess constraints on delivery 
and/or formation of volatiles, 
subsurface environments, and 
habitability limits of the cislunar 
environment and relevance to other 
environments 

Extend habitable range with 
engineered systems and 
environments to enable 
biomanufacturing, resource 
extraction, e.g. ISRU 

Astrobiology / Origin of 
Life (KSQ1, KSQ2, KSQ8) 

How do conditions in the deep 
space and/or cislunar environment 
inform knowledge of prebiotic 
chemistry and transition to life? 

Validation of dual-purpose 
instrumentation utilized for space 
biology to advance readiness for in 
situ life detection missions 

Microbial communities 
(KSQ1, KSQ2, KSQ3, 
KSQ4, KSQ5, KSQ8) 

Effects of cislunar environments on 
microbial communities (e.g., plant-, 
animal-, human-, built environment 
microbiomes) 

Inform management and 
engineering of microbial 
communities to support human 
thriving in space, e.g., closed-loop, 
bioregenerative life support, 
bioproduction, other ISRU 

Evolution (KSQ2, KSQ4) Assess evolutionary selective 
pressure of the BLEO environment 

Optimize organisms for 
bioregenerative life support, ISRU 

Plant Growth (KSQ1, 
KSQ2, KSQ3, KSQ4, 
KSQ5, KSQ8) 

Characterize effects on gravitropism 
and gravimorphogenesis, multi-
stressor effects, adaptation, 
interactions with the physical 
environment and microbiome 

ISRU including food production, 
life support, psychosocial support 
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Biomedical Research and 
Animal Studies (KSQ1, 
KSQ3, KSQ4, KSQ5, 
KSQ8) 

Conduct biomedical research and 
animal studies using model systems 
in cislunar environments to 
understand adaptation and 
maladaptation to space 
environments (including whole 
organism, endocrine, circadian, 
immune, and cognition) 

Develop countermeasures or 
mitigations to maintain crew 
health; apply knowledge to living 
systems on Earth 

 
A recent review of human health in space (1) identified six features that guide human 
adaptation and pathophysiology, including oxidative stress, DNA damage, mitochondrial 
dysregulation, epigenetic changes, telomere length alterations, and microbiome shifts. 
These features result in a host of effects that must be mitigated to enable deep-space 
habitation. The current state of knowledge is also reviewed in the Decadal Survey (26), 
as well as in the somewhat dated but still relevant NASA Space Biology Science Plan 
(2016-2025)5. Selected knowledge gaps in these areas include: 
 

● Can humans successfully adapt and thrive in reduced gravity 
environments over the long term, including habitation and reproduction? 
This gap is addressed in KSQ4. While artificial gravity is minimally discussed in 
the Decadal Survey, a wide range of platforms have been proposed, from free-
flyers to centrifuge-based systems, which could complement studies performed 
in a lunar setting. Given the ethical issues with some of the required human 
studies to address this question, a need for extensive precursor animal studies 
can be anticipated. 

● How can the consequences of fluid shift and unloading on organ systems 
be uncoupled? Organisms have adapted to the 1g environment on Earth. 
Therefore, exposure to microgravity leads to profound physiological changes. In 
humans, microgravity exposure leads to a cephalad fluid shift and compensatory 
changes in the cardiovascular system (29). Neurovestibular and vision changes 
also occur, although the underlying mechanisms are not fully understood. 
Unloading leads to skeletal muscle loss and bone demineralization. Is a given 
physiologic change brought about by the fluid shift, unloading, or both? In 
humans, what is the cause of immune dysfunction? Stress, microgravity itself, or 
altered fluid flow? 

● What are the effects of deep space radiation and its interactions with 
planetary surfaces? In most orbits, platforms in LEO enjoy protection from a 
substantial portion of galactic cosmic radiation (GCR) and solar particle events 
(SPEs) by the Earth's magnetic field; radiation sources on Earth can be used to 
replicate specific components of deep-space radiation at high dose rates but not 
the full complement at space-relevant chronic doses (30) even with relevant 
particle types and energy spectrums. 

● How can dust hazards on planetary surfaces be sustainably mitigated? 
Lunar regolith presents specific hazards that can be only partially replicated on 
Earth with regolith simulants (31). 

 
5 https://science.nasa.gov/biological-physical/programs/space-biology/ 
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● What are the latent effects of space radiation? There is evidence that space 
radiation exposure at mission-relevant doses leads to latent effects. For example, 
exposure to ~5 cGy of simulated space exposure leads to latent cardiovascular 
changes, such as increased oxidative damage and impaired cardiovascular 
function (e.g., (32, 33)). Despite the growing understanding of the effects of low-
dose radiation exposure on cells, tissues, organ systems, and whole organisms, 
gaps in knowledge exist. Latency effects across the various organ systems have 
not been fully examined. Part of the current challenge is that comparing data 
across disparate experiment conditions and designs from multiple studies is not 
straightforward. Currently, there are efforts to assemble cross-functional groups 
that can systematically examine multi-systemic effects across some standardized 
methodologies to generate improved models for assessing spaceflight risks. 

● How are the combined effects of space hazards, such as space radiation 
and altered gravity levels resolved, given the possibility of additive, 
synergistic, permission, or blunting effects? In rodent models, microgravity 
and space radiation exposure may have similar physiological effects such as 
bone loss. However, each factor also has distinct effects on human physiology 
such as the cephalad fluid shift induced by microgravity exposure and ionizing 
radiation-induced double strand break (DSB) formation. In the past decade, 
several studies have begun to examine the combined effects of spaceflight 
factors (12, 15, 34–36). Some of the current challenges of conducting such 
studies include standardizing experiment designs across investigator groups, 
selecting the desirable radiation and/or microgravity models and the ability to 
compare and interpret data across multiple species (mice and rats). To 
circumvent these challenges and improve translatability of results to humans, 
there are efforts to form cross-functional teams where methodologies and design 
can be kept as consistent as possible. 

● What sex differences exist in health responses to the space environment 
due to the dearth of female astronauts? Several studies have begun to 
address this question, mostly focusing on investigating sexually dimorphic 
responses after exposure to spaceflight factors (37–41). However, there is a 
need to better understand how preexisting sexual dimorphism in biological 
processes and molecular signaling contribute to the impacts of spaceflight factors 
on physiology to develop effective countermeasures. 

● There are also significant unknowns related to isolation and confinement and the 
effects on organ systems and human behavior, and the extent to which we can 
extrapolate responses of model systems to human responses. 

While humans' continued occupation of the ISS has motivated the development of 
numerous aspects of sustainable life support systems and independence from Earth, 
many of those systems are still not appropriate for a longer-term lunar occupation. The 
relatively low cost and short distance needed to resupply the ISS has not required the 
development of technologies, such as bioregenerative life support, food generation, or 
remote medical solutions, needed for a lunar research base or other future deep space 
destinations (e.g., Mars) (42). 
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If humans are to journey to and from, and thrive, on Mars, it is imperative to utilize 
cislunar exploration as a proving ground, a strategy enunciated within NASA’s Moon to 
Mars Architecture6. Its authors describe four phases of architecture development: 
human lunar return, foundational exploration, sustained lunar evolution, and humans to 
Mars. As described in more depth below (2.1 Beyond Low Earth Orbit Opportunities are 
Limited), the first two phases are limited in opportunities for BLEO space biology, and 
some capabilities on the critical path (e.g., Starship for Artemis III) were excluded from 
consideration under the Decadal Survey. The third phase includes more growth 
potential, but not within the current Biological and Physical Sciences (BPS) budget. The 
fourth phase, while longer term, should be considered now, both in terms of science to 
prepare for human exploration, as well as space biology research that can be 
accomplished as part of human Mars exploration, a subset of potential research being 
considered in the ongoing National Academies study of “A Science Strategy for the 
Human Exploration of Mars”7. Bridging the gap between current Mars exploration and 
human Mars exploration, NASA envisions completing Mars Sample Return (MSR), as 
well as executing a series of low-cost missions and perhaps one medium-cost life 
detection mission prior to human exploration (e.g., Exploring Mars Together, Draft Plan 
for a Sustainable Future for Science at Mars, 2023-2043, ref8). The BPS program 
should make sure it has a voice at the table to advocate for any required 
precursor measurements or technology demonstrations as part of these 
envisioned missions. 

While the Decadal Survey focused on the what, the how of translating these goals into 
relevant and feasible experimentation for cis-lunar missions is the focus of this BLISS 
annual report. In later sections of the report, current approaches and challenges in 
realizing cis-lunar space biology research results are highlighted. This involves 
programmatic factors such as funding, platforms, facilities, capabilities, and interfaces, 
as well as fundamental challenges to conducting space biology research under the 
constraints expected during cis-lunar robotic and human exploration. 

Part 2. Payload Development for Beyond Low Earth 
Orbit 
In Appendix A, the workflow, and associated challenges are described for typical 
microorganism (including micro/small plants) experiments intended for BLEO 
implementation. Although different types of experiments may have wildly different 
requirements and levels of complexity, this example motivates a description of some of 
the critical challenges for BLEO payload development and how this process might be 
improved. 

 
6 https://www.nasa.gov/MoonToMarsArchitecture/ 
7 https://www.nationalacademies.org/our-work/a-science-strategy-for-the-human-exploration-of-mars 
8 https://www.nasa.gov/wp-content/uploads/2023/09/mep-future-plan-smallsat-20230809.pdf 
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2.1 Beyond Low Earth Orbit Opportunities are Limited 
Executing BLEO space biology research ultimately requires funding. While this funding 
does not always need to come from federal sources, that is the most common source. 
Federal funding opportunities are currently quite limited in Space Biology, and even 
more so for BLEO research. 

In a recent round of research awards to “inform biological research during future lunar 
exploration missions” NASA Space Biology (NNH22ZDA001N-SBR)9 emphasized 
interactions of lunar regolith and/or dust with living systems, specifically potential crop 
plants, microbiomes, and human-analogous microbial systems in low-gravity conditions. 
The overarching goal is to enable humans to “Thrive In DEep Space (TIDES)”, placing 
this research into the “research for space” category. There is an implication that this 
program of research will produce baseline data to support further gap-filling research in 
the cislunar and lunar environments themselves when the time comes.  

Of the other “Space Biology” named solicitations since the release of Research 
Opportunities in Space and Earth Sciences (ROSES) 2022, four were ultimately not 
solicited (NNH22ZDA001N-SBAS, NNH23ZDA001N-SBPS, NNH23ZDA001N-SBBLEO, 
NNH23ZDA001N-SBAS), one (NNH22ZDA001N-SBBLEO) resulted in two awards, of 
which neither will fly on Artemis II, and two (NNH24ZDA001N-SBPS, NNH24ZDA001N-
SBAS) are currently open. The inclusion of Space Biology payloads in the Artemis I and 
II missions with the Orion capsule, with no interface for data transfer, power, and 
commanding, creates the perception that space biology was a low priority for these 
Artemis missions. In addition to the Orion capsule payloads on Artemis I, the 
BioSentinel deep space CubeSat (43–45) was launched as a secondary payload, and 
represents a pathfinder for future deep space biology payloads, such as the Lunar 
Explorer Instrument for Space Biology Applications (LEIA)10. 

Early BLEO space biology goals are to be pursued within the Commercial Lunar 
Payload Services (CLPS) programs, in which up to eight corporations, some preceding 
Artemis II, for example, will deliver science payloads to the lunar surface for evaluation 
of radiation fields, surface composition, volatiles, and variables of potential relevance to 
human habitation and lunar biology. To date, the results of the CLPS missions have 
been mixed, including the failure of the Peregrine Mission One (CLPS-1) and the partial 
success of the IM-1 Odysseus (CLPS-2) landers. Artemis II will not accommodate 
BioSentinel-type secondary payloads or similar CubeSat-based experiments; however, 
CLPS landers (e.g., for LEIA) or future Artemis missions may support biology payloads. 

In March 2024, NASA announced the selection of three payloads for the first Artemis 
lunar landing, including the Lunar Effects on Agricultural Flora (LEAF).11 While LEAF is 

 
9 https://science.nasa.gov/science-research/biological-physical-sciences/nasa-selects-11-space-biology-
research-projects/ 
10 https://www.nasa.gov/centers-and-facilities/ames/what-is-the-lunar-explorer-instrument-for-space-
biology-applications/ 
11 https://www.nasa.gov/news-release/nasa-selects-first-lunar-instruments-for-artemis-astronaut-
deployment/ 
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billed as being the “first experiment to observe plant photosynthesis, growth, and 
systemic stress responses in space-radiation and partial gravity”, reports on China’s 
Chang'e-4 lander previously described sprouting cotton on the Moon’s surface (46, 47), 
yielding two leaves, and there are plans to include biology payloads on future Chinese 
landers (46). 

Additional opportunities exist for space biology payloads to be selected for future CLPS 
or Artemis missions in ongoing (Stand-Alone Landing Site-Agnostic Payloads and 
Research Investigations on the Surface of the Moon, NNH24ZDA001N-SALSA; and 
Artemis Deployed Instruments Program, NNH24ZDA001N-ADIP) or expected (Payloads 
and Research Investigations on the Surface of the Moon NNH24ZDA001N-PRISM) 
solicitations. 

Potential ways to achieve BLEO research goals include augmented funding and 
partnering with other agencies and private industry. Enhanced BPS funding will be 
critical to implement many of the goals outlined in the Decadal Survey, especially the 
two larger research campaigns, BliSS (Bioregenerative Life Support Systems, not to be 
confused with the Beyond LEO Instrumentation and Science Series, BLISS) and 
MATRICES, as well as required to achieve BLEO research and Moon-to-Mars 
objectives. In terms of partnering, the Department of Defense now spends more funds 
annually on space than does NASA. The Defense Advanced Research Projects Agency 
(DARPA) has instituted several programs relevant to space biology including 
Biomanufacturing: Survival, Utility, and Reliability beyond Earth (B-SURE), its Tellus 
program focused on agile and reliable microbial-based sensing systems, its Assured 
Microbial Preservation in Harsh Or Remote Areas (AMPHORA) program focused on 
sample preservation without the cold chain, as well as programs on beneficial biofilms, 
and the 10-year lunar architecture study (LunA-10). Another recent example is the Air 
Force Office of Scientific Research (AFOSR) Space Biosciences program, which seeks 
to innovate beyond current capabilities, exploring the complex interactions of living 
organisms and materials for and in the space environment. These and other programs 
outside BPS are opportunities to leverage limited BPS funding and advance BPS 
objectives. Recent joint NASA-National Science Foundation (NSF) activities (e.g., Ideas 
Lab activities related to the Origin of Life or engineering technologies for underwater 
science) are promising steps in this direction. Another example is a NASA-USDA 
collaboration12, developing advanced imaging systems to monitor plant health and 
exploring new ways to grow sustainable, fresh food.  

In the current budgetary and political climate—with regular threats of government 
shutdowns and large multi-year NASA commitments including Artemis and Mars 
Sample Return—maintaining BPS investments will require partnerships. Nascent 
NASA-National Institutes of Health (NIH) collaboration is also promising and it is 
critical to leverage further interagency collaboration and opportunities, such as 
recent multi-agency (NASA, NIH, Department of Health and Human Services 
Biomedical Advanced Research and Development Authority (BARDA), and the Food 

 
12 https://www.nasa.gov/news-release/nasa-usda-sign-agreement-to-improve-agricultural-earth-science-
research/ 
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and Drug Administration (FDA)) tissue chip work. Another example is the inclusion of 
NASA payload(s) onboard a flight of the Air Force’s X-37B robotic spaceplane (Dec. 8, 
2023 launch), where high-apogee or high-altitude orbits enable exposure of plant seeds 
to harsh radiation environments as part of NASA’s RAD-SEED missions. 

