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Abstract | Plants are crucial to human existence. They provide a source
of sustenance, nutrient recycling, atmospheric replenishment, water
cycling, and physiological health for life on Earth as well as in space. The
human spaceflight realm poses unique challenges for engineers who
develop facilities to conduct plant experiments, grow crops, and design
biology-based life support systems for off-Earth habitation. Fractional or
microgravity strongly influences fluid and thermal management directly
and indirectly in both the organisms themselves and their engineered life
support facilities. Scarce resources such as mass, volume, power, crew
involvement, and data must be minimized through all mission phases.
The current spaceflight facilities vary in complexity from simple Petri
dishes to closed-loop feedback-controlled chambers that regulate bio-
logically relevant parameters such as photosynthetic illumination inten-
sity and quality, diurnal cycle, temperature, relative humidity, moisture,
atmospheric constituency, and even fractional gravity. Learning how to
grow plants efficiently and effectively will become increasingly relevant
as humans journey farther and farther out into the solar system.
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1 Introduction

The history of human and autonomous space
flight is short and is continuously evolving. In
1961, Yuri Gagarin was the first human to travel
into outer space. Eight years later astronauts were
taking their first steps on the Moon. In 2022, fifty
years after the last person walked on the Moon,
multiple space agencies and international collab-
orators have committed to return to its surface.
The intent is to build an orbital “Lunar Gateway”
and eventually establish human settlements on its
surface. After the Moon, Mars is the next logical
step.

As humanity aims to extend its reach into
the solar system, crewed missions of increas-
ing length and complexity will be required. The
engineered life support systems within the space-
crafts will need to be more efficient and self-
sufficient to support long-term crew habitation.
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Food production, nutrient recycling, atmos-
pheric replenishment, water cycling, and the
physiological and psychological health of the
crew members will all need to be considered and
maintained. Growing plants in situ in bioregen-
erative life support systems (BLSS) can sustain
these mission-critical and life sustaining elements
in conjunction with abiotic life support systems.
On Earth, explorers brought their plants and
agricultural practices with them on their over-
sea or overland journeys. Modern solar sailors,
astronauts, will do the same when they journey
through the solar system.

2 A Brief History of Astrobotany

Plant and animal responses to space environ-
ments were studied long before humans over-
came the Kirmén line. Corn seeds and moss
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were launched into the upper atmosphere on a
modified V2 rocket to test the effects of radia-
tion exposure on biological systems™?®. Jack
Myers studied green algae (Chlorella sp.) within
BLSS in the 1950s, these systems provided the
core elements to support plant life: light, water,
carbon dioxide, and temperature controls®’.
The first space stations, Saylut and Skylab, were
deployed in the 1970s and enabled fundamental
astrobotany research, like the influence of micro-
gravity on cytoplasmic streaming®>. The SVET
growth chamber, abord the Mir space station,
produced the first crop of space-grown produce
from seed'’. The International Space Station (ISS),
with its increased size and orbital lifespan, allows
for more crew, crew time, and payloads devoted
to science. The capacity to conduct complex
and lengthy plant growth experiments in micro-
gravity has grown over time. As space vehicular
capabilities have improved, so have the systems
for astrobotany research. Since 1970 more than
21 growth chambers have been developed and
flown™. Through extensive engineering and
design efforts, almost all growth environments
contained more complex environmental control
systems than their predecessors.

3 Bioregenerative Life Support Systems
(BLSS)
Long duration missions will require in situ food
production to provide nutrients and food diver-
sity for crews, as the nutritional value of packaged
food degrades over time®. On Earth, the study of
plant cultivation within BLSS habitats for space
missions has been a focus of research groups for
years, some notable BLSSs are the EDEN ISS pro-
ject?!, the Hawai’i Space Exploration Analog and
Simulation (HI-SEAS) project’, the Mars Desert
Research Station™, the European Space Agency’s
MELISSA project*!, and NASA’s Biomass Pro-
duction Chamber*®. Extensive research has gone
into selecting suitable crops for space agriculture
based on their crop readiness, edible biomass
production, energy consumption per crop, and
crew time required for plant husbandry?!-*%45,
Excluding higher plants, algae grown in fluid
bioreactors could support BLSS habitats”’. Algae
are relatively easy to rear, grow rapidly, have a
high nutrient density and harvest index, recy-
cle nutrients, can scrub injected carbon dioxide,
and can clean wastewater®'®**, Outside of BLSS,
plants can provide psychological and therapeu-
tic benefits to crew members’’. Through the
combined efforts of testing food crops and algae
in BLSS, we have the technical merit to create
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BLSS in situ when there is space and resources to
accommodate them.

