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INTRODUCTION

As humanity begins to expand into & beyond low-Earth orbit for sustained

periods, developing a new set of strategies is paramount to the success of our

habitation in these extreme environments. Among those integral elements,

growing fresh produce with astro-agriculture, and cultivating & processing

biological organisms, is paramount in providing nutrition for extended-duration

missions, psychological well-being (Zhang et al, 2020) & resource efficiencies.

Unsurprisingly, the gravity anomalies experienced in off-world habitats

substantially affect plant development, rendering traditional agronomy obsolete.

The opportunity to leverage the beneficial effects of gravity on biological

organisms’ growth presents an under-utilized opportunity to support more hardy,

consistent production. Accordingly, pioneering strategies centered around plant

adaptation to zero-or-partial gravity situations emerge as crucial to our pursuit of

life amongst these cosmic frontiers and critical to address our need for renewable

sources of sustenance, on and off-world.

Background

In plants grown on Earth’s surface, geotropism and gravitropism are virtually

synonymous, however, in space (and in this experiment) it is vital to note the subtle

distinction between the two. Gravitropism is a special case of geotropism; It

possesses its own implied vector metric: positive gravitropism is when a plant

grows towards the source of gravity (activated by the amyloplast in the roots) while

negative gravitropism is when a plant grows away from the source of gravity

(Lopez, et al., 2014). All gravitropic movements can be considered geotropic, but

not all geotropic movements involve gravity detection and induce a response

specific to plants.
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The basic principles governing gravitropism, particularly the consistent downward

growth of plant roots, are believed to rely on the Cholodny-Went hypothesis. This

concept suggests that the perception of gravity induces lateral redistribution of the

phytohormone, auxin, within the plant, thereby triggering differential growth

between the lower & upper sides of the affected organ, which leads to directed

curvature towards the source of gravity. Thus, the Cholodny-Went model forms

the foundation for our comprehension of Gravitropism in plants (Cholodny, 1927;

Went, 1928; Orbovik and Poff, 1993; Sato et al, 2014).

Auxins are a class of phytohormones that have a pivotal role in coordinating

various aspects of plant growth and development. Specifically, auxins play a direct

and critical role in ensuring the proper coupling of cell growth and proliferation

under normal terrestrial conditions. Auxins mediate the link between detected

stimuli and subsequent cellular responses in plants. By functioning as signaling

molecules, auxins enable cells to detect and react appropriately to environmental

cues, thereby facilitating the activation of downstream molecular events that

ultimately shape plant growth and behavior. Through careful modulation of auxin

production, distribution, and breakdown, plants dynamically adjust their

physiological activities to match prevailing circumstances best (Muday and

Murphy, 2002; Medina and Herranz, 2010).

Furthermore, auxins exert a major influence on the decoupling of these processes

under altered gravity conditions, such as during spaceflight. At the cellular level,

auxins primarily regulate meristematic competence, which encompasses the

capacity to coordinate cell growth and proliferation in distinct zones within plant

roots. (Bhalerao and Bennet, 2003; Taele et al, 2006). These zones correspond to

regions where cell division, expansion, and differentiation occur, allowing for the

maintenance of appropriate cell number and size (Perrot-Rechenmann, 2010).

It is widely understood that plant organs have a growth orientation in response to

gravity. The input (gravity sensing) in cells and then signal conversion (gravity

signaling) progress sequentially which then in turn triggers the next step which

redirects auxin transport toward the lower flank of the plant organ (Nakamura,
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2019). When gravity alteration takes place, a change is produced within the lateral

balance of the auxin signaling process, resulting in the loss of orientation,

ultimately altering the gravitropism of the plant (Gadella, 2018).

Notably, the disturbance of gravity during spaceflight triggers a notable stress

reaction in plants, likely attributable to the loss of meristematic competence,

underscoring the importance of auxins in mediating plant responses to changing

environmental conditions (Medina, 2021). The close association between cell

growth & proliferation constitutes a hallmark feature of meristematic cells,

rendering the dissociation of these two cellular processes triggered by microgravity

conditions. It is helpful to remember that this is a significant source of stress for

these specialized cells. Typically, tight synchronization of cell growth and

proliferation ensures optimal plant development, tissue regeneration, and response

to environmental perturbations.