Regular funding opportunities, as well as coordinated activities, are essential to 
building, advancing, and maintaining NASA and U.S. leadership in these areas. In 
addition to being regular and coordinated, funding opportunities should include open-
ended fundamental research themes even when identifying specific priorities. Such 
investment is critical to the success of future missions beyond LEO if they are to be 
precursors for sustained exploration. In addition, these areas have wide significance 
beyond space, including adapting to climate change, strengthening national security, 
and advancing human prosperity on Earth, and one day beyond our home planet. 

2.2 Scientific Rationale and Platform Selection 
At the core, the experiment team must know what they want to do and why. 
Understanding the constraints of the environment is also essential, but at the beginning, 
it may be useful simply to try to succinctly answer the Heilmeier13 questions, here 
adapted to a science focus: 

● What are you trying to do? Articulate your science question and objectives in 
accessible language. 

● How is it done today, and what are the limits of current practice? 
● What is new in your scientific or engineering approach and why do you think it 

will be successful? 
● Who cares? If you are successful, what difference will it make? (How does what 

you are doing align with the goals of the Decadal Survey and space biology, e.g. 
identified or unidentified community needs and interest.) 

● What are the risks? How much will proving out the science and payload cost? 
How long will the science take? 

● What are the mid-term and final metrics to check for success? 
 
Innovation can come from a new environment, combinations of prior techniques, new 
methods, or new technologies. Keep in mind that new science does not necessarily 
require the experimenter to develop the hardware – NASA utilizes implementation 
partners, and this model will remain extremely useful for BLEO work. NASA can 
facilitate this process by providing potential investigators with clear guidance on 
connecting with implementation partners and evaluating initial feasibility, when desired. 
However, it must be noted that not all proposed science can be tested experimentally 
given limitations in available technology, logistics, or crew time. 
 
The proposal selection process typically includes a programmatic relevance 
assessment, which may include the relevance of the proposed effort to Space Biology 
goals and objectives, linkage and likelihood of success in addressing one or more 

 
13 https://www.darpa.mil/work-with-us/heilmeier-catechism 
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Decadal Survey recommendation(s), and potential for research to improve fundamental 
knowledge of Space Biology and to address risks or gaps of the collaborative programs 
(for example, reduction or mitigation of Human Research Roadmap (HRR)14 risks) or 
agencies if under collaborative solicitations. 
 
Flight mission proposals utilize the science traceability matrix (STM) format (Table 2)15-
16. In recent years, NASA’s Science Mission Directorate has hosted a set of PI 
Launchpad workshops (2019, 2021, 2023) intended to cultivate new principal 
investigators (PIs) of NASA missions. These workshops aim to broaden the expertise 
and range of creative ideas available to NASA and to advance and strengthen the 
number and quality of mission proposals, including by describing the STM and proposal 
preparation process. The STM format can be readily adapted at the instrument or 
experiment level, providing a useful tool for experiment teams to define at a high level 
what is needed to execute their BLEO project. 
 
At present, there are few platforms available or slated to be available for BLEO 
investigations. However, the landscape is changing. Options include upcoming Artemis 
missions, the anticipated Gateway17 station, CLPS landers, free-flyers including 
CubeSats and other secondary payloads, or other high-orbit or polar-orbit-capable 
platforms, such as the X-37B or possibly the envisioned Polar Radiation of Model 
Organisms (PRoMO) campaign described in the Decadal Survey (11). Future platforms may 
also include other BLEO capabilities that may one day be offered through the 
Commercially Enabled Rapid Space Science Initiative (CERISS)18, which will focus on 
offering a “10-to-100-fold faster pace of research” through the utilization of private 
sector capabilities. One challenge here is that current development timelines for space 
biology experiments, especially automated instrumentation, are lengthy, so knowledge 
of platform capabilities, environments, and interfaces is needed with long lead times. 
However, with NASA’s stated goals of returning to the Moon to stay, there is more 
emphasis on overcoming the obstacles required to implement solutions that can utilize 
lunar resources or provide biology-enabled sustainable solutions (16). 
 
  

 
14 https://humanresearchroadmap.nasa.gov/ 
15 https://psyche.asu.edu/wp-content/uploads/2023/02/Science-Traceability-Matrix-Example-Table-1.pdf 
16 Adapted and augmented from S. Feldman 2019 “The Science Traceability Matrix”, https://smd-
cms.nasa.gov/wp-content/uploads/2023/04/Launchpad_Session3_STM_18Nov2019_smf_final.pdf 
17 https://www.nasa.gov/mission/gateway/ 
18 https://science.nasa.gov/biological-physical/commercial/ 
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Table 2. Typical format and contents of a Science Traceability Matrix (STM). 
 

Science 
Goals 

Science 
Objectives 

Science Measure-ment 
Require-ments 

Instrument 
Perfor-mance 

Mission 
Require-ments 

    
Property to 

be 
Measured 

Measurable 
Parameter 

Measure- 
-ment 
Req’ts. 

Expected 
Perform- 

ance 
  

Mission- 
driving key 
science 
questions 
and/or 
hypothe- 
-ses 
  
For NASA 
missions 
and 
experiments
, Science 
Goals are 
typically 
broad and 
identified as 
high 
importance  
in NASA 
stra-tegic 
plans, 
docu-ments, 
roadmaps, 
or surveys 
  
A mission or 
science 
experiment 
often has 
just 1 – 3 
Science 
Goals 
 
(E.g., “What 
are the 
effects of 
the lunar 
environ- 
ment on 
repair of 
DNA 
damage?”)  

Ex-e-cut- 
able 
defined 
action(s) 
with 
observable
/ 
measurabl
e  
outcomes, 
results, 
out-puts, 
or 
con-se-qu
ences that 
contrib-ute 
in a clearly 
defined 
manner to 
attaining 
the driving 
Science 
Goal(s) by 
(par-tially) 
answering 
the 
ques-tion, 
or by 
proving or 
disproving 
the 
hypoth-esis 
  
(E.g., 
“Quantify 
the effects 
of the cis- 
lunar orbital 
environ- 
ment at ⅙ 
xg on DNA 
repair in S. 
cerevisiae”) 

A specific 
physical, 
chemical, 
or 
biologi-cal 
characteris
-tic, extent, 
or aspect 
of an entity 
or system 
that is to 
be 
quantified 
or assessed 
in order to 
achieve the 
driving 
Science 
Objective 
  
(E.g., the 
population 
of a cell 
culture vs. 
time) 

A 
quantifiabl
e 
parameter 
that an 
instrument
, sensor, 
or analysis 
system is 
to measure 
in order to 
achieve the 
driving 
Science 
Objective 
  
(E.g., the 
optical 
density 
(OD) at 600 
nm of the 
contents of 
a cell- 
containing 
microwell) 

-The range 
and 
accuracy 
(or 
statistical 
uncertain- 
ty) of the 
measurable 
parameter 
over which 
the 
instrument 
or sensor is 
required to 
provide a 
meaningful, 
validatable 
response/ 
output 
  
(E.g., 
OD600  from 
0.02 – 2.0 
ODU is to 
be 
measured 
with 10% 
accuracy 
and 15- 
second  
periodicity) 

-The range 
and 
accuracy 
(or 
statistical 
uncertainty) 
of the 
measurable 
parameter 
expected to 
be provided 
by the 
instrument 
or sensor 
when 
operating in 
the actual 
mission 
environ- 
ment 
  
(E.g., flight 
instrument 
can 
measure 
0.01 – 2.1 
ODU with 
8% 
accuracy 
and 10-sec 
periodicity) 

The location, 
environment, 
functions, 
facilities, 
accommodation
s, and other 
support or 
actions that 
must be 
provided by the 
as-designed 
mission, and the 
as-built 
spaceflight 
hardware, to 
enable the 
Science 
Objectives to be 
met 
  
(E.g., cis-lunar 
orbit, ⅙ xg 
artificial gravity, 
4 L payload 
volume, 5 W 
average power, 
2 MB/week data 
downlink, over a 
12-month 
mission 
duration) 

2nd property 
to be 
measured 
  

2nd 
quantifiable  
parameter 
  

2nd 
quantifiable  
parameter: 
required 
range and 
accuracy 

2nd 
quantifiable  
parameter: 
expected 
instrument 
range and 
accuracy 

If more than one distinct property is to be measured in 
fulfillment of a given Science Objective, each such 

measurement parameter is listed in its own sub-row, 
as shown above 

 
Early in this process, it is likely one has already identified radiation and g-level 
requirements, which would naturally select in or out many of the platforms (Figure 1) 
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using simple considerations such as what g-level one requires (microgravity, partial 
gravity, 1-g control, something else), what radiation conditions are relevant, exposure to 
lunar regolith or the lunar surface, and other considerations such as autonomy/crew 
tending, sample return, and other characteristics. In theory, a fully automated payload 
could utilize any platform, but experiment requirements for a specific g-level, and 
considerations of cost, schedule, demand, and other factors, would guide selection of a 
specific platform. In general, the specific platform and opportunity would have to come 
when the detailed design is sufficiently mature so that a compelling case can be made 
in a proposal for science benefit. These platforms are summarized below. 
 

 
 
Figure 1. A simplified flowchart for selecting a BLEO platform for an experiment. 
 
Crewed platforms (e.g., Artemis and Gateway) offer the advantage of life support 
systems being provided by the platform whereas uncrewed platforms (e.g., Commercial 
Lunar Payload Services, or CLPS, and free-flyers such as CubeSats or larger platforms) 
offer the advantage of supporting fully automated experiments with little concern for 
interfering with crew operations or safety. In either case, life science experiments in the 
cislunar environment are largely anticipated to focus on Living and Traveling in Space 
or Probing Phenomena Hidden by Gravity or Terrestrial Limitations rather than short-
term Adaptation to Space studies (using classifications from the Decadal Survey). In 
this context, experiments focused on Living and Traveling in Space are probably best 
situated on crewed platforms where the life support systems can be taken into account 
from a translational biology perspective, and experiments focused on Probing 
Phenomena Hidden by Gravity or Terrestrial Limitations are probably best situated on 
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uncrewed platforms such that limitations imposed by the crewed platform do not detract 
from the underlying science. 
 
Below we provide some general information about expected capabilities of four 
categories of BLEO platforms shown in Figure 1: smallsats, CLPS, crewed Artemis 
missions, and Gateway. At the time of writing this report, there is unfortunately not much 
detailed technical information available to researchers hoping to design experiments for 
upcoming platforms: for instance, users' guides of the sort that are published by the 
ISS19 do not yet exist for Gateway. Researchers are encouraged to seek information on 
CLPS at the program website20; there may additionally be some interface documents 
available from individual lander vendors, but researchers applying for flight opportunities 
through the PRISM program may not select their vendor in advance, so vendor-specific 
information should be used with caution. Researchers interested in crewed platforms 
may seek information on the Artemis program website21. In January 2024, a Gateway 
Utilization Townhall meeting was held for the international science community to learn 
the latest information on anticipated capabilities of Gateway, and webinar recordings 
and slides are available at their website22. 
 
Biological CubeSats and free-flyers in the smallsat category (< 600 kg). These 
compact platforms can enable autonomous biological experiments using microfluidic or 
millifluidic systems, and can typically accommodate microorganisms or plant seeds, 
seedlings, or other small multicellular organisms. Capabilities include providing an 
atmosphere and delivering some environmental control, currently often limited to 
temperature; holding organisms in stasis; culturing organisms; monitoring growth and 
metabolism via optical assays; imaging; exposure to chemical stressors (e.g. 
antibiotics), or different gravity levels (via centrifuge) (48). Such platforms would rarely 
allow sample return, although Varda’s recent successful sample return demonstrates 
the potential for sample return on automated commercial platforms (27). Most biological 
CubeSats have been used in LEO, but the BioSentinel project sent one CubeSat into 
heliocentric orbit as a secondary payload on Artemis I. Similar opportunities are 
anticipated in the future for biological CubeSats to enable experiments in numerous 
potential orbits. More complex organisms could be accommodated with the 
development of miniaturized environmental control systems. 
 
Commercial Lunar Payload Services (CLPS). An initiative engaging American 
companies to deliver payloads to the lunar surface, the CLPS program23 includes 
several commercial providers (14 at the time of writing) who are authorized to bid on 
payload deliveries; these providers may also include non-NASA payloads in each 
delivery, as independent parties may also contract with lander providers individually. 
The NASA Science Mission Directorate (SMD) provides a means for the public to 

 
19 https://www.nasa.gov/international-space-station/space-station-research-and-technology/opportunities-
information-for-researchers/iss-researchers-guide-series/ 
20 https://www.nasa.gov/commercial-lunar-payload-services/ 
21 https://www.nasa.gov/humans-in-space/artemis/ 
22 https://www.nasa.gov/gateway-utilization-town-hall/ 
23 https://www.nasa.gov/commercial-lunar-payload-services/ 

https://www.nasa.gov/international-space-station/space-station-research-and-technology/opportunities-information-for-researchers/iss-researchers-guide-series/
https://www.nasa.gov/international-space-station/space-station-research-and-technology/opportunities-information-for-researchers/iss-researchers-guide-series/
https://www.nasa.gov/commercial-lunar-payload-services/
https://www.nasa.gov/humans-in-space/artemis/
https://www.nasa.gov/gateway-utilization-town-hall/
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propose payloads for CLPS through the Payloads and Research Investigations on the 
Surface of the Moon (PRISM) program, which funds payload development as well as 
providing flight opportunities. PRISM calls are offered yearly and support two deliveries 
per year. One PRISM call so far has specifically targeted biological payloads24. Landing 
sites vary among solicitations and in some cases may be chosen after award. 
 
CLPS deliveries are uncrewed but may allow commanding from the ground. At the time 
of writing, CLPS providers can support lunar surface operations during the lunar day 
only (14 days), and payload handover times are typically nine months before launch, 
though these features may change in future years. Landers provide power and 
communications, but biological payloads must provide their own environmental controls 
within the constraints of the lander’s own thermal environment, any allowable thermal 
isolation measures, and power limitations. Investigators must provide all technical 
requirements to the CLPS office before selection of the provider; providers then bid to 
deliver payloads based on these requirements. These missions require enclosed 
autonomous experiment hardware similar to CubeSat or free-flyer payloads. 
 
Crewed Artemis missions. At the time of writing, Artemis has issued one solicitation 
that included requests for proposals for biological payloads. This effort will involve the 
crew deploying hardware directly onto the lunar surface. Communication is available via 
WiFi to the human-rated lander, but no power umbilical will be provided. Therefore, 
these experiments require fully enclosed, autonomous payloads capable of powering 
themselves. No details are currently available to the public for anticipated secondary 
payloads–internal or external–that remain on the human lander. 
 
Limited cargo space may also exist within the Orion capsule for sortie missions within 
the crew volume. These experiments will have the benefit of being exposed to the same 
environment the crew experiences, supported by the vehicle Environmental Control and 
Life Support System (ECLSS). Since the primary function of the vehicle is crew 
transport, experiment support capabilities will be much less than what is currently 
available on ISS. Artemis missions provide a key opportunity for sample return: 
although the mass budget allocated to space biology samples is expected to be small, a 
sample return capability is critical for some experiments.  
 