4 Crop Production

Growth chambers aboard orbital space vehicles
have enabled fundamental physiology and crop
production research in space environments™.
The first space-grown vegetables, radish and Chi-
nese cabbage, were cultivated from seed in the
SVET system within the Mir space station'’. This
demonstrated that crops could be grown from
seed and that plant functions and morphology
appeared to be normal. The SVET system used
florescent lighting, ventilation fans, and sen-
sors for temperature, humidity, and substrate
moisture’.

As of 2023, there are two plant growth sys-
tems residing on the ISS, the Vegetable Produc-
tion System (Veggie) and the Advanced Plant
Habitat (APH)* (Fig. 1). The Veggie and APH
systems are on opposite ends of the technological
spectrum. Veggie has minimal controls with only
LEDs and a ventilation fan to autonomously con-
trol the growing environment and manual water
addition via a syringe or passively coupled water
reservoir. The APH on the other hand has exten-
sive controls and sensors, including air speed,
relative humidity, substrate moisture, CO,, ethyl-
ene scrubbing, and more. To date the edible crops
grown within APH are dwarf wheat, Hatch chile
peppers, and radish'"'?, while the Veggie system
has grown bok choy, mustard, kale, lettuce, and
dwarf tomatoes'>'” %°. With the ISS circling in
low earth orbit, efforts to supplement the crew
diet with space-grown crops have not been prior-
itized; greater emphasis has been placed on fun-
damental plant biology studies.

5 Plant Physiology
Plant physiology research has provided us with a
better understanding of plant functions and envi-
ronmental responses, which can improve growth
efforts on Earth and in space. Arabidopsis thaliana
(A. thaliana) was the first plant to complete its
lifecycle (from seed to seed) in space®”. Following
this inaugural generative study, A. thaliana, Bras-
sica rapa, and Pisum sativum produced viable seed
during space flight, with A. thaliana and Pisum
sativum grown for multiple generations'®!”?0%,
These experiments proved that multiple genera-
tions of plants can be grown in a low Earth orbit
while experiencing microgravity.

A. thaliana, a model organism, is a favored
plant for space research as its genome and physi-
ological responses are well understood. Various
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Figure 1: Vegetable Production System (Veggie), left, and Advanced Plant Habitat (APH), right. Photo
credits: NASA.

experiments have recorded its unique responses
in cell signaling, genomics, gravitropism, leaf
chlorophyll content, phototropism, reproductive
morphology, root composition, and root struc-
ture during space flight®!®!7> 23313234 A gl
ana presents engineering challenges. The seeds
are tiny and typically sown or glued directly on
a wicking substrate. Their small size makes them
prone to drying out during the critical seedling
establishment phase if the water delivery system
cannot maintain adequate, uniform substrate
moisture. Mature plants create considerable
flower petal and leaf litter debris which remains
airborne in the microgravity environment until
it is trapped by airflow and mechanical filters. By
understanding how plants respond to their envi-
ronments aboard space vehicles, engineers can
build more suitable plant growth systems.

6 Plant Growth Systems as Enablers
of Research

Generally, when plants are provided with the
proper environmental conditions (atmosphere,
light, media, nutrients, ventilation, water regime,
etc.) they tend to adapt and grow readily in
microgravity environments*’. However, provid-
ing these goldilocks-like conditions is difficult.
Plant growth facilities have continuously evolved
to better control their environments®. Many
modern growth facilities control and have sen-
sors for lighting via LEDs, substrate moisture,
forced air circulation, temperature, humidity, and
atmospheric composition'"*>*?, The improved
environmental controls and monitoring in mod-
ern growth systems have generated high fidelity
plant science studies. In addition to the afore-
mentioned government-owned facilities, Veggie
and APH, commercial hardware developers like
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Redwire Corporation provide researchers with
other options such as the Passive Orbital Nutri-
ent Delivery System (PONDS), fractional gravity
Phytofuge modules, and the under development
large-plant oriented scalable Greenhouse (Fig. 2).
Fractional gravity platforms can be used to help
understand the minimum threshold of gravity
required for “normal” plant growth. Such infor-
mation may help inform the next generation of
spacecraft development to include the capacity to
generate fractional gravity by rotation.