Nevertheless, under microgravity conditions, such strict coordination becomes

compromised, potentially giving rise to deleterious consequences, notably the

undue accumulation of damaged cells, diminished photosynthetic efficiency, and

hampered biomass accretion. This is seen in multiple studies that observe an

increase in cell proliferation but a decrease in cell growth in space. Past studies

suspect that these observed results were due to alterations in the regulation of the

cell cycles. (González-Camacho et al, 2021; Manzana et al, 2018; Matia et al, 2010).

Additional studies imply that modified gravity impacts cell growth and

proliferation via the transduction of the gravitropic signal initially received by

columella cells located within the root tip. Specifically, alterations in gravity

translate to altered cell division and expansion through the actions of these

specialized gravity sensor cells (Medina and Herranz, 2010).

Hence, identifying effective countermeasures against microgravity-induced

uncoupling assumes paramount importance in advancing our understanding of

plant adaptation and resilience in extreme habitat settings, eventually contributing

to the design of functional bio-regenerative life support systems required for
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extended stays in environmental scenarios like those found on the Moon, Mars,

and other extraterrestrial environments.

Experimental Apparatus

Enclosure

As external environmental factors, such as

temperature and humidity could easily

induce variation to the experiment, we

decided to design and construct an

apparatus for housing our experiment. By

keeping the experiment as isolated as

possible, our quality of the dependent

variable data was increased. The apparatus

was constructed of an outer 9U server rack

with a pull-out equipment tray installed on the lowest rung. A peristaltic pump to

dispense timed & dosed water into the experiment was affixed to the far left corner

of the container alongside a water collection tray at the very bottom. A gold radiant

barrier, which was used as a light reflector, was hung on 3 sides of the container

and the top as well. A full spectrum LED Grow Light with 144 LEDs (74 Cold

White + 46 Warm White + 20 Red + 2 Purple + 2 Dark Red) was hung from above 8

inches from the surface of where the plants were grown. Upon the equipment tray

there were multiple hardware components mounted. Before anything else could be

affixed, first, supports for the motors and

tensioners were attached to the tray. Next,

an embedded system running a linux

server was attached and connected to three

NEMA motors(two for the drive system

and one for the peristaltic pump). Also

connected were 2 Arduino

microcontrollers, one for the drive system
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and one for the lights & water pump. A stepper driver hat was used to run the drive

system. Additionally connected was a light meter, a hygrometer, dew points sensor.

Next, both were wired and programmed control modules to collect and record data

continuously and maintain prescribed rotational drive parameters. Belts were

affixed to two of the three-cylinder apparatuses & these were programmed to

rotate at the predetermined rates, as laid forth in our hypothesis (2 rpms & 4 rpms).

As the control cylinder would have no reason to rotate, there was no belt connected

as it remained stationary throughout the experiment. This is all held aloft by two

A-frame mounts on either side of the equipment tray.

Water Core

To provide hydration to the specimens, the design called for a central pipe to carry

water through the center of each cylinder, a water core. A 17mm(outside diameter)

pipe was used for this purpose and also acted as a central axel for the cylinders to

freely rotate around. This pipe was machined with 18 total - six 2mm equidistant

holes for each of the three-cylinder segments using a laser beam and a drill press.

The capillary cloth was then around the water core to prevent soil from plugging

up the irrigation holes and facilitate even distribution of water around the soil

mass. Connecting to one side of the watercore/pipe was a tube running from the

peristaltic pump, which delivered 1-deciliter of 6-stage reverse osmosis filtered

water on a 12-hour timer to deliver from a water reservoir. (We did not use a

bladder as planned due to pressure & siphon effects.)

Cylinders

Rather than traditional pots, our experiment called for the design and fabrication

of three hollow cylinders. These cylinders would be filled with the lunar simulant /

soil mixture and act as the receptacle for the plants to germinate & grow. End caps

were affixed to either side of the cylinder to give it structure; the cylinders

consisted of a single surface membrane and two end caps; and made entirely of

HDPE. (See figures 1,2) This material was used as other plastics tend to leach

chemicals into soil and wanted to avoid that. Both 1/16th inch surface members &
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1/2 inch end caps were designed in CAD and cut with a CNC router. Having been

drilled intact everything was assembled with machine screws. Both sides end caps

were equipped with bearings (as seen in figures 3,4,5) that allows the cylinders to

freely revolve around the fixed water core as a central fixed axle.