Gateway. NASA is planning the construction of a space station beginning no earlier 
than 2025 that will orbit the L1 lunar Lagrange point. It will serve as a support station for 
lunar and deep-space missions, as well as offering a platform for research. Gateway25 
will provide an opportunity for crew-tended experiments; however, the station will be 
substantially smaller than ISS and current plans are for it to be occupied only one month 
out of every year. The ECLSS system may be reduced during the other eleven 
uncrewed months, suggesting that extended-duration experiments, or those conducted 
during the uncrewed period, will likely need to be fully enclosed, autonomous, and 
capable of controlling their internal environment. This effort could be accomplished by 

 
24 https://www.nasa.gov/commercial-lunar-payload-services/nasa-releases-prism-call-for-potential-lunar-
surface-investigations/ 
25 https://www.nasa.gov/mission/gateway/ 
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utilizing the same technology strategies as CubeSats and CLPS missions, as well as 
other fully enclosed automated systems utilized on ISS. In addition, even during the 
uncrewed months, Gateway could allow more sophisticated experiments than those 
envisioned for CubeSats and CLPS missions because of less extreme environmental 
conditions. Currently, the facilities that will be available for biology experimentation on 
Gateway, and the interfaces for that equipment, have not yet been made public. 
Delivery of science payloads to Gateway will be managed by Deep Space Logistics 
(DSL), the Gateway Project Office at Kennedy Space Center26. SpaceX is the first 
commercial provider selected to carry out those deliveries under the Gateway Logistics 
Services contract. The Logistics Module, which will carry supplies, may also serve as a 
location for conducting experiments once docked with the station.  
 
There is a need for more platforms for BPS research, including BLEO. The 
Decadal Survey (e.g., its Figure 7-2, p. 207) identifies a wide range of platforms for BPS 
research. Notably absent from Figure 7-2 (but mentioned in Box 1-3, p. 34) are free-
flyer spacecraft in deep space, a category epitomized by the BioSentinel spacecraft 
(17–19). With the success of the Mars Cube One (MarCO) (49) and LICIACube (50) 
CubeSats, BPS payloads could be included on or could drive deep-space small-sat 
missions. Closer to home, there are many ways to access cislunar space that would 
provide access to deep-space radiation and regular Earth flybys via cycling orbits (51). 
Such spacecraft operations would also provide the opportunity for advancing payload 
and spacecraft autonomy as well as future extensions to include sample return via Earth 
atmosphere reentry. Free-flyers can also be used to generate lunar- or Mars-equivalent 
acceleration via rotation and could potentially offer a more cost-effective solution than 
similar experiments conducted at the lunar surface. Small spacecraft technology is 
rapidly advancing and represents an increasingly low-cost and viable option for 
BLEO space biology research (52) (see also ref27 and Small Spacecraft by the 
Numbers28). 
 
From an initial concept of the experiment, a more detailed design process can be 
performed (Figure 2, Appendix A: How to Design, Specify, and Fly a Small Space 
Biological Payload). This is a typical example for a CubeSat or lunar lander payload 
where a custom hardware solution may be required. However, for other payloads like 
those within Orion and Gateway, the processes could be more like those for the ISS, 
where there is often no need for significant new hardware development, due to existing 
capabilities or hardware being adapted or developed by implementation partners. In the 
future, CubeSat and lunar lander payloads could be handled by implementation 
partners. That could significantly reduce resource needs and improve science 
performance. Then scientists could focus mostly on science. 
 

 
26 https://www.nasa.gov/gateway-deep-space-logistics/ 
27 https://www.nasa.gov/smallsat-institute/sst-soa/ 
28 https://brycetech.com/reports/report-documents/Bryce_Smallsats_2024.pdf 
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Figure 2. Process for designing and planning to fly a small biological payload. 
 

2.3 Implementation Principles, Processes, Protocols, & 
Procedures 
Implementing a BLEO payload is predicated on a set of shared principles (guiding 
values and assumptions), processes (high-level set of actions taken to achieve a goal), 
protocols (rules or standards guiding how activities are conducted), and procedures 
(detailed and specific set of steps to achieve a given outcome). For NASA missions, 
overall systems engineering processes are governed by NASA Procedural 
Requirements (NPR) 7123.1D, NASA Systems Engineering Processes, and 
Requirements, available via the NASA NODIS library29. Standard Space Biology 
program awards are typically managed using the Single-Project Program Life Cycle 
approach (NPR 7123.1D Figure 5-3 repeated here as Figure 3) and encompasses 
many reviews including a mission concept review (MCR), system requirements review 

 
29 https://nodis3.gsfc.nasa.gov/main_lib.html 
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(SRR), preliminary design review (PDR), critical design review (CDR), mission 
readiness review (MRR) and other checkpoints. 
 

 
 
Figure 3. NASA Single-Project Program Life Cycle. From NPR 7123.1D Figure 5-3. 
 
Investigators may not be exposed to this process or to all aspects of the process, but it 
depends upon the specifics of a given investigation. It will be advantageous to minimize 
the complexity to investigators and to ensure transparency of what is expected at 
each stage. 
 
Spaceflight experiments funded by the Space Biology Program require moving through 
the set of phases in Figure 3, including Phase A (concept and technology 
development), Phase B (Preliminary design and technology completion), Phase C (final 
design and fabrication), Phase D (system assembly, integration, test, and launch), 
Phase E (operations), and Phase F (closeout). These experiments include those 
conducted on the ISS, crewed or uncrewed LEO free-flyers, and beyond-LEO platforms. 
 
For Space Biology, phase A is generally part of the preliminary data and proposal 
preparation and assessment process. Once an experiment has been selected, it moves 
into the definition phase (B) and then into phases C and D in preparation for launch. 
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Following definition and a compliance review, space biology experiments proceed 
through Science Verification Testing (SVT) to refine the experimental approach, before 
running a flight-like Experiment Verification Test (EVT). Next, a mission readiness 
review (MRR) is conducted by NASA at least 16 weeks prior to flight to verify that the 
EVT demonstrates a high likelihood of successful science return during flight and the 
project moves into the manifesting/implementation phase (E and beyond). 
 
Science Definition: This process includes a formal science requirements definition to 
yield a Science/Experiment Requirements Document or SRD/ERD including success 
criteria. The SRD/ERD Blueprint is developed among the PI team, the Implementation 
Partner, and NASA. This approach captures the science requirements to be 
subsequently implemented to ensure a successful spaceflight experiment. One of the 
key elements of this document is the Success Criteria (including Science Success 
Criteria and Hardware Success Criteria, if applicable) to specify the criteria for whether 
a science and its implementation are successful. An SRD/ERD constitutes an 
agreement among NASA, the Implementation Partner, and the PI as to what is required 
and whose responsibility it is to implement each item listed. Many times, during the 
Science Definition Phase, hardware and implementation constraints will be identified, 
which may lead to more definition-phase ground tests or Experiment Unique Equipment 
(EUE) development. 
 
Science Verification: The PI is required to conduct the ground-based experiments 
necessary to develop and refine the methods and analytical techniques for the 
proposed spaceflight experiment. These experiments may include, but are not limited 
to, biocompatibility tests and feasibility assessments, such as whether the proposed 
biology survives enclosure within the hardware and the environment provided therein. 
Specific tests are also needed for defining experimental conditions, e.g. acceptable 
temperature range, fixation protocols, and storage duration. This test targets verification 
of science readiness and can be conducted within the flight hardware or under 
simulated hardware conditions. SVT is also critical for crew procedure development. 
After the test, the PI needs to provide a report to summarize the science results from 
the SVT in support of the Experiment Verification Test Readiness Review (EVTRR) to 
determine whether approval to continue development for flight is granted by NASA 
programs. The SRD/ERD is baselined and approved following a successful SVT.  
 
Experiment Verification: An EVT will be conducted following a successful SVT and 
EVTRR. A high-fidelity combined SVT/EVT may be granted by NASA Programs, 
especially for technology demonstration payloads. EVT requires high-fidelity science to 
be conducted using flight hardware and crew procedures on the estimated flight 
timeline, and in a simulated flight environment. The PI must provide a report to 
summarize the science results from the EVT compared to the success criteria from the 
SRD/ERD. Next, a Mission Readiness Review (MRR) will be performed to determine 
whether approval to proceed to flight is granted. The PI-facing equivalent of the MRR 
within Space Biology has now changed to Science Readiness for Flight Review (SRFR), 
following other name changes. 
 



23 
 

In general, this process has helped achieve a high rate of success for space 
biology experiments, which is important given the emphasis on science return and 
value for taxpayer dollars. However, this process is not at all clear to many new 
investigators. It is also often redundant, with similar testing occurring during SVT and 
EVT. In addition, it is a slow process, intentionally so, to minimize last-minute changes. 
To focus on the best science, it is important to make this process more 
straightforward for new and existing investigators. Potential mechanisms to 
improve this process include educating new (post-award) investigators, providing 
mentors with experience in these procedures, reducing the complexity of the process, 
improving the transparency of the process, and providing templates and examples of 
successfully navigating the process, and when and how variations or exemptions are 
feasible and when they are not. 
 
The process that will be used for BLEO experiments may be similar, but at present, 
there remain several unanswered questions for BLEO efforts (Figure 4). The limited 
number of BLEO opportunities to date means that there is no standard approach for 
conducting BLEO space biology experiments. 
 

 
 
Figure 4. Comparison of traditional Space Biology low earth orbit (LEO) experiment 
process and current unknowns associated with beyond low earth orbit (BLEO) 
experiments through launch (neglecting operational phase and decommissioning). For 
potential BLEO investigators, there remain many unknowns. 
 

Alternatives to current Space Biology experiment processes might include rapid 
iteration, high-risk high-payoff, or other alternative risk postures. In this case, the same 
safety considerations may apply external to the payload (e.g., for payloads where 
externalities could cause harm to astronauts or other experiments), but there may not 
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be the same emphasis on science return. Examples might include NanoRacks, Space 
Tango or other providers, who may utilize distinctive processes that in some cases 
engender a higher risk of payload failure. For example, technology demonstrations can 
provide proof-of-principle capabilities that can be refined in future studies or better 
understood through additional measurements. Such technology demonstrations require 
tolerance of additional risk of failure, but that risk must not jeopardize other mission 
elements, such as crew or significant uncrewed assets. NASA space biology should 
consider whether the existing portfolio of research has the right balance of risk 
and whether partnering with other stakeholders could serve to balance the risk 
portfolio without undermining existing NASA processes. The high rate of failure of 
CubeSats, for example, can be interpreted as a significant problem but is also an 
opportunity for accelerating learning. Similarly, efforts, such as CERISS, are unlikely to 
achieve a “10-to-100-fold faster pace of research” without accepting a different risk 
posture. As an example, the California Institute of Technology recently announced that 
a $100M gift will be used to form the Brinson Exploration Hub, intended to “develop and 
test novel scientific concepts and instrumentation on faster timescales and at lower 
costs than is possible through conventional means.”30 The general principle here is to 
tolerate risk in inverse proportion to the negative consequences, accepting the 
possibility of failures when the consequences are low to human safety, scientific 
outcome, or overall mission integrity. This is a valuable approach to enable new 
capabilities that would not otherwise be considered because of the risk of failure. A 
necessary condition for this to occur is to learn lessons from failures, thus requiring the 
sharing of lessons learned beyond a specific experiment. 

2.4 Moral, Legal, and Ethical Considerations 
 
Although morality is concerned with what is right and wrong, legality is governed by a 
system of laws backed by the state. As part of the federal government, NASA’s Space 
Biology program is principally concerned as an organization with legal considerations 
and the laws that codify what are considered moral (guiding principles) and ethical 
(specific rules or actions) practices in research. In the space arena, guiding documents 
include the 1967 Outer Space Treaty31, which establishes a lack of sovereignty of 
planetary bodies including the Moon, a ban on weapons of mass destruction, a 
requirement for peaceful use of outer space without appropriation, and avoiding harmful 
contamination (e.g., planetary protection), among other aspects. It seems likely that the 
provisions of this treaty will be tested in the coming years due to strategic interest in the 
Moon by national governments. 
 
For space biology payloads, the main considerations consist of international norms, 
research ethics, and planetary protection. A key source of international norms for space 
research is the Committee on Space Research (COSPAR)32, established in 1958 “to 

 
30 https://www.caltech.edu/about/news/brinson-exploration-hub-launches-new-frontier-for-science-and-
engineering 
31 https://en.wikipedia.org/wiki/Outer_Space_Treaty 
32 https://cosparhq.cnes.fr/ 



25 
 

promote at an international level scientific research in space.” Lunar international norms 
are not yet well established, as evidenced by this COSPAR statement (from Space 
Research Today, Issue 218, p. 13)33: 
 

“COSPAR was present at the Paris Peace Forum34 (4,200 participants) and 
Executive Director Jean-Claude Worms took part in a round table on Fostering 
Lunar Policy Priorities for Safe and Sustainable Lunar Development. The 
discussion covered the future of exploration and utilisation of the Moon, a key 
issue in the face of over 100 upcoming lunar missions from nations, private 
enterprises, and non-governmental organizations. COSPAR stressed the need to 
urgently define international norms of behaviour for landing and operating on the 
Moon, as a pre-requisite for elaborating international regulations. This could be 
initiated by the approval of an ethical framework, acceptable by all actors. The 
roundtable can be seen on YouTube at https://youtu.be/3ojwXKRm5FQ.” 

 
Since their inception in October 2020, NASA and the US Department of State have 
promulgated the Artemis Accords35, to establish more detailed “best practices and 
norms of responsible behavior”. As of March 2024, 37 countries have signed the 
accords. 
 
Ethical behavior in research governs several areas including chemical and 
microbiological safety, use of animals in research, ethical practices in the use of human 
subjects, and other areas such as recombinant DNA or dual-use technologies. An 
extremely common concern relates to chemical and biological safety, which can limit the 
available processes that can be used depending on the target platform. For example, 
the ISS does not allow the use of ethanol; yet many standard microbiological processes 
require ethanol, for example as a wash step in paramagnetic bead-based isolation of 
DNA. For practitioners of space experiments, it is essential to know upfront if your 
planned process will not be approved based on toxicological or biosafety concerns. 
Having access to a quick informal pre-approval process or list or examples of how 
others have worked around specific toxicological or biosafety issues or dealt with 
appropriate levels of containment would be immensely helpful in mapping a planned 
experiment into a feasible experiment. Here, the focus is on other frequently 
encountered ethical issues related to space biology payloads. 
 
Ethics of choice of research organisms. As a general policy, vertebrate animals are 
considered sentient, and procedures that cause pain and suffering are to be avoided on 
moral grounds. The institutions of PIs are expected by NASA to govern procedures 
through an Institutional Animal Care and Use Committee (IACUC): “the NASA 
Institutional Animal Care and Use Committee (IACUC) Chairs oversee the development, 
coordination, and implementation of protocol reviews, program reviews, and facility 
inspections for the IACUC in compliance with Federal, state, and local laws, regulations, 
and guidelines, as well as NASA policy”, as stated in NASA Policy Directive 8.910.1D. 

 
33 https://issuu.com/cosparspaceresearchtoday/docs/space_research_today_218 
34 https://parispeaceforum.org/news/conclusions-of-the-2023-paris-peace-forum/ 
35 https://www.nasa.gov/artemis-accords/ 

https://youtu.be/3ojwXKRm5FQ
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This directive authorizes, over 2022-2027, NASA’s vertebrate animal and higher-order 
cephalopods research policy36. Higher-order cephalopods (i.e., nautilus, cuttlefish, 
squid, and octopus) have been used in highly diverse research projects for well over a 
century. They are now considered sentient and subject to morally-driven animal care 
and research rules (53), and, coincidentally are finding a role in space biology. All of the 
remaining organisms generally considered for BLEO work are not under protection as 
sentient organisms – plants, fungi, nematodes, bacteria, and Drosophila are approval-
free; however, organisms with edited genes will need to be used safely. Laboratory 
rodents are not expected to be used in BLEO research until quite late in the coming 
decade. Model systems outside the canonical set may also be proposed in future BLEO 
work. 
    
Ethics of future human research in space. Modern best practices in human subject 
research have an extensive history based on ethical failures as well as codification of 
the principles covering the risks and benefits of human subject research. The 1979 
Belmont Report37 is one key document laying out broad approaches, which include 
establishing boundaries between practice and research; the principles of respect for 
persons (treating agents as autonomous, protection of diminished autonomy), 
beneficence (protection from harm and aiming to secure well-being), and justice 
(fairness in experiencing the burden of research and its benefits); and the practices of 
obtaining informed consent, assessing and balancing risks and benefits, and fairness in 
the individual and group selection of subjects. In practice, these ethics are expressed 
through requirements for approvals at the institutional or multi-institution level via 
institutional review boards (IRBs). 
 