7 Plant Responses to Space Flight —
Direct Effects

Microgravity itself has not shown to fundamen-
tally alter plant growth or lifecycles, however, it
holds great influence on the environment that
envelope the plants. Gravity is fundamental to life
on Earth. Plant roots are positively-gravitropic,
they grow in the direction of the force of gravity,
while stems are negatively gravitropic. Starch sta-
tolith deposition within root cells aid in sensing
gravity and guide root growth'* Although plant
growth in microgravity is often the variable of
interest in astrobotany research, a new payload
called the Phytopfuge allows researchers to study
the effects of differential gravity on plant growth
aboard the ISS. The Multi-use Variable g Plat-
form (MVP) is a facility system with two centri-
fuges, each containing multiple cassettes that can
be idle for microgravity conditions or be spun to
produce fractional gravity ranging between 0.1
and 2.0 g. One such cassette type called Phytofuge
provides growth conditions for seedlings in spe-
cially designed Petri dishes. The Phytofuge sys-
tems allows researchers to control the gravity
variable and isolate effects of the space environ-
ment on plant growth.

@ Springer n‘%
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Figure 2: Passive Orbital Nutrient Delivery System (PO , left, Phytofuge module and custom Petri
plate, center, and Greenhouse concept, right. Credits: Redwire Corporation.

In microgravity, phototropism becomes the
primary sense for plant growth and orienta-
tion, generally roots are negatively phototro-
pic, and shoots are positively phototropic™>!%,
Thus, proper lighting is imperative for astro-
botany research. In the last 30 years plant light-
ing technology and capabilities have increased by
leaps and bounds. Early growth chambers either
used fluorescent lights or cabin light™. Today, all
growth chambers on the ISS use tunable LEDs, in
which the light intensity and color are both pre-
cisely controlled. This allows researchers to study
the effects and influence of light intensity and
color on plant growth in microgravity. LEDs are
also more energy efficient than fluorescent lamps,
which can reduce to total power draw of a pay-
load or increase its light output.

Stresses linked to space flight have been
observed in A. thaliana, Brassica rapa, Zinnia sp.,
and many other plants’> **°**! Water related
stresses can arise when soil moisture setpoints
optimized in unit gravity are used in micro-
gravity’’. Root hypoxia occurs when there is
limited available oxygen in the root zone often
from overwatering and a lack of convective gas
exchange; this is a common stress in space-grown
plants®**. To address these issues, engineers have
devised solutions to better control the water con-
tent within the rooting substrates, including the
use of agar-based media, floral foam, and embed-
ded porous tubes. The APH contains porous
tubes to deliver or remove water from the root-
ing substrate via regulating pressures placed on
the tubes. The PONDS hardware is passive; water
is separately stored in a reservoir, wicks embed-
ded into the rooting substrate are hydraulically
connected to the reservoir and water is drawn
into the root zone through capillary action. Engi-
neers can also manage root zone gas exchange
operationally by iteratively adding water and then
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permitting the root zone to dry out. This tech-
nique is sometimes referred to as ’ebb and flow’.

Radiation is another stressful factor in space-
flight. The effects of cosmic radiation on plants
are not well understood and are difficult to study.
Spacecraft in low Earth orbit are largely protected
from cosmic radiation held within the Van Allen
Belts. During the Artemis 1 mission, the Orion
capsule carried A. thaliana seeds on its jour-
ney through the high radiation within the Van
Allen Belts, lunar orbit, and back to Earth*.
Multiple studies have exposed seeds to the space
environment by affixing containers to exterior
platforms on the ISS. The Biorisk experiments
exposed seeds for 13 months. The majority of
seeds remained viable, though some species had
reduced germination percentages'. A. thaliana
and tobacco seeds were placed on the exterior of
the ISS for 558 and 682 days, some with UV pro-
tection and others without. UV protected seeds
germinated while unprotected seeds did not”’.
The Artemis and Biorisk studies will show how
cosmic radiation affects seeds and will inform
best practices for seed preservation and storage.
As humans take prolonged voyages through outer
space, radiation shielding for the astronauts and
their biologically active components and pay-
loads will need to be implemented.