Figure 1: Design of the cylinder panels Figure 2: Cylinder cutouts ready for assembly

Using CAD/CAM software and CNC hardware, we were able to ensure design

fidelity and dimensional accuracy while minimizing any margin for error.

Figure 3 4,5 : Cylinder fabrication overview

Timing belts attached to each cylinder's end caps and independent stepper motors

provided reliable, and accurately controlled rotations per unit.

8



-The GeoGro Team -

Rooting Baskets & Burlap Encasement

In order to prevent the soil from falling out we used a

combination of burlap and 3D printed ‘rooting baskets’.

The design called for a small cage to hold a seed in

before being thrust through the burlap into the soil

mass; it would mechanically interface and lock into the

cylinder for stability. The design went through to

different versions. The initial one worked well, meeting

minimum requirements; however, did not fit entirely

flush to the cylinder; it was redesigned to allow for

greater retention within the grow port interface.

The second version increased surface area interface for

mechanical connection and fit flush. You can see this in

the below diagrams and the Appendix.

See Photos in the Appendix for more Diagrams
of our experimental apparatus

EXPERIMENT

Experiment Abstract

The experiment displays the effects of two(2) different rates of geotropism on

plants, here, on earth by propagating them in a mix of soil, and the provided

Lunar-regolith-like simulant. The experiment consists of three(3) hollow

horizontal cylinders: one stationary cylindric control group, one slowly rotating

cylinder, and one more rapidly rotating cylinder. All cylinders were held aloft by

supporting ‘racks’ and will be filled with a 50% Lunar-regolith simulant, and 50%

soil blend. Cavities were bored into these cylinders, ‘grow-ports’, and ‘rooting

baskets’ were 3D printed & seeds were sown, with the intention for plants to grow

outwards orthogonal to their cylinders’ axis of rotation. Each cylinder housed and

grew three Arugula, three Red Romaine, and three WheatGrass specimens.
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Nutrients were dosed by a pump and all inputs, environmental variables &

operational activities were appropriately monitored, managed, recorded, and

reported.

Experimental Parameters

Rotational Rates:

Rotational Rates of Cylinders: 0 rpms (control) · 2 rpms · 4 rpms

Crops

· Red romaine lettuce lactuca sativa
· Arugula eruca vesicaria
· Wheat grass triticum aestivum

Light

Daily Light Index: 73.78

Photosynthetic photon flux density: 1138.62 ppfd

DLI=PPFD x light hours per day x (3600/1000,000).

Light Hours Per Day: 18 hours

Light turn on Time: 6:30 am

Light turn off Time: 12:30 am

Water

Dose Amount: 1 deciliter

Frequency Every 12 hours

Time 1: 6:30 am

Time 2: 6:30 pm

Spectrum of the Light Source
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GrowMedium Composition

Mixture: 50% Lunar Simulant / 50% Fox Farms Forest Ocean

Above: Fox Farm Ocean Forest® Specifications

Our potting material was comprised by mixing together equal parts Exolith lunar

regolith with Fox Farm Ocean Forest® potting soil, which is a blend of: sphagnum

peat moss, earthworm castings, bat guano, fish emulsion, and crab meal in a sandy

loam.

https://cdn.shopify.com/s/files/1/0398/9268/0862/files/lhs-1-spec-sheet-Dec2023.pdf?v=1703001782

Additional information can be found at the link above.

11



-The GeoGro Team -

Results

Week-by-Week

2-12-24

2-19-24
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2-26-24

3-4-24
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3-11-24

Environmental Data: Temperature · Relative Humidity · VPD · Dew Point
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FreshWeight

On March 14th, 2024, 31 days after the start of the experiment, we used a knife to

cut and separate our three samples from the cylinder in order to get a

measurement of their fresh weight.

We measured a .01 gram digital scale with the weight of a small plastic bag and

then proceeded to take the measurement of biomass. See figures below.

RPM 0 : 5.53 grams
RPM 2 : 5.14 grams
RPM 4 : 1.30 grams

Vitamin C

The biomass of each sample was then removed from the bags and subsequently

ground to a pulp the biomass to utilize vitamin C strips to measure Vitamin C

levels. We exposed the reagent on the vitamin C test strips for 2 seconds to get the

measurement and then waited 30 seconds for the reagent to react and then visually

compared the color to a table to ascertain the vitamin C levels present in the

samples.
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DISCUSSION & CONCLUSIONS

Our study set out to examine whether prolonged exposure to rotational stimuli

during the growth cycles