Private companies have begun to provide flight opportunities for private individuals, and 
such opportunities may extend beyond LEO within the decade. A large analysis group 
recently addressed the related ethical implications (54) and offered statements for the 
commercial human spaceflight sector to consider. It mentions the social responsibility of 
those privileged to have the opportunity to travel into space to contribute to research 
activities that benefit society at large. It specifies scientific excellence on the part of 
those who sponsor and conduct research in commercial spaceflight to show by example 
how rigorous science drives successful business practices. The proportionality of risk 
relative to performing the same human research on the ground is to be balanced in 
relation to the anticipated benefits to the individual and society. It emphasizes global 
stewardship – responsible uses of time, data, and natural resources that take account of 
the best interests of society, future generations, other species, and advancing the 
science of safe human exploration of space (e.g., including as codified in the Artemis 
Accords38).  
 
Planetary protection. COSPAR has become a leading entity to guide and coordinate 
planetary protection policy at the international level, whereas, at the national (U.S.) 

 
36 NASA, 2022. Care and Use of Animals. NASA Policy Directive NPD 8.910.1D. Office of the Chief 
Health & Medical Officer. Available at: https://nodis3.gsfc.nasa.gov/search_ft.cfm 
37 https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/read-the-belmont-report/index.html 
38 https://www.nasa.gov/artemis-accords/ 
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level, NASA’s Planetary Protection39 program is under the auspices of the Office of 
Safety and Mission Assurance (OSMA) and regulates both forward and reverse 
contamination, the contamination of other worlds by microbes carried on spacecraft 
from Earth, as well as the protection of Earth from organisms that may exist elsewhere, 
respectively.  
 
Lunar and orbital research is a relatively simple case in the realm of international 
agreements and NASA policies (codified under NPR 8715.24, NASA-STD-8719.27, and 
related documents). Five categories of missions are defined with different requirements 
for planetary protection. Flyby, orbiter and landing missions to the Moon fall within 
Category II, which states “…where there is only a remote chance that contamination 
carried by a spacecraft could compromise future investigations. The requirements are 
for simple documentation only …” The Moon is considered to have a “very low likelihood 
of transfer to environments where terrestrial organisms could survive and replicate.” 
Orbital and flyby missions are assigned category II, whereas lander missions are 
subdivided into two new categories, IIa and IIb. This is a net relaxation of prior policy 
and codifies the principle to preserve the scientific integrity of volatile measurements in 
permanently shadowed regions (PSRs) and the lunar polar regions. Category IIa 
requires only an “inventory limited to organic products that may be released into the 
lunar environment by the propulsion system” (55) because some of those volatiles could 
end up in polar regions and/or PSRs due to cold trapping. In contrast, missions to the 
poles or PSRs are newly placed in Category IIb, which requires, in addition to simple 
documentation, an organic inventory (55, 56) (see also official policy40). In contrast to a 
“leave no trace” ethos of alpinism, our current lunar planetary protection policies are 
intended to maximize exploration opportunities with some focused scientific protection. 
Overall, planetary protection requirements in the cislunar region do not represent major 
burdens on BLEO space biology research because they do not drive the required 
internal design of payloads and experiments but simply documentation of the resulting 
system.  
 
Due to the potential for orbiting or flyby spacecraft to impact the Moon, these 
policies may need to be refined over time. The end of life of many lunar spacecraft 
may be a planned or unplanned impact with the lunar surface. Spacecraft may also fly 
at low altitudes on the Moon, resulting in unstable orbits due to a “bumpy” gravity field, 
which can result in unplanned impacts if not actively managed. 

The lunar surface should serve as a planetary protection research and 
contamination control testbed. The Moon is an ideal location to test and validate 
approaches to planetary protection for other worlds (e.g., Mars special regions and icy 
moons) through operational spaceflight. This concept was recently encapsulated in a 
short whitepaper Searching for Organisms Through Equipment Recovery at Impact 
Areas (SOTERIA) (57). There are also specific locations beyond the PSRs and polar 
caps that represent scientific and historically valuable sites and could be locations of 
relevance for planetary protection research (Ranger 4, 6, 7-9; Luna 2, 5, 7, 8, 9, 13, 15, 

 
39 https://sma.nasa.gov/sma-disciplines/planetary-protection 
40 https://cosparhq.cnes.fr/assets/uploads/2021/07/PPPolicy_2021_3-June.pdf 
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16. 17, 18, 20, 21, 23, 24; Surveyor 1-7; Apollo 11-12, 14-17; and a large number of 
impacts and intentional end-of-life impacts and more recently soft-landings including 
those by China, India, JAXA, and the U.S.). For example, a recent National Academies 
report, Evaluation of Bioburden Requirements for Mars Missions41 recommended 
“conditions and locations for relaxed bioburden requirements”, and the idea of a national 
park-type approach to maintain clean regions has previously been proposed for Mars 
and the Moon (58). A similar approach could be taken to restrict “dirty” operations to 
within certain zones. The lunar environment would be an ideal location to study aspects 
of whether such an approach could work on Mars, even though the lunar and Mars 
environments differ in key respects (atmosphere, thermal, global movement of dust, 
abundance of volatiles). This could include seeking evidence of organic compounds, 
microbes, or other metabolites or degradation products. 

Ongoing operations involving humans and robotic components that carry biology from 
Earth (intentionally or not) will likely generate a non-naturally occurring haze associated 
with any volatiles or released organic compounds, and these could be targeted for 
planetary protection studies. Examples include human waste disposal, external surfaces 
of habitats, vehicles, suits, and landscape changes associated with the descent and 
ascent of spacecraft. 

Beyond studying relic sites or areas of ongoing operations, lunar planetary protection 
studies could be focused experiments, such as utilizing spacecraft executing landings or 
impacts with known bioburden, as well as studies of ephemeral habitability and survival 
of known biology in different lunar environments (e.g., controlled exposure studies, 
similar to prior studies carried out on the space station including the EXPOSE facility42). 
These studies could also provide valuable information on persistence and survival 
relevant to radiation biology and astrobiology as well as valuable feedback for future 
sample return missions, such as evaluating in a realistic setting breaking the chain of 
contact for back contamination, and effectively practicing protocols for class V restricted 
sample return missions. Finally, such studies could integrate with testing and validation 
of life detection and other instrumentation for missions on Mars, icy moons, or 
elsewhere. 

Should some scientific questions for BLEO space biology not be pursued? Current 
technologies allow a wide range of experiments that are not at present considered 
ethical, such as human germline genetic editing, widespread use of somatic gene 
editing, or pregnancy and birth in space, to name a few. As specific technologies and 
our knowledge improves, such studies may become more acceptable, likely with 
important limitations. Future BLEO space biology work should be carried out using the 
same ethical principles outlined above and followed in Earth- and LEO-based research. 
When studies are not practical, or even when they are, we should also ask whether 
some questions are better pursued by simulations rather than biological research. A 
frequently encountered statement in the literature of vertebrate animal use in space is 

 
41 https://nap.nationalacademies.org/catalog/26336/report-series-committee-on-planetary-protection-
evaluation-of-bioburden-requirements 
42 https://en.wikipedia.org/wiki/EXPOSE 
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quite germane to the BLISS SWG portfolio, namely, “methods such as mathematical 
models, computer simulation, and in vitro systems should be considered and used 
whenever possible.” (NASA NPD 8910.1D). Given the importance of machine learning 
(ML)/artificial intelligence (AI) to achieve autonomous operations and data processing 
(§2.7 Automation: Challenges and Opportunities), we should also ask, what ethical 
considerations may exist in the utilization of ML/AI in BLEO space biology research 
planning and execution? Many studies now exist on bias in classification, with a well-
known example related to gender and race, e.g., (59) and the classic AI, “Ain’t I a 
Woman?”43. Application of AI in BLEO research could lead to loss of science but also 
harm if misapplied to human subject experiments. Thus, we recommend developing 
and sharing clear standards for the use of ML/AI in space experiments, ideally 
permissive except for guarding against loss of science and harm. 

2.5 Technical & Logistical Challenges 
The payload development process (Appendix A: How to Design, Specify, and Fly a 
Small Space Biological Payload, NASA’s Quick Start Guide to Payload Design44) is 
complex and often time- and resource-intensive, especially for payloads that require 
high levels of autonomy. And when automating certain processes involves high cost, or 
failures, it can be beneficial to modify the approach to utilize an alternative manual 
approach. The transition from LEO to BLEO payloads will require a higher level of 
autonomy on average (§2.7 Automation: Challenges and Opportunities). 
 
Early in the design process, an obvious question to ask is “Has your organism been 
flown and successfully experimented within space previously? If yes, what hardware 
was used?” Open-source resources such as GeneLab45 can help to address these kinds 
of questions, as well as experimental details that may be useful when designing new 
experiments. A newly developed NASA Space Life Sciences Library46 is also designed 
to provide such information for spaceflight research articles. 
 
During the detailed design process, challenges can arise at any phase. For example, if 
your candidate organism cannot be put into stasis (for example, rodents), this will 
immediately severely limit opportunities for BLEO research due to limitations associated 
with maintenance during pre-launch, launch, and the subsequent mission profile until 
the start of the experiment. 
 
Recommendations for detailed experiment design for a notional payload are described 
in Appendix A and include such aspects as whether your organism is compatible with 
the hardware and platform limitations, the timeline of your experiment, the detailed 
resource requirements (liquid, nutrients, gasses, chemicals, light), environmental needs 
(temperature, pressure, gravity, radiation, etc.), sample preservation or in-situ 
processing, measurements (e.g., microscopy, omics analyses), risks (stress, off-

 
43 https://www.youtube.com/watch?v=QxuyfWoVV98 
44 https://www.nasa.gov/missions/station/quick-start-guide-to-payload-design/ 
45 https://genelab.nasa.gov/ 
46 https://public.ksc.nasa.gov/nslsl/ 
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nominal conditions, uncontrolled vs. controlled environmental conditions, biosafety, and 
toxicology) and more. Many operations that are exceedingly easy in the lab are 
incredibly difficult to handle or automate in space due to difficulty in design and 
validation, lack of repeatability, bubbles, and many other practical complexities. 
 
BLEO payload development would benefit from open-source hardware and 
modular-off-the-shelf subsystems. While trends are positive toward open-source data 
and software, open-source hardware is still in its infancy. The payload development 
process can be dramatically improved by increased transparency around 
hardware reuse from the subsystem down to the component level. The Space 
Biology program could lead the way by advocating, supporting, and in some cases, 
requiring, hardware transparency; while there is sometimes a need for proprietary 
hardware, there should be a substantial push to share hardware designs in the interests 
of accelerating space biology research and making the most efficient use possible of 
taxpayer dollars. There are also alternatives to making hardware open source: 
validated modular systems that are certified for safety and performance in the 
relevant mission environments. Similar to how the CubeSat industry now has well-
validated hardware making it possible to rapidly construct a small satellite, space 
biology BLEO payloads would benefit from turnkey black-box solutions, enabling the 
chaining of modular systems for rapid development and validation of custom hardware. 
This process begins with ground-based research. Additional research is needed to 
rigorously identify key interactions such as between pressure, radiation, lower 
gravitational force, temperature, vibration, and decay processes, which may require 
multiple environments including some requiring autonomous payloads to mitigate the 
lack of astronauts or astronaut time and lack of sample return. 
 
BLEO experiments may require high data volumes in comparison to an over-
capacity Deep Space Network (DSN). The Decadal Survey identifies the need for high 
data volumes, recognizing the importance of rich datasets such as microscopy and 
omics (e.g., Data Requirements, p. 181), but does not address in depth the need for 
increased interaction with “autonomous” or semi-autonomous payloads, nor how large 
datasets will be transmitted to Earth. The ability to transmit large datasets to Earth is 
especially important when sample return is extremely limited.  
 
BLEO payloads will depend upon the ability for remote commanding and 
communications, whether in human-tended environments or on autonomous platforms. 
The DSN is sorely oversubscribed and massive capacity increases are required to 
support Artemis (60). During Artemis I, over 900 hours of DSN time was utilized; 
supporting secondary payloads (e.g., Artemis I CubeSats) placed an added strain on 
the network. Projections suggest that over the next decade, data volumes need to 
increase by 37X compared to 2021, with major shortfalls expected. 
 
BPS should support the expansion of DSN and also explore alternatives to DSN 
for cislunar spacecraft and payloads, such as commercial and international 
provisioning of communications services. For example, NASA has received an 
agreement from China to utilize the Queqiao (Chang'e 4) relay satellite for U.S. lunar 
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missions. In the future, commercial services, such as Starlink, could expand to cislunar 
space, although such plans have not been broadcast. 
 
As we consider cis-lunar (CL) experiments it is important to realize that these pose novel 
technical and logistical challenges compared to ISS experiments (Table 3). In many 
ways, the move to CL is a step back in time to the Apollo and Shuttle eras where size, 
mass, power, and ability to oversee experiments are once again key limiting factors in 
experiment design. These challenges represent opportunities for innovation in space 
biology instrumentation and overcoming these challenges will produce new 
capabilities that can be applied to cislunar and LEO experiments. 
 
Table 3. Experiment Execution Considerations for LEO vs. BLEO experiments. 

Area Low Earth Orbit (LEO) Beyond LEO 
Interface Design LEO platforms interfaces generally 

well characterized and described, with 
some nascent exceptions 

Many missing details for future 
BLEO crewed and uncrewed 
platforms; lack of interface 
documentation 

Mass/Power/Volume 
Constraints 

A wide range of payload 
size/mass/power/volumes can be 
tolerated 

Tighter constraints on 
mass/power/volume for BLEO 
payloads; this can limit payload 
complexity and choice of 
organism. 

Handover Logistics Late-load options for crewed or cargo 
flights enable use of biological 
materials that cannot be stored for 
long periods 

More extensive integration time 
required for uncrewed BLEO 
options may limit choice of 
organisms or experiment design 

Cold Chain Limited time to LEO or general 
availability of cold chain (+4˚C, -20˚C, 
-80˚C) for transport to/from LEO (e.g., 
ISS) 

Limited or undefined cold chain 
capabilities, highly platform 
dependent 

Sterility and 
Contamination Control 

Relatively simple hardware can be 
rigorously validated for sterility and 
contamination control 

Complex hardware harder to 
validate for sterility and 
contamination control 

Enablement Principle investigator enablement 
facilitates walking crew through 
difficult procedures over audio with 
video feedback 

Enablement may not be 
available except in very limited 
circumstances (e.g., Artemis 
crew operations) 

Payload Commanding 
and Data Return 

Regular commanding opportunities 
between ground and LEO / ISS 
including ability to transfer large (up to 
at least hundreds of GB) datasets 

Oversubscribed DSN with 
unknown or limited commanding 
opportunities, highly platform 
dependent; more limited ability to 
receive high bandwidth data 
(images, video, -omics) despite 
need for this data to compensate 
for lack of crew or sample return 

Power Failures Occasional, typically scheduled power 
outages, which can disrupt science 

Decreased power margins may 
lead to higher frequency of 
scheduled or unscheduled 
outages 
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Environmental Control May be able to utilize ambient 
conditions for gas exchange, cooling, 
or other environmental regulation 

Limited ability to utilize ambient 
conditions for environmental 
control; may impose additional 
complexity on payload (e.g., for 
thermal control). 

Schedule Constraints Orbital or launch/resupply (ISS) 
cadence may allow timing flexibility for 
LEO/ISS operations 

Lunar day and night may impose 
severe mission constraints (e.g., 
CLPS, Artemis) or limit time for 
recovery from off-nominal 
situations. 