8 Plant Responses to Space Flight —
Indirect Effects

In microgravity there is no buoyancy-driven
convection for liquids or gases. As a result, leaf
boundary layers are larger and air molecules do
not naturally mix which can limit photosynthe-
sis and transpiration'>”*. Forced air throughout
plant canopies helps to lessen the leaf boundary
layer and mix the air, therefore all modern growth
chambers have at least one circulation or exhaust
fan.
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In sealed growth chambers the atmospheric
composition of carbon dioxide, ethylene, and
other volatile organic compounds (VOCs) influ-
ences plant growth and development. Elevated
ethylene concentrations affected the morphol-
ogy of A. thaliana roots in a Biorack experiment
and prevented wheat from forming viable seed
in SVET> ¥, Through these lessons learned, most
modern systems scrub VOCs from the chamber
atmosphere using a variety of engineering solu-
tions including photocatalytic systems and filters
packed with granular potassium permanganate.
Carbon dioxide is both consumed by plants
through photosynthesis during the day and pro-
duced by plants metabolically during the night.
Thus, closed systems must include feedback con-
trol that both scrubs carbon dioxide, typically
using a lithium hydroxide filter, and adds carbon
dioxide from a compressed gas bottle. At a mini-
mum, chambers have ventilation fans to exchange
chamber air with cabin air to prevent the buildup
of VOCs and maintain a relatively stable carbon
dioxide environment.

The effects of moderately elevated carbon
dioxide (CO,) concentrations (600-1000 ppm)
have been studied for horticultural purposes
on Earth and often bolster plant growth®. The
CO, levels on the ISS range between 3000 and
5000 ppm. Previous spacecraft had even higher
concentrations. Multiple studies have shown that
hyper-saturated CO, environments generally
cause no harm to plants and can increase crop
biomass production for many species, though
Chinese cabbage growth was inhibited in ISS-
like CO, conditions” ***’. Thus, plant growth
environments need to control CO,, ethylene, and
VOC’s or conduct frequent cabin air exchanges to
create optimal atmospheric compositions***’.

9 Engineering Challenges

Engineers developing a facility for plant growth
are essentially designing a miniature life support
system with similar complexities and attributes to
those developed on a larger scale to keep humans
alive and thriving in space. While mission success
is clearly important to plant researchers, the first
and paramount concern for the engineer is crew
safety. Whereas an engineer of terrestrial sys-
tems might select off the shelf components based
purely on their function, spaceflight engineers
must think deeper. There are many design con-
siderations and trade spaces facing an engineer of
space-borne plant growth systems. A few of them
will be explored here.
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Resources are notoriously scarce in space-
flight. Both mass and volume cost a small for-
tune to loft into low orbit, and no amount of
money changes the fact that only a handful of
vehicles currently traffic to and from orbit in
any single year. Once on orbit, mass is no longer
a constraining factor, but volume continues to
be problematic. Orbiting platforms like the ISS
have only so much volume. Period. That volume
must be partitioned between active scientific
facilities, life support systems, and storage space
for supplies and consumables. Other constrain-
ing resources include power, commanding and
telemetry bandwidth, crew time, and the availa-
bility of supporting equipment like cold stowage,
videography/photography, and analytical tools
like gloveboxes and microscopes. Crew on the ISS
spend the majority of their time maintaining crit-
ical space station systems, conducting tasks such
as space walks, and exercising to counteract the
long-term negative physiological effects of space-
flight. Some weeks there have been as few as 40
work hours available to perform science by the
combined efforts of the entire crew. Confronted
by all these simultaneous resource constraints,
the payload engineer must be ruthlessly efficient
in every aspect of design and operations concept.

Consider all the facets of just one challenge:
nonmetallic materials of construction burn. A
fire on a spacecraft is a catastrophic event. All but
the remotest scenarios that result in a fire must
be assessed, mitigated, and verified. What are the
flammability characteristics of nonmetallic mate-
rials? Are there ignition sources and flame propa-
gation paths either from the vehicle or other parts
of the payload itself? What are the toxic deflagra-
tion products of such combustion? How do the
characteristics change in a spacecraft that may
have an elevated oxygen environment? Answers
to these questions often drive the use of atypical
materials such as Ultem®, Kynar®, and Nomex®
and strategies that compartmentalize or segregate
flammable materials to aid in fire suppression
should the unthinkable occur.