Sample Return Available mechanisms to return 
samples from LEO including from ISS 
via crew return vehicle or cargo 
vehicle, or future private sample 
return (e.g., (27)) 

Extremely limited mass budget 
for sample return, currently 
limited to Artemis crew missions, 
and targeted sample return 
missions (e.g., China’s Chang’e-
5 and planned Chang’e-6). 

Experimental Controls Typically utilize synchronous or semi-
synchronous ground control to provide 
1-g control 

May need to utilize both 1-g 
ground control as well as LEO 
control to determine effect of 
deep space radiation or partial 
gravity (e.g., Deep Space 
Radiation Genomics47 payload 
on Artemis I also utilized an ISS 
control; see also this review on 
plants (61) for need of 1-g in-
space control) 

Replication General limited number of samples 
and experimental replicates, but 
relatively inexpensive to refly or scale 
up statistical power 

Limited ability to expand 
experiment scope or refly to 
enhance statistical power or 
replicate results 

 
A rigorous analysis of each of these challenges is beyond the scope of this report. 
However, let us consider sample preservation before launch as a case study: Using late 
load scenarios one or two days prior to launch allows for even the most sensitive of 
biological specimens, such as animals and cell cultures, to be used in experiments sent 
into space. However, this requirement does significantly limit the scope of possible 
experiments to missions where late load onto the launch vehicle is feasible and where 
the requisite life support capabilities are available. However, in many BLEO mission 
scenarios, such as the incorporation of an automated biological experiment into a lander 
or free flier, the biology may need to be mounted in the experiment hardware and 
loaded onto the launch vehicle many months before liftoff. Samples such as seeds and 
microbes can accommodate this requirement by being held dormant, usually by storage 
in dry conditions that are protected from temperature extremes. Such approaches open 
up opportunities for a wide range of automated biological experimentation. The current 
challenge is that many launch vehicles are stored at ambient environmental conditions 
during the pre-launch load period. High humidity and temperature swings occurring in 
the vehicle storage area can limit the longevity of preloaded biological samples and 
have the potential to catastrophically affect their long-term viability. Providing a 

 
47 https://science.nasa.gov/biological-physical/investigations/dsrg/ 
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controlled environment within the vehicle storage area that could be limited to the 
specific areas of the launch vehicle where such biological samples are to be mounted 
would negate these issues. Approaches accommodating these kinds of prelaunch 
requirements for biological samples would greatly extend the possible range of 
experiments feasible with automated experimental hardware. 

2.6 Hardware & Instrumentation Needs 
In the prior section, we described some of the challenges of the BLEO environment in 
comparison to LEO. Each of the experiment execution considerations in Table 3 
represents an opportunity to improve BLEO space biology experiments through 
improved hardware, software, wet-ware, and innovative experiment design. For 
example, translating these challenges gives us the following set of opportunities: 
 

● Make BLEO platform interface specifications available well in advance to 
facilitate long development timelines. 

● Develop efficient solutions for automating common payload functions to improve 
mass/power/volume margins for BLEO. 

● Clarify late load options and prioritize them when needed. 
● Invest in improving preservation of chemical and biological reagents and in 

compact solutions for maintaining organisms that cannot go into stasis 
● Set expectations and expand investments in commanding, communication, and 

hardware for in situ data processing (see 2.7) including enablement where 
feasible. 

● Set expectations and encourage the development of instrumentation that is fault- 
tolerant, which implies fault detection and recovery, for example, backup power 
to operate for a short time to gracefully accept or tolerate some power failures. 

● Provide realistic guidelines for experiment schedules (e.g. especially for time- 
limited CLPS landings that will not survive the lunar night) as well as future 
engineering development to enable surviving the lunar night or multiple day-night 
cycles. 

● Allocate mass, power, and volume for sample return for Artemis missions and 
enable the development of commercial robotic sample return solutions over the 
long term. 

● Allow proposals to include both ground controls and other (e.g., LEO) controls or 
deep space weightless controls or ground-based simulation controls to 
distinguish between LEO and deep space radiation environments or partial-g 
effects when this is a key part of an experimental design. 

● Leverage standardized formats such as Biological Research in Canisters (BRIC) 
and NanoLab (62) to facilitate rapid, flexible, fungible, and compact payloads. 

● Continue analysis of power effects in experiment designs to ensure BLEO 
experiments have adequate power to achieve statistical significance under 
assumed effect sizes. 
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● Excite the public and leave room for “let 1000 flowers bloom” approaches. 
Notable successes here include the Genes in Space48 program and the Student 
Spaceflight Experiments Program49. 

● The Spaceflight Technology, Applications and Research (STAR) program50 is a 
training program for space biosciences. This may provide one avenue to address 
training aspects related to BLEO payload development, either design of 
instrumentation or best practices for development with implementation partners. 

 
To date, the needs of BLEO research have conflicted with recent opportunities on the  
Artemis missions, where there are major limitations to hardware and instrumentation for 
use with life sciences experiments on crewed platforms. Biology payloads onboard 
Orion during Artemis I were limited in size and offered no power and no commanding. 
As mentioned above, two payloads were selected as part of NNH22ZDA001N-SBBLEO 
ostensibly to be deployed on Artemis II. The two selected experiments involve C. 
elegans and Drosophila, respectively. However, at present, our understanding is that 
neither will fly on Artemis II; instead, a tissue chip experiment will be flown. The current 
and expected limited opportunities for space biology payloads on Artemis II and beyond 
are concerning given the apparent success of life sciences payloads on Artemis I and 
suggest that concerns with the crewed nature of Artemis may impinge on the reality that 
life sciences payloads require temperature control and other automation, all of which 
require power and impose other potential safety constraints on the overall mission. 
 
Additionally, the general lack of funding for the development of CubeSat compatible life 
sciences hardware to enable experiments on uncrewed platforms is a major problem for 
cislunar experiments. Presently use of CubeSat payloads for life sciences is largely 
limited to microbes with optical data returned via telemetry. More sophisticated hardware, 
fluidics, sensing, and analytical capabilities are needed to realize the goals of BLEO 
space biology outlined above. 
 
To realize improved capabilities, we should learn from recent successes and challenges 
in executing space biology payloads as part of Artemis I, both in the Orion capsule51 and 
those deployed outside, e.g., BioSentinel. At the time of writing, the principal investigators 
of the Artemis I biology payloads are working on a lessons learned manuscript, and we 
briefly highlight a few of the lessons learned here, shared without attribution: 

● BLEO launch delays may be common and create significant uncertainties in the 
schedule, as each launch has different uncertainties due to the nature of executing 
new mission scenarios during cis-lunar exploration. 

● Changes in the schedule may not be compatible with the preservation of biology. 
Delays with the pre-launch period increased risks associated with long-term 
biological stasis, due to no late load and lack of access after integration.  

 
48 https://www.genesinspace.org/ 
49 http://ssep.ncesse.org/ 
50 https://science.nasa.gov/biological-physical/resources/star/ 
51 https://www.nasa.gov/missions/artemis/orion/small-samples-with-big-mission-on-first-orion-flight-
around-the-moon/ 
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● Careful control of hardware with sealed fluidics is required to avoid vapor transport 
or loss over time. This relates to both protection of electrical components and 
biology. 

● Temperature profiles were not well known, and due to varying trajectories for future 
BLEO missions, may not be well known in future missions. 

● Schedule and temperature uncertainties can cause technical challenges. 
 
As an illustrative case study, many biology experiments could benefit from improved 
omics capabilities, epitomized by prior use of the Oxford Nanopore Technologies MinION 
on the ISS (63). Prior workflows have involved targeting the ribosomal 16S rRNA gene 
for microbial identification from colonies, or directly from swab samples without culturing. 
The upcoming Genomic Enumeration of Antibiotic Resistance in Space (GEARS)52,53 
payload is expected to conduct the first metagenomic (all DNA) library preparation in 
space. The process is expected to yield at least some complete bacterial genomes but 
still depends upon growth of colonies to obtain enough DNA for processing. In addition, 
it requires astronauts to carry out the same set of steps that would normally be conducted 
in an Earth-based wet lab. Automation of this technology has been explored for 
astrobiology (64–66). Recently, a payload sent within the NanoRacks BlackBox to the 
ISS utilized an embedded MinION and GPU computer and carried out what is believed to 
be the first GPU-based base-calling on orbit, and the first genome assembly on orbit; 
despite automated sequencing during ground testing, a mechanical failure prevented on-
orbit testing (personal communication, Christopher E. Carr). Nevertheless, much more 
work is required to fully automate even a routine DNA sequencing workflow in space, let 
alone more complex work such as RNA sequencing, single-cell genomics, or other omics 
analyses such as spatially-resolved RNA sequencing (67). This provides a simple 
example of the complexity inherent in conducting BLEO space biology studies with 
significant step changes in the required levels of automation, autonomy, and restriction in 
sample return capabilities. Although ground-based “cloud labs” (68), or robot-controlled 
labs in which samples and analyses are automated and driven remotely via robotics or 
AI, are in development, such capabilities may take extensive time and resources to be 
realized in LEO, let alone BLEO. Nevertheless, there is tremendous potential for ML/AI in 
BLEO research, the topic of the following section. 

2.7 Automation and Autonomy: Challenges and Opportunities 
 
Recent advances in automation and autonomy can be exploited to advance BLEO 
space biology research. Here, automation centers on the mechanization of tasks to 
improve efficiency and accuracy while autonomy emphasizes independence and 
decision-making capabilities. In the context of space biology, an autonomous system 
might be one capable of carrying out complex sequences that involve iterative 
experimentation without user input. 
 

 
52 https://osdr.nasa.gov/bio/repo/data/payloads/CS-05 
53 https://www.pxl.earth/research-all/entero 
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With a projected dearth of astronaut time on crewed platforms, many uncrewed 
platforms, limited communication bandwidth, and limited sample return, automation, and 
autonomy to support biological research for or in space are essential. Automation, if 
carefully designed, will also enhance the efficiency and reliability (quality 
assurance/control) of experiments. The complexity and level of autonomy required 
depends on the platform, whether it is crewed such as Artemis and Gateway, or 
uncrewed, such as Commercial Lunar Payload Services and cube-sats. In addition, the 
research experiment's objectives and the biological systems to be studied will influence 
what can and needs to be autonomous. Gateway itself will require significant autonomy 
in communications, navigation, and operations due to projected long periods without 
crew. The complexity of automated hardware may also in some cases eliminate 
untended platform options such as CLPS, if some amount of crew support or interaction 
is ultimately essential. Despite these complexities, there are general characteristics in 
automation that are common among biological research payloads. Opportunities for 
automation and autonomy fall into at least three categories: 

● Design and development: Improving the experiment and payload design, 
development, and validation process, from ideation through execution. 

● Ground-based automation: enhanced processes for preparing, maintaining, or 
processing samples before or after spaceflight experiments. 

● Low-level execution: Embedding automation and autonomy within the 
instrumentation, to aid in operation, fault recovery, and data processing. 

● High-level execution: Utilizing automation and autonomy for self-driving labs. 
 
Design and development. The Decadal Survey focused its discussion of AI on technical 
or scientific capabilities related to execution, and yet there are also substantial 
opportunities to utilize AI in advancing the processes of research itself. For 
example, AI – and particularly large language models (LLMs) – can be used for diverse 
applications including guiding individual learning and discovery including about funding 
and career opportunities. NASA should leverage AI and LLMs to serve its unique 
opportunities, and insights, as well as assist practitioners in the design, development, 
and validation of instrumentation for space biology. For example, an experiment team 
could query an LLM, describe an experiment, or provide an STM, and get advice on 
what platforms to consider, prior similar experiments, relevant validated hardware 
subsystems or components, and solicitations to seek flight opportunities. 
 
Ground-based automation: Biological science experiments rely heavily on preparing, 
maintaining, and/or collecting samples during or after experiments. Some of these 
processes have been automated with robot liquid handlers, microfluidic devices, 
microcentrifuges, material extraction devices (e.g., cell, tissue), and biochemical 
separations (68–71). Automation for growing, harvesting, and packaging of plants on 
Earth is done via robot seeders and harvesters, smart conveyors, automatic sprayers, 
and touchless packaging devices in advanced commercial greenhouses54, but these still 
lack complete autonomy in their ability to adapt to changing circumstances and make 
complex choices. 

 
54 https://www.agweb.com/news/business/technology/pure-green-farms-fully-automated-greenhouse-
new-way-farm 
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Unfortunately, due to the limited size of payloads, lack of resource supplies, and the 
relatively short duration of experiments for space-related research, automation and 
autonomy in performing experiments for many biological systems will require significant 
research investment. Post-experimental operations including hardware cleaning, 
resupply of resources, and re-seeding of experiments using automation will allow for 
longer-term use of payloads and provide opportunities for replicated experiments or 
novel treatments at lower cost. Ground-based automation or its components could be 
miniaturized or transformed for space applications – and automation developed for 
space can also be applied to ground-based research. 
 
Low-level execution: Automation is an essential requirement in the absence of a crew. 
Even when crew is available, automated or partially automated systems can minimize 
astronaut time and reduce exposure and risk of contamination. Autonomy can also be 
useful when experiments are complex or require high-throughput or must be executed 
in the absence of human input, such as to enable fault detection and recovery during 
periods when communication is not possible. Data processing is another key area 
where automation and/or autonomy can be applied. Some key areas to apply 
automation for BLEO experiments include: 

● Environmental Monitoring and Control: Biological and health-related studies are 
affected by the changes in the environment: temperature, pressure, gasses such 
as carbon dioxide, oxygen, volatiles, humidity, vibration, and radiation, among 
others. Fortunately, the decades of engineering experience on the ISS have 
demonstrated significant abilities in automation for monitoring and controlling 
environments to support life. All experiments on board Gateway or other 
spacecraft would benefit from an automated network environmental monitoring 
sensors to provide longitudinal, calibrated, real-time data for the duration of the 
campaign.  These sensors will be used to automate the adjustment in resources 
and hardware to maintain environments during disturbances and perturbations. 
The reliable collection of these environmental and control decisions data over 
time will also enhance our understanding of the Lunar and space environment 
overall. 

● Supporting experimental organism growth: Automation should also include life 
support for the organisms being studied, which may include support of an 
organism in stasis, resuscitation, and systems to provide growth media and/or 
reagents.   

● Automated sampling and measurement: Some biological experiments may rely 
on collecting material from the surrounding environment surfaces (i.e., microbial 
monitoring) or even from the Lunar surface itself (e.g., using lunar regolith for 
plant growth). Given advances in robotics, automation of sample collection in the 
built environment may become feasible in the next decade. For some payloads, 
physical samples are not taken, but phenotypic measurements are made and 
transmitted as the primary science product. 

● Data Acquisition, Analysis, and Communication: As experimentation takes place 
in automated systems, further from Earth, it will become essential to have 
parallel, automated data acquisition and analysis tools to process large datasets 
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generated by experiments. Such needs share synergy with planetary science 
and astrobiology missions (72). The processed data will be smaller and easier to 
downlink to Earth for further analysis, while the raw data may be too large to 
transfer. This will necessitate the involvement of flexible and directed automated 
systems for analyzing and transmitting data from multiple experiments and 
potentially private or controlled health data. If imaging is used there are existing 
processes for automating image analyses in spaceflight (73).  Examples of 
automation in data processing and communication for genomics during space 
exploration are described in (67). Similarly, AI systems for autonomous space 
plant production were evaluated as part of a white paper to the Decadal Survey55. 

● Power Management: Many automated biological payloads, especially on the 
Lunar surface, will rely on solar panels and batteries for power generation and 
storage. Accordingly, it will be imperative to develop and enhance automated 
systems for continuous optimization of solar power orientation, and potentially 
solar panel cleaning, to maximize power generation. Additionally, based on 
power generation and usage, these systems must also regulate power storage, 
distribution, and backup battery systems. Since biological systems and their 
samples differ in their power needs to support viability, it is expected that the 
power supply and management will be flexible and expandable in its design while 
including redundancy (e.g., backup power) to ensure successful missions.   

 
Artificial intelligence (AI) can somewhat compensate for limited transmission but at the 
cost of substantial local computing services. NASA should support in situ machine 
learning/AI methods for data reduction and explore different models of 
provisioning computing such as embedded machine learning/AI versus centrally 
provisioned services at higher (e.g., spacecraft) levels. Even so, these systems will 
benefit from remote operation capabilities enabling scientists on Earth or Gateway to 
remotely control and interact with the experimental payload to provide real-time 
adjustments; as described above, this will require significant communication resources, 
which may or may not be available. Additional specific challenges for payload execution 
in the context of autonomy and AI include: 

● Hardware and software development for difficult-to-automate operations. 
● Even subtle biosystem differences imply autonomy may need to be highly 

context dependent. 
● Managing hierarchy of payloads and resources: who gets power, data (storage, 

access, transmission), or labor (when available). 
● Responsibility for AI decisions in automation (how to identify and deal with 

unintended consequences, AI hallucinations, and adversarial attacks) 
● Need for trust, especially when humans are in the mix. For broad trends and 

needs for integrating autonomous systems with human exploration, we 
recommend reading the Space Autonomy Summit Report56. 

 
 

55 Escobar et al. Artificial Intelligence for Autonomous Space Plant Production. https://smd-
cms.nasa.gov/wp-
content/uploads/2023/05/47_7b34a38f75ed824552f1e41774330422_EscobarChristineM.pdf 
56 https://www.aiaa.org/resources/space-autonomy-summit-report/ 
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High-level execution: Systems capable of carrying out not simply an automated series 
of steps or an autonomous single experiment, but a host of iterative or parallel 
experiments have been termed self-driving labs, and have been developed to explore 
chemical space and discover new materials (74, 75). Such labs have also been applied 
to synthetic biology (76) and envisioned for BLEO space biology research (77). This is a 
nascent area with the potential to yield highly autonomous systems given the right 
objectives and system; NASA should collect recommendations and consider pilot 
studies exploring the development of self-driving labs for BLEO research. 
 
Recommendations for BLEO space biology payloads related to automation include: 

● Pursue incremental approaches to automation, starting with more simple 
experimental models (e.g., microbial liquid culture) 

● Consider how automation may change the experimental timeline, either speeding 
up or slowing down an experiment compared to non-automated processes. 

● Consider where modular systems can be developed and applied to multiple 
experiments, such as for environmental control, to enable rapid development, 
flexibility, and reusability. 

● Evaluate when and how autonomous systems can fail and how they can improve 
failures to permit graceful failure and recovery. For example, power monitor-
based anomaly detection provides one mechanism to detect failures instrument-
wide. 

● Provide interfaces and testbeds for validation of instrumentation and ground-
based experimentation. Also, consider open-source hardware and software 
solutions to speed the adoption of automated processes. 

● Establish processes to develop decision trees or otherwise guide protocols and 
automation requirements and management around safety/risk/uncertainty. 

● Learn from existing automated systems and consider where practical a physical 
or digital twin approach, common in planetary science missions. 

Summary & Conclusions 
In part 1, we describe the goals and objectives of BLEO space biology research, which 
deals with the unique stressors of the BLEO environment: deep space radiation, 
isolation, distance, gravity, and environment. We briefly reviewed the history of BLEO 
space biology research and the key critical questions posed by the recent Decadal 
Survey in Biological and Physical Sciences (26), linking these questions to fundamental 
and applied research areas in BLEO space biology (Table 1). Significant knowledge 
gaps remain that only BLEO space biology research can address, including the ability of 
humans to adapt, live, and reproduce in BLEO environment, the response of other 
organisms like plants and microbiome and their interactions with humans in BLEO 
environments, the interactions between environmental factors that may occur in BLEO 
environments, and a dearth of knowledge related to sex differences in space biology 
research, including in BLEO. Furthermore, we highlight how BLEO space biology work 
can advance NASA’s Moon to Mars architecture. 
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In section 2, we highlight critical challenges for BLEO space biology work, including 
limited opportunities (section 2.1), and ways to improve communication of the scientific 
rationale and platform selection process of BLEO work (section 2.2). We utilize a 
notional process for designing and planning to fly a small biological payload (Appendix 
A) to identify strategic challenges in the design, validation, and execution stages of 
BLEO research, including differences between different available and expected 
platforms, and opportunities for advancing new platforms, especially free-flyers in the 
smallsat class (< 600 kg). Next, we highlight the current Space Biology project lifecycle 
process (section 2.3) and how this could be improved, especially for new PIs, and 
where significant unknowns exist about the current BLEO research project lifecycle. 
 
Realizing the potential of BLEO research will require adapting current approaches as 
well as complementing them with alternative processes and procedures that may 
represent alternative positions on the risk-return spectrum. In the area of moral, legal, 
and ethical considerations, we recommend the extension of current practices to BLEO 
work, but highlight the challenges inherent in model organism selection, human subject 
participation, and the private astronauts (perhaps one day in BLEO). We also highlight 
the need to revisit lunar policies around planetary protection, due to the desire to protect 
permanently shadowed craters and polar regions from organic contamination in the 
interest of scientific measurement. Lastly, we highlight the potential for using the Moon 
as a testbed to validate planetary protection activities for Mars and other worlds.  
 
In the next section (2.5) we identify the technical and logistical challenges of executing 
BLEO experiments, including the benefits of open-source data and software, and 
relative immaturity and lack of availability of open-source hardware. We believe BLEO 
space biology research would be accelerated by the adoption of open-source hardware 
as well as validated module systems certified for safety and performance in the relevant 
mission environments, as alternatives to open source. In addition, we highlight the 
mismatch between available and required communication to support BLEO payloads as 
epitomized by the expected shortfalls in the Deep Space Network capacity. Every 
challenge to payload development for BLEO (Table 3) is an opportunity that will not only 
enable BLEO experiments but also enable new LEO and Earth applications. In the 
following section, we make recommendations for hardware and instrumentation needs 
(section 2.6) and separately for automation challenges and opportunities (section 2.7), 
including how automation and autonomy can be applied during design and 
development, ground-based preparation and analysis, as well as to enable low-level 
and high-level execution. 
 
The current Biological and Physical Sciences (BPS) budget and limited flight 
opportunities are a major impediment to BLEO space biology; yet there is great 
potential to leverage rapid advancement in community knowledge, autonomy, shared 
interests with partner agencies, industry, and governments, to accelerate discovery and 
experimentation in the cislunar sphere and prepare for a multi-planetary human future. 
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Acronyms 
AI: Artificial Intelligence 
 
AMPHORA: Assured Microbial Preservation in Harsh Or Remote Areas 
 
BARDA: Biomedical Advanced Research and Development Authority, Department of 
Health and Human Services 
 
BLEO: Beyond Low Earth Orbit 
 
BLiSS: Bioregenerative Life Support Systems 
 
BLISS: Beyond LEO Instrumentation and Science Series 
 
BPS: Biological and Physical Sciences 
 
B-SURE: Biomanufacturing: Survival, Utility, and Reliability beyond Earth 
 
CERISS: Commercially Enabled Rapid Space Science Initiative 
 
CL: Cis-lunar 
 
CLPS: Commercial Lunar Payload Services 
 
COSPAR: Committee on Space Research 
 
COTS: Commercial Off The Shelf 
DARPA: Defense Advanced Research Projects Agency, Department of Defense 
 
DSN: Deep Space Network 
 
ECLSS: Environmental Control and Life Support System 
 
ERD: Experiment Requirements Document 
 
EVT: Experiment Verification Testing 
 
EVTRR: Experiment Verification Test Readiness Review 
 
FDA: Food and Drug Administration 
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GCR: galactic cosmic radiation  
 
HRP: Human Research Program 
 
IACUC: Institutional Animal Care and Use Committee 
 
ISRU: In Situ Resource Utilization 
 
ISS: International Space Station 
 
KSQ: Key Scientific Question 
 
LLM: Large Language Model 
 
LEO: Low Earth Orbit 
 
LET: Linear Energy Transfer 
 
MarCO: Mars Cube One 
 
MATRICES: Manufacturing Materials and Processes For Sustainability In Space 
 
ML: Machine Learning 
 
MRR: Mission Readiness Review 
 
NIH: National Institutes of Health 
 
NSF: National Science Foundation 
 
PRoMO: Polar Radiation of Model Organisms 
 
PSR: Permanently Shadowed Regions 
 
RBE: Relative Biological Effectiveness 
 
RH: Relative humidity 
 
SMD: Science Mission Directorate, National Aeronautics and Space Administration 
 
SPE: Solar Particle Event 
 
SRD: Science Requirements Document 
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STMD: Space Technology Mission Directorate, National Aeronautics and Space 
Administration 
 
SVT: Science Verification Testing 
 
TID: Total Ionizing Dose 
 

Appendix A: How to Design, Specify, and Fly a 
Small Space Biological Payload 
The successful proposal and development of a spaceflight experiment is a complex, 
many-layered process. In the following, we present a synopsis in roughly sequential 
order of the steps, considerations, and planning essential to design and, ultimately, fly a 
biological experiment payload in space. This guide is oriented mainly towards “small” 
payloads, ranging in size from less than one liter and one kilogram, up to 
(approximately) 10 L and 10 kg. While slanted towards free-flying cube satellites 
(CubeSats, which are in the 1U to 12U range, where a “U” is a 10-cm cube) and other 
“smallsats”, it is generally also applicable to science payloads that could be supported 
by, and executed on, the International Space Station (ISS), Gateway (the planned cis-
lunar orbiting outpost), and various lunar landers accessible via the CLPS (Commercial 
Lunar Payload Services) and Artemis programs. 
 
In the following, it is assumed that a reasonably comprehensive design for the science 
experiment of interest (referred to as “Expt” below) has already been crafted, critiqued, 
and revised; however, it can prove expeditious as well as advantageous from the cost 
perspective if some flexibility in the science experiment design is retained, so that it is 
not perceived as a square peg ready for pounding into the round hole of available 
spaceflight opportunities and platforms. 

A.1 Organisms and Associated Requirements 
This phase comprises the development of a detailed comprehension of the biological 
payload organisms and the prerequisites for their support prior to and during Expt. 

Life Support 
Life support encompasses multiple parameters including temperature, atmospheric 
composition and pressure, pH, ionic strength, dissolved gasses, and in some cases 
illumination, each with specified ranges and tolerances. Additionally, conditions specific 
to Expt, such as nutrients and ant/agonists, with concentrations, must be understood. 
For such reagents, their long-duration viability must be known or measured 
experimentally under the conditions of storage (container materials, temperature, state 
of aeration, etc.) for the duration of the end-to-end sequence of events, plus margin, 
from laboratory integration of the payload to completion of the Expt in space. 
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An experimental timeline is key, including such steps as initiation of stasis, recovery 
from stasis, feeding, administration of challenges, sub-culturing, starting and stopping 
each set of replicates, etc. 
 
Hardware sterility and cleanliness must be considered, including the method (e.g. dry 
heat, UV, ethylene oxide, H2O2 plasma), any special steps required to prevent adverse 
biological effects (e.g., vacuum bakeouts post-sterilization), the required level of rigor, 
verification methods, and materials compatibility with the chosen approach. 
 
Managing organism growth may include active population or organism density control, 
whether by dilution or manipulation of nutrient concentrations; the acceptable range of 
containment surface-to-volume ratios, due to their impacts on such phenomena as 
quorum sensing; and any sub-culturing requirements, which may be key for evolutionary 
and adaptation studies.  

Organism Stasis 
During pre-launch, launch and transit, deployment, and often until a specific set of 
samples or specimens is to be studied, organisms are typically held in a state of ultra-
low metabolic activity, so that biological responses can be confidently attributed to the 
space environment rather than environmental parameters (temperature, vibrations, 
accelerations) that may vary widely as they are delivered to space. The maximum 
effective stasis duration often determines the suitability of available space platforms and 
launch scenarios for the mission’s objectives. Understanding the permissible 
temperature range during stasis, including maximum and minimum values and 
durations at temperature extremes, is crucial—yet it can be difficult information to obtain 
for platforms that have yet to support biological science experiments. 

Experiment-Related Requirements 
This section outlines multiple biology-experiment-determined requirements. 
 
The experiment duration should include the minimum, optimal, and maximum 
scientifically justified durations of Expt. Many space platforms enable experiments to 
operate from hours to weeks; some can support operations for months, even a year or 
more, although the accommodations logistics can be quite challenging for operating 
active biological measurements remotely for extended durations. 
 
Statistical considerations typically define the required "n" per set of conditions, with n = 
1 experiments discouraged. Statistical power analysis is an excellent foundational basis 
for defining minimum n, at least in those cases where the experiment is well enough 
understood to use terrestrial data from breadboards or prototypes to predict the 
replicate-to-replicate variability anticipated in space. In absence of such rigor, 3 is 
considered a minimum: it permits a single outlier measurement to be identified and 
discarded, something that is difficult or impossible if only 1 or 2 replicates are 
measured. In fact, the advisability of using median values rather than averages should 
be evaluated for small n values: the former is often best when the experimental 
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measurement may produce occasional “nonsense” (outlying) results, because a single 
or a few such results are effectively ignored by the median calculation. 
 
Access to sub-terrestrial gravitation level(s) is a principal driver for many space 
experiments: reduced gravity can impact everything from fluid-phase transport of 
nutrients and waste products to/from cells, tissues, or roots (due to the absence of 
thermally-driven convection) to the mechanical force on biological structures or cells 
that incorporate mechanotransduction. The targeted level must be specified: Mars ~ 
38% of terrestrial gravity (“1g”); lunar ~ 17% g; Europa ~ 11% g; “micro-g”, sometimes 
loosely defined as < 0.1% g, but more rigorously ≤ 10-6 g. For each g level required, the 
necessary accuracy (fidelity) should be specified as well. Vibration-induced acceleration 
can be a significant but overlooked perturbation due to, e.g., motors, mechanical 
actuators, crew moving about, and such perturbations should be determined to be small 
enough in amplitude, of sufficiently short or intermittent duration, or at such frequencies 
as to be unlikely to impact experimental results. 
 
Many gravity-dependent biological phenomena vary non-monotonically, even non-
continuously, with gravity level; an understanding of biological gravitational effects is 
likely to go deeper if results for multiple gravity levels are compared. Centrifuges for 
everything from single spores to entire experimental setups may be available, 
dependent on platform, allowing spaceflight experiments to provide a gravitational range 
from micro-g to terrestrial g and beyond. Indeed, for gravitation-sensitive biology 
experiments, the implementation of a terrestrial gravity control is usually critical; when 
in-space centrifuges (or rotating space platforms) are available, the ideal control can be 
conducted contemporaneously in precisely the same environment as the reduced-g 
experiment. Such in-space controls come at three significant costs relative to controls 
conducted in terrestrial laboratory facilities: 1) up to half of the experimental replicates in 
the space payload must be given over to the 1g control; 2) there are very few space 
platforms with centrifuge capabilities available, particularly for large, complex payload 
systems; 3) developing life-support and measurement hardware to be accommodated 
by an existing centrifuge, or including the design and development of a bespoke 
centrifuge for the experiment, can be a costly, time-consuming process that pulls 
resources away from development of Expt itself.  
 
The unique space radiation environment is a second principal reason for science 
experiments away from Earth. While terrestrial accelerators can provide acute doses 
from a single direction of one, or even a few different particle types and energies, this 
does not accurately replicate the omnidirectional, chronic, multi-particle space radiation 
environment: each particle type has its own energy spectrum, and the reasonably 
steady galactic cosmic radiation background (its dose rate varying gradually with the 11-
year solar cycle) can be punctuated by solar particle events that provide effective 
temporary dose rates hundreds or thousands of times above the nominal average. 
 