Materials used in construction and operation
consumables pose interesting challenges to the
designer of plant growth payloads. Flammability
has already been discussed. Blowing agents used
to manufacture foams like insulation can outgas
and build up in a closed-loop system to levels that
are harmless to humans but profoundly influen-
tial to plants. Many plant growth systems employ
chemical or photochemical atmospheric scrub-
bers to remove volatile organic compounds origi-
nating from foams, plastics, and even the plants
themselves. Biocompatibility of all materials must
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be considered. Metallic construction of a plant
growth chamber might seem logical to mitigate
fire hazards, but since most orbital growth cham-
bers are small, the plants will likely make contact
with the walls as they mature, and many metals
are phytotoxic. A better plan is to coat metallic
walls with a more biologically inert material with
good flammability properties such as Teflon®.

Substrates that plants root either in or on
must be sufficiently porous to facilitate water
flow, nutrient delivery, and atmospheric gas
exchange. In the absence of gravity, the wetting
characteristics of such materials are dominated by
capillary flow, often leading to flooding and over-
watering. Common substrates include semi-solid
gels and crushed granular clay. Frangible mate-
rials must be avoided as they can liberate mate-
rial that, depending on size, can be a nuisance as
an irritant in the eye or as life-threatening as an
asphyxiation hazard.

The spaceflight environment aboard a crewed
vehicle can also pose unique threats to the hard-
ware itself. Elevated radiation degrades electron-
ics; commonly hard drives and charge coupled
devices suffer the most though even integrated
circuit chips have been known to fail. The lack
of buoyancy-driven convection causes heat to
build up in odd places or can cause condensa-
tion to occur, sometimes deep within electronics.
Heat does not rise from a hot object and water
does not run down to the lowest physical level
in space. Instead, a localized “spherical gradient”
of heat or blob of water can grow undetected
until problems occur. Often mere fractions of a
degree in temperature across a surface can yield
such deleterious effects. Two-phase flows, such as
water and entrained air in plumbing, do not eas-
ily segregate in the absence of gravity. The result-
ing fluid manifests as a foam of varying density,
viscosity, and thermal properties to the detriment
of a cooling system or condensate recovery in a
closed-loop environment.

Broadly defined, operations considerations
exert a huge influence upon the engineering
behind growing plants in space. Much like grow-
ing plants on Earth, growing plants in space
can only utilize so much automation. The eyes,
hands, and minds of astronauts are necessary
for plants to flourish in space. Perhaps the most
obvious operational considerations that must
be incorporated into designs are “human fac-
tors”. Switches must include guards or covers to
prevent inadvertent activation by crew. Labels
must be standardized, obvious, and intuitive.
Component quantities and locations are tracked
using bar code labels. Velcro, elastic bands, and
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mesh bags are critical to gathering and managing
objects that would otherwise simply float away.
Less obvious are considerations about how crew
must exert forces to push, pull, crank, or relocate
objects. Objects in space have no weight, but they
still have mass which means they also still have
inertia. Fundamental physics tells us that every
force exerts an equal and opposite force. Crew
must often maintain their position using one
hand or feet inserted through fabric loops on the
floor in order to perform an operation.

Logistical ~“operations” must also be
addressed. Spaceflight hardware must be handed
over to the launch vehicle for stowing as much as
nine weeks prior to flight. Only biologically active
components, like seeds, can be handed over a few
days before launch. Once on orbit, weeks or even
months can elapse before a facility is activated.
Once active, plant investigations are among the
longest research campaigns crew perform, often
taking 30, 60, or even 120 days to complete. If a
plant investigation yields samples that must be
analyzed, this analysis is mainly performed post-
flight back on Earth. There are very few analyti-
cal tools on the current space station that can be
used to analyze plant samples, and analysis takes
even more precious crew time. Most samples
that return are either chemically preserved or
frozen. This too represents logistical challenges.
The number of “cold stowage assets” available to
return samples is limited. Priority is often given
to frozen biomedical samples used to assess crew
health and performance.

There are a myriad other engineering aspects
of growing plants in space. We have only taken a
shallow dive into the deep pool of knowledge that
exists in the space industry. Most importantly,
this review is meant to open the eyes and minds
of the next generation of space agricultural engi-
neers. Few academic institutions provide a full
course of study necessary for young engineers
eager to design the next generation of spaceflight
plant growth facilities, but it is these brilliant
young minds that will take gardening, crop pro-
duction, and eventually aclosed-loop biological
life support system, to the moon, Mars, and the
stars.
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