Consideration of the required radiation environment should include nominal 
requirements for both average dose rate and total ionizing dose (TID) for the defined 
experiment duration. It must be understood that radiation “weather forecasts” – models 
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accounting for experimental measurements as well as the fundamental physics – are 
only approximate, and that anticipated TID, for example, is best expressed as a dose-
vs.-probability curve, which such models can provide as outputs. 
 
To help determine the potential biological effects of a radiation environment, which is 
important to choosing the appropriate radiation ambient, two phenomena are important 
to comprehend: linear energy transfer (LET) and relative biological effectiveness (RBE), 
both of which depend on the particle type and energy. Briefly, LET describes the 
amount of energy deposited in a given type of material per unit distance traversed by 
the energetic particle57; the LET range over which biological effects in our solar system 
are usually significant is ~ 0.2 – 300 keV/µm. RBE (formerly known as Quality Factor) is 
an effective “correction factor” used when converting the absorbed energy from a given 
absorbed energy dose (1 Gray = 1 J/kg) to a measure of damage inflicted on an entire 
biological entity (even if only part of it is irradiated). RBE58 depends upon the type and 
energy of radiation under consideration and its LET in the target material (78): 1 Sievert 
= 1 Gray of gamma radiation; 1 Sievert = 0.5 Gray of proton or charged pion radiation; 1 
Sievert = 0.05 Gray of alpha particles or heavy nuclei. The conversion is strongly energy 
dependent for neutrons, which can be particularly relevant for lunar, cis-lunar, or 
simulated lunar environments. 
 
Concomitant with dose/rate specifications, or as a practical alternative to explicitly 
requiring them, the acceptable orbital options (e.g., low Earth (LEO), highly elliptical, 
polar, in the Van Allen belts, geotransfer, geostationary, cis-lunar, halo, heliocentric, 
etc.) or flight trajectories (transits to Moon, Mars, the inner planets, an asteroid, the 
outer planets) should be considered, as these are a primary determining factor for 
radiation dose and particle energy spectra. Understanding LET and RBE can assist 
greatly in evaluating how one might relate the anticipated biological effects in one space 
environment and another, potentially enlarging the number of spaceflight platform and 
trajectory options. 
 
TID, dose rate, and radiation spectrum can be modified by shielding, but this requires 
sacrificing payload mass and volume otherwise available for Expt. Providing sufficient 
shielding for a zero-dose control within one section of a payload is often desirable but 
usually impractical due to the thickness/mass of shielding required, except in more 
benign environments like LEO, where the Earth’s magnetic field already provides 
significant shielding from high-energy particles. Even in LEO, complete shielding is 
essentially impractical. Yet imperfect shielding can provide a second radiation 
environment and, like gravitation, biological results are often non-linear with the extent 
of radiation exposure, making multi-radiation-level comparisons useful. 
 
Control experiments are critical to all science experiments and, as discussed above, 
particularly important to plan in the context of space radiation and reduced gravitation 
studies. Determining the location of control experiments, whether ground-based, onboard 

 
57 https://en.wikipedia.org/wiki/Linear_energy_transfer 
58 https://en.wikipedia.org/wiki/Relative_biological_effectiveness 
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the experimental payload, or in a second instance of Expt on a different platform in a 
different environment, involves weighing cost considerations against experimental fidelity. 

A.2 Measurement Requirements for Implementation 

Measurements 
Defining the required scientific experiment measurements, such as population, rate of 
propagation, morphology, metabolism, and genetic and phenotypic factors, is integral to 
the overall design of Expt. In addition, multiple ambient parameters must often be 
monitored during each experiment: temperature, pressure, flow rates, humidity, 
dissolved O2 or CO2, pH, radiation spectrum/dose, and acceleration. Health-and-status 
parameters for an experimental payload (temperature, pressure, battery state of charge, 
voltages, currents, available memory, list of faults and errors) are sometimes the 
responsibility of the overall space platform operational system, but for self-contained or 
fully independent payloads, may need to be included in the payload’s measurement and 
data requirements. 

Measurement Methods 
Selecting appropriate measurement methods, such as non-imaging optical 
(fluorescence, absorbance, luminescence, etc.), imaging (including, where relevant, 
excitation and emission wavelengths, spectral range, etc.), electrochemical, 
mechanical, thermal, cytometry, or proteomic, metabolomic, or genetic analysis 
(including sequencing and expression levels) involves a careful evaluation of their 
suitability for the spaceflight scenario based both upon the science objectives and the 
compatibility of the necessary measurement technology with the available platforms. 
Considering multiple diverse methods to record and understand the results of a science 
experiment, then choosing the one(s) that make most sense for pragmatic reasons 
(availability, cost, technical maturity, complexity) provides flexibility that can shorten the 
path to a successful Expt; setting unattainably high measurement requirements may 
keep an important science experiment earthbound. 

Critical Measurement Parameters, Timing, and Operations 
For every parameter to be measured, whether in the science, environmental, or 
hardware health-and-status category, defining the range, accuracy, frequency of 
measurement, and, for scenarios in which data storage or downlink volumes are limited, 
understanding the percentage change in a given parameter that necessitates storing the 
next measured value, is a key to experimental planning and success.  
 
An experimental timeline aligns the measurement sequence and timing with both mission-
operations and life-support timelines, a necessity for well-coordinated execution. This 
timeline is the backbone of the science concept of operations (“conops”), a detailed step-
by-step sequence of each and every action to be taken—whether by the autonomous 
control script and software, or by intervention from ground operators—in the execution of 
an experiment aboard a space payload. Although the main sequence is typically linear (a 
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single-path sequence of steps), branching or looping of executed actions may be 
necessary when a choice must be made about which step to execute next based upon 
the outcome of its immediate predecessor, and also to manage potential “off-nominal” 
situations, aka issues or problems. 

A.3 Formulating the Preliminary Payload Configuration 
Formulation of a preliminary payload configuration should typically begin with a survey 
of existing systems that could offer a partial if not complete match to Expt’s key 
parameters, then move to specifying the requirements in detail across the full range of 
subsystems and processes. 

Survey of Existing Payload Hardware 
A critical first step is to survey existing payload hardware, whether in development or 
already in space, to find a close match—or at least a good starting point or exemplary 
approach. A helpful head start on this task exists: a database of spaceflight 
experimental payload systems has been developed and updated by NASA Ames over 
the past several years59. When assessing the entries in this database and other relevant 
systems, developers should consider requirements for the measurement system and life 
support, as well as the target environment and duration. 
 
The range of commercial, off-the-shelf (COTS) systems designed for spaceflight is 
small but growing and, depending on the developer, may be customizable for a new 
experiment. A second source of potential payload hardware is COTS field 
instrumentation developed for field science, operation in remote/harsh environments, or 
military applications: although “flybridization” is required to make them suitable for 
space flight, such instruments are usually portable, rugged, power efficient, and 
reasonably compact. Even though most such instrumentation is not developed with 
spaceflight radiation exposure in mind, systems that tolerate extreme (i.e., high-
temperature) environments are often more radiation robust than those designed for 
benign ambient conditions. If a system appropriate for the execution of Expt simply does 
not exist, it can be nonetheless more time and cost effective to integrate multiple 
existing subsystems rather than starting from scratch. 

Component and Subsystem Development Considerations and Tips 
Customizing or developing components or subsystems for a space biology experiment 
involves strategic considerations, such as minimizing water permeability and addressing 
issues related to microgravity. For components or subsystems that must be developed 
because there are no appropriate options already available, some considerations and 
tips follow. 
 
It will be wet. If the specimen will be in the aqueous phase in other than fully hermetic 
(i.e., metal and glass) containment structures, assume water vapor will permeate the 

 
59 https://www.nasa.gov/ames/space-biosciences/flight-research-facilities-and-hardware/ 
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entirety of the enclosed payload volume. Choose materials to minimize water 
permeability where possible; plan for condensation on interior surfaces that are 
unheated. While polymer materials do exist for use in biological specimen and reagent 
containment that favor gas exchange over water vapor permeability, none has perfect 
selectivity, the eventual result being 100% relative humidity within the hermetic 
container after a duration dependent on temperature, the unoccupied (gas-containing) 
volume of the container, and the surface areas of wetted materials and their 
permeabilities. Under such conditions, water condenses preferentially in any location 
colder than the temperature of the sources of water vapor, e.g., the metal inner surfaces 
of Expt’s hermetic container. Desiccant can be used strategically for small local 
volumes, but it does act as a pumping mechanism to slowly empty out any moisture-
permeable containers (e.g., the reagent bags) via the mobility of water in the vapor 
phase. 
 
The adage “water and electricity don’t mix” has particular relevance for space biology 
experiments. Wet environment management includes minimizing surface areas of thin, 
permeable liquid containers (e.g., bags, microwell cover layers) and isolating one or 
more “wet zones” for biology and reagents within separate, hermetic containments that 
include minimal electronics. Electronics boards that must be included inside the 
hermetic biology container need conformal coating for moisture protection; multipin 
connectors should be “potted”, since water may preferentially condense in small gaps 
between contacts/pins. Raising the local temperature of optics or electronics (if they do 
not inherently self-heat when in operation) can be helpful: just a few degrees above the 
colder regions within the payload container prevents local condensation. 
 
Murphy’s law of bubbles in microgravity states that, in absence of gravity-induced 
buoyancy, they will move about through an intractable combination of interfacial forces, 
surface tension, gas generation rates and locations, temperature gradients, liquid flow 
rates and direction, bubble size, and local feature dimensions and topologies to the 
location where they have the greatest chance to ruin the experiment. Thus, managing 
bubbles effectively combines design, component selection, and procedure. Depending 
on an organism’s dissolved gas (O2/CO2) requirements, degassing the growth medium 
and any reagents at the time of payload integration may be prudent: it can take days to 
months for aqueous solutions to re-equilibrate with air to saturation via permeation 
through polymer containers, and the likelihood of super-saturated solutions releasing 
bubbles upon experiment initiation is less, even weeks later. To compensate for loss of 
water volume from slow permeation out of bags, wells, and the like, maintaining a small, 
positive liquid pressure will backfill the volume of water lost via permeation—e.g., a 
gently compressed bag of buffer can be connected to biology growth containers. 
 
Use of bubble traps (which pass liquid through while expelling bubbles from the flowing 
stream) between nutrient/reagent containers and the biological experiment containers is 
often advisable. Design of fluidic systems, particularly the portion upstream of any 
bubble traps, should avoid sharp corners, asperities, and in-line volumes that could trap 
bubbles that would otherwise be carried along with the liquid flow. If organisms are to be 
stored in a lyophilized or dried state prior to growth in space, their rehydration must 
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include consideration of removing (via vacuum), displacing, or expelling the air volume 
around them before/during medium introduction. The fact that gas solubility decreases 
with increasing temperature means that localized hot spots, or simply the process of 
warming cold solutions to growth temperatures, can cause gas bubbles to form. 
 
It is advisable to run the apparatus upside down and sideways in the lab early in 
development to verify that any bubbles are either effectively trapped or cannot interfere 
with operations. This concern is of enhanced importance if Expt includes optical 
measurements, for which curved bubble surfaces are an excellent means of generating 
variable, potentially unpredictable disruptions or measurement errors. Management of 
CO2 generated by metabolic activity is discussed below. 
 
Consider atmospheric needs to support growth. Typically, void volumes within payload 
containers include enough air that O2 levels do not drop appreciably as microbes grow; 
in other words, the aggregate oxygen requirement for the total biomass is usually small 
relative to the available quantity of that gas. The hermetic container for most biology 
experiments is sealed with ~1 atm internal pressure of air, to provide a habitable 
environment in space. Within such a container, the living (micro)organisms, their 
nutrients, and waste are often contained in wells, bags, or other vessels made from 
polymers that are permeable to gasses and water vapor, as is the connecting tubing. 
Gas permeability can be important to replace oxygen that is consumed, or eliminate 
CO2 produced (vice versa for plants performing photosynthesis), by metabolic 
processes. The necessity of gas exchange should be determined by calculations that 
consider metabolic activity, organism population including growth, metabolizable 
nutrient availability, and gas solubility in the medium; beyond-worst-case consumption 
of O2 can be calculated by assuming all the “food” portion of nutrient solutions (typically, 
sugars) provided to microbes will be converted to CO2. If necessary, growth medium 
can be re-oxygenated by passage through lengths of gas-permeable (e.g., silicone) 
tubing in contact with air, but loss of more water vapor will occur in the process. 
 
For CO2, knowledge of the pH and buffer capacity of the medium are key: dissolved 
CO2 from metabolic activity can pass the point of saturation and produce bubbles, but it 
can also be converted rapidly to soluble bicarbonate ion, a process whose rate 
accelerates with increasing pH and buffer capacity, and a process that also lowers the 
pH once the buffer capacity has been exceeded. Lower concentrations of metabolizable 
nutrients, e.g. sugars, generally yield lower production rates and volumes of CO2; this is 
most important if the organism population is planned to undergo exponential (“log-
phase”) growth with sufficient nutrients to reach high density at stationary phase. 
 
Thermal management. Depending on payload details, spacecraft, and orbit or transit 
path through space, as well as the growth/measurement requirements of Expt., energy 
to keep the organisms at temperature during Expt may consume 50% or more of the 
entire payload energy budget. Because most science payloads are on a tight energy 
budget, it is advisable not to use the entire hermetic container as a single-temperature 
thermal environmental chamber. Rather, heating should be localized to where it is 
required, usually the component that houses the biological specimens, and sometimes 
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the connected measurement system; this can be done, e.g., with “film-type” heaters, 
usually sheets of Kapton (a polyimide) with patterns of conductive traces, provided such 
films can be placed in direct, intimate contact with the sample specimens’ “home”. In 
scenarios where the temperature can drop below 0°C prior to the experiment, or for 
non-biological components that should not freeze (e.g., containers of nutrient or 
reagent), freeze-protection heaters are important; again, they should be localized as 
much as possible. Ultimately, a detailed thermal model of the payload may be required 
to understand power consumption, thermal gradients, the need for freeze protection, 
etc. In general, electrically actuated components such as valves and pumps should be 
selected with minimization of power consumption as a consideration. Notably, 
“magnetically latched” valves consume power only when changing states; even 
solenoid-and-spring-actuated valves, which require current flow to stay open, often 
include an operational mode that cuts power to hold open to about ¼ of that required 
when they are first opened. 
 
Electronics, software, and communications. Detailed explanations of the development of 
these subsystems are beyond the scope of this article, but several details unique to 
spaceflight systems are noteworthy. In LEO or for short-duration space experiments 
elsewhere, the total accumulated radiation dose may be small enough that most 
commercial, off-the-shelf (COTS) electronic components will function nominally; this is 
even true for many lunar and some Mars mission scenarios, though consultation with a 
knowledgeable electrical engineer is important for all spaceflight electronics 
subsystems. Radiation-hard alternatives to many COTS parts do exist, but can be very 
costly, significantly larger, and more power hungry, so they should be used selectively, 
as required. Apart from radiation, a second challenge of in-space operation for many 
electrical components is thermal: the vacuum of space does not carry away waste heat, 
and devices such as motors and solenoids may quickly overheat if not designed to 
operate in a vacuum. Inside a 1-atm container, however, there is generally no unusual 
thermal challenge relative to terrestrial operation. 
 
Software (S/W) development is one of the largest, typically most underestimated if not 
neglected tasks of developing a space payload. Writing S/W generally must wait until 
the end-to-end experimental sequence has been well defined, the electronic and 
communications components and protocols have been selected, and the operating 
circuitry mostly designed. The requirement for some space biology experiments to run 
autonomously, without either crew attendance or ground-in-the-loop operation, 
necessitates that S/W trap and recover from errors independently. Because it is nearly 
impossible to anticipate every eventuality that could cause a S/W-operated system to 
freeze up—including single-event upsets (SEUs) caused by radiation—an important 
feature of autonomous systems is the “watchdog”: a sub-circuit (hardware watchdog) or 
subroutine (S/W watchdog) that operates constantly in the background to “watch” that 
operation is continuing nominally, e.g. by counting pulses from a system processor. 
When the watched process stops—as in a “hangup” in program execution—the 
watchdog triggers an autonomous system reset. Paired with this, experimental data 
must be stored to non-volatile memory immediately after the measurement of each data 
point, and the current state of the experimental system and process sequence must 
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also be stored in a non-volatile register that is updated immediately upon execution of 
every single step of the sequence. A common approach to conferring robustness of 
experimental data as it awaits telemetry to Earth is to mirror the data: the payload stores 
a complete, non-volatile copy of all experimental measurements and steps executed, 
and it also forwards and frequently updates a copy of this entire information set to the 
spacecraft “bus” (the overall controller of the spacecraft and its subsystems), which 
subsequently telemeters the latest data during communication links with the ground 
station(s). 
 
An effective data downlink strategy considers that average periodic (daily or per-orbit) 
data acquisition volumes, for both experimental measurements and payload health-and-
status metrics, often exceed the available average downlinking capability. The simple 
solution is to “play catchup” for days to months after Expt is nominally complete, 
continuing until all relevant data is on the ground and validated. A safer approach 
considers the facts that (1) a high-fidelity ground control may need to adjust for actual 
conditions (e.g., temperature variations) in the space experiment and (2) payloads and 
spacecraft that function nominally at the beginning their space flight do not invariably 
continue to do so to the end of the defined mission duration. Thus, an effective strategy 
is first to downlink every “nth ” data point, where n is a multiple of 2 selected such that 
the average periodic downlink capability keeps pace with experimental plus health-and-
status data accumulation. When Expt is done, the remaining data can be downlinked 
over time in multiple tranches with ever-increasing granularity. 
 
Onboard communications between payload and bus require specification of both the 
hardware interface protocol (RS-485, SpaceWire, ethernet, USB, I2C, etc.) and the 
architecture of communicated files, such as CCSDS (Consultative Committee for Space 
Data Systems). 

A.4 Estimating Accommodations Requirements 
Accommodations requirements include size, mass, power, energy, thermal environment 
and heat flows, pressure, humidity, shock and vibration limitations, artificial gravitation, 
data volume and rate, and considerations for radiation-sensitive components. Initial 
estimates should include reasonable margins (typically, 10 – 35%). For all these 
parameters, creative flexibility—willingness and ability to adjust requirements without 
compromising science objectives—can often reduce costs, accelerate schedule, and 
increase the number of launch and space platform options. 
 
Generating science requirements. A clearly defined set of science requirements is the 
primary basis for the many accommodations requirements. They should be based on 
what processes and conditions must be provided to enable the science objectives, as 
opposed to what might be nice to have. Nonetheless, a list of accommodation 
“desirements” is often a helpful complement to the set of firm requirements: thinking 
about the former can make the process of developing the latter more robust and 
complete. In addition, supporting one or more nice-to-haves can enhance the quantity 
of, or the confidence in, science results and, depending on their nature, some may add 
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little or no additional cost or duration to the project; others may be prohibitive to include, 
and need to be set aside. 
 
Size and mass. Payload accommodation volumes often include specific limitations on 
x,y,z dimensions, hence a dimensioned payload envelope is more useful than net 
volume alone; flexibility in this parameter (e.g., in the shape of the envelope) can 
expand the range of spacecraft options. Accurately estimating payload mass 
determines compatibility with available space platforms. 
 
Power and energy. The flow of energy per unit time, or power, must be estimated as an 
average for at least three states: quiescent (cruise and/or stand-by), nominal 
operations, and maximum power draw, the last of which determines the payload’s 
maximum current draw. Because many platforms store energy from solar panels in 
batteries at rates that vary with orbital position, time of day, or spacecraft orientation, 
integrating payload power over the nominal operational sequence, with separation of 
the resulting energy budget into time blocks equal in duration to the period for solar 
power generation, is necessary to understand both required battery storage capacity 
and solar panel area needed to enable payload operation. 
 
Thermal environment. The top-level definition of thermal requirements is a critical 
starting point for accommodation of a biological experiment. The minimum and 
maximum temperatures that can be tolerated without compromising the science return 
from Expt should be specified. One set of limits may apply when organisms are in 
stasis, a low-metabolic-activity state, or ungerminated—typically from the time of 
payload integration through the moment of experiment initiation in space—and another 
set of limits when organisms are actively growing, metabolizing, and/or reproducing. 
Both temperature accuracy and uniformity (e.g., across an array of experimental 
specimens) are important. 
 
Thermal management can be one of the more complex problems of payload 
accommodations specification: depending on the time-dependent temperature of the 
host platform, as well as local generation of heat within the payload from electrical 
components, heat may need to be either supplied to, or removed from, the payload by 
the host platform. Solutions can be active (resistive heaters, thermoelectric devices, 
heat pumps/refrigerators, thermal switches) or passive (radiators, heat sinks, heat 
pipes, sun-warmed structures), or a combination of these. In many cases, a high-level 
thermal model is indispensable and, often, a detailed thermal model will be necessary 
as well. Understanding which of these approaches can be taken may drive the choice of 
platform, or vice versa. It’s important to note that some platforms, orbits, and lander 
locations provide a thermal environment that changes not only with a per-orbit or per-
diurnal-cycle periodicity, but also from week to week or month to month – e.g., as an 
orbit precesses or the season changes on a planetary body – adding further 
complication to the thermal management task and making thermal modeling still more 
important. 
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Pressure and humidity environment. Pressure within a sealed payload container rises 
and falls with temperature (e.g., with cycles of sun exposure and eclipse/shadowing of 
the platform) unless it is actively controlled – a costly addition, to be avoided if possible. 
Perfect hermetic seals can be costly, massive, or challenging (all-metal seals and 
flanges; welding a container shut; etc.), but well-designed o-ring or gasketed seals can 
provide leak rates of the order of 1% of 1 atm per year in space. Many biological 
experiments tolerate a change in pressure of 5 – 10% without measurable detriment, 
but this is not universal; the acceptable pressure range must be determined and 
specified for Expt. 
 
The consequences of water vapor permeation of polymer-based containers was 
discussed above; managing humidity (RH) can be a major challenge. As temperature 
and pressure within a sealed payload container decrease, relative humidity increases 
(absent any additional perturbations to pressure or water partial pressure), potentially 
reaching the dew point. For platforms exposed periodically to sun and shade, the 
impacts upon Expt of the resultant oscillations in temperature, pressure, and RH must 
be understood, and the tolerable ranges of RH specified; the larger the ranges, the 
more likely a suitable platform can be developed, but the greater the potential for 
unwanted perturbations to Expt or its measurement system. 
 
Mechanical environment. The mechanical environment, in particular maximum shock 
and frequency-dependent vibrational amplitudes, has been specified for a wide range of 
launch and deployment platforms and options. When a candidate platform has yet to be 
identified or does not yet offer data on these mechanical perturbations, an oft-used 
starting point is the General Environmental Verification Standard (GEVS-STD-7000) 
document60. Appendix B of this extensive guide is helpful for CubeSat and other small, 
low-cost space platforms, not only for mechanical accommodations. If GEVS levels are 
acceptable, many platforms will be suitable in this regard. 
 
Gravitational environment. There are two considerations related to gravity. The first, 
particularly for payloads that manipulate liquids (with attendant potential for bubbles—
see above), is tolerance of gravitational conditions unlike those in a terrestrial 
laboratory. The most versatile payload designs include gravitational independence, 
meaning that the magnitude and direction of gravity (at least from microgravity to 1g) do 
not impact function; for such payloads, few space and planetary platforms are excluded 
by gravitation considerations. A more limited tolerance may be adequate for some 
mission scenarios or methods of sample handling: a payload might be designed to 
operate at Europan gravity, on a lander that is specified to be oriented within 30° of 
“horizontal” as defined for its payload deck. 
 
The second possible gravitational requirement, discussed in detail above, is the need 
for artificially generated gravity. Although this can be limiting, for those experiments that 
seek to further our understanding of gravitational effects on biology, this 
accommodation may be indispensable. For such experiments, careful thought should be 

 
60 https://standards.nasa.gov/standard/GSFC/GSFC-STD-7000 
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given to how many g levels are a scientific must, including the required accuracy of 
each g level. 
 
Radiation and Dosimetry. Beyond low Earth orbit and Earth’s magnetosphere, total 
shielding from ionizing radiation is generally impractical or impossible. As discussed 
above, partial local (or “spot”) shielding may be feasible, whether as an accommodation 
or a feature of the payload, to provide more than one radiation environment for a 
biological study. Ideally, the payload and its electronics should tolerate whatever 
environment is associated with the platform’s journey and location – though spot 
shielding is also sometimes used for electronics. 
 
Experiments that focus on radiation effects may target a specific environment: lunar, 
deep space, etc. TID alone (see above) may be an inadequate descriptor: particle types 
and LET characteristics often affect biological systems. The same time-averaged TID 
might be available in one of the van Allen Belts as exists in cis-lunar space, yet the 
trapped protons or electrons of one of the belts are not biologically equivalent to the 
combination of galactic cosmic radiation (GCR), occasional solar particle events 
(SPEs), and lunar-neutron ambient found near the Moon. 
 
Not only is a specific radiation environment a key accommodation requirement, but 
understanding the actual “space weather” over the time period of Expt may also be 
necessary. Adding TID sensor(s) to a payload is usually straightforward, but a more 
complete picture of the environment is provided by an LET spectrometer that records 
the hour-to-hour variations in the space radiation environment across the range of 
biologically relevant LETs; this capability is part of some deep space platforms, e.g., 
Artemis. 
 
Data and communications. Data volume requirements vary widely: measuring 
temperature and optical density or electrochemical potential from a number of 
microwells every few minutes might generate a few 100 kilobytes each week, while 
highly parallel sequencing systems or multicolor video microscopy can generate many 
GB’s of data per experiment. Given the data local-storage approach and “quick-look” 
downlink strategy discussed above, the key accommodation requirement is that the total 
expected time to downlink all relevant data not exceed the design lifetime or availability 
of the space platform and its communications system. That said, validated data should 
be available to the science team in a “timely manner.” The communications interface 
should not be a limiting factor: if the platform does not offer a payload’s first choice of 
interface, the project budget and schedule should be adequate for reconfiguration. 

A.5 Planning for Off-Nominal: Risk Analysis & Fault Management 
Preparing for hardware faults and software bugs, analyzing the risk of using a specific 
component or subsystem, and determining the consequences and mitigations if a 
particular operation or processes goes awry, are cornerstones of mission planning. This 
topic is both deep and wide; the treatment here is top-level and cursory. This subject, 
neglect of which can have disastrous consequences, benefits greatly from input by 



56 
 

those with knowledge and experience across multiple payloads, technologies, and 
missions. 
 
Identifying and prioritizing risks is the first step to managing them, an indispensable 
principle of which is estimation of the probability (likelihood) and severity of adverse 
impact of a given occurrence. Often, each risk is assigned scores from 1 – 5 for 
likelihood and for impact; the product of these two rankings provides an objective 
means by which to prioritize activities to ameliorate or retire the highest risks. It also 
heads off the temptation to dwell on the numerous mission-ending scenarios that are 
effective at inciting abject panic in the development team, but which are not probable 
enough to warrant attention. 
 
The mitigation approach for each potential bad occurrence is the third leg of the risk-
management tripod; mitigation can take the form of further development to reduce 
likelihood and/or impact, or pre-planning the (if feasible, autonomous) corrective action 
if the fault occurs. To best implement the overall approach, it is important to estimate, 
for the largest risks – say the top 10 when the (impact • likelihood) product is calculated 
– what the cost in budget and schedule are to (partially, if not fully) mitigate each one, 
thereby shaving enough points off the risk-assessment product to drop it into the pool of 
acceptably low risks. Limited risk-management resources should be focused where they 
provide the greatest increase in overall mission success probability. 
 
Enumeration of risks and potential faults is often best done initially at the subsystem or 
component level: failure data are available for many components; testing is simpler and 
can be done sooner in development. But when a process relies on a string/sequence of 
coupled components, subsystems, and operations, the end-to-end probability of 
successful outcome must be accounted for: if four steps, each with 95% success 
probability, must happen in sequence to enable Expt to work, the combined success 
probability is just 66%. 
 
Dual-string configurations are sometimes used to manage risky components or 
subsystems on large-budget missions if other mitigations are deemed nonviable: a 
component of high concern (as measured by likelihood • impact) is paired with an 
identical replacement that can be automatically, passively, or manually (via ground 
command) substituted if required. For components that can fail in two or more modes, 
such as a valve that can fail open or become stuck closed, “cross strapping” requires at 
least 4 identical components in place of one; this can reduce a 5% risk of failure to 
0.25% (two valves of the four must malfunction for the cross-strapped setup to fail). 
Such methods are often too costly, massive, or voluminous for small, low-cost payloads, 
but dual-string mitigations still should be considered part of the risk-management 
toolbox. 
 
Effective, acceptable-risk software requires thorough debugging, extensive error 
trapping capability, running multiple experiment verification tests and end-to-end 
mission simulations, and the means for facile recovery from many types of faults. The 



57 
 

importance of “watchdog” systems, based in both hardware and software, to recover 
autonomously from latchups was discussed above. 
 
Risk acceptance is a final important principle for most small-payload missions (as 
measured relative to high-budget missions, notably those with human crew). Thus, an 
85% or higher overall probability of mission success should be acceptable for many low-
cost payloads; even lower values might be acceptable for truly high-reward-yet-low-cost 
science experiments. 

A.6 Choosing a Space Platform 
Beggars can’t be choosers and, while finding a ride to outer space should not be an act 
of entreatment, the selection of suitable, available platforms is often limited; 
compromises may be necessary. Key factors to consider include a destination with the 
required space environment over the necessary duration and a launch schedule 
consistent with the estimated availability of the completed payload. Meeting all key 
accommodations requirements is necessary, of course, but those to check first are the 
estimated volume, mass, average power, and thermal environment; if these are OK, 
many other constraints can be worked around. Total mission data volume downlink is 
important, but such strategies as data compression, adding more downlink passes, 
downlinking representative subsets of data to determine the ranges of data for which 
100% collection is required, and extending the data-transmission schedule beyond the 
end of the science experiment, can often resolve an apparent limitation. 
 
The sections above have centered mostly on autonomous payload systems and, with 
the exception of the ISS—as long as it remains available—plus a few specific future 
Artemis, CLPS, and (eventually) Gateway opportunities, payload autonomy will be 
required. Nonetheless, full autonomy—from experiment initiation to completion—is not 
always required: some amount of ground-in-the-loop operation of a payload may be 
acceptable. Yet the more such back-and-forth operations of the payload system are 
necessary, using recently-received data from space to decide how the experiment 
should proceed, the more challenging it may be to find a mission and platform that offer 
the necessary frequency, duration, and bandwidth of uplinks and downlinks to permit 
mission scientists to keep close tabs on an experiment as they decide what happens 
next. 
 
Finally, a lessons-learned category of recommendation for space platform selection: in 
the flight of science experiments, being the very first to try out a new platform is exciting 
but often (much) riskier than waiting until it has been proven. As new platforms become 
available, it is important that their capabilities be tested and demonstrated, ideally with 
important science experiments. Yet it may be more cost- and time-effective to utilize 
such first flights to conduct science using previously developed-and-flown space 
payload systems, either by repeating an experiment to verify its results—a cornerstone 
of the scientific method that too often gets short shrift in space—or by using a well-
proven payload to study a different set of growth conditions, a different strain of the 
species previously studied, or a new organism compatible with existing hardware. 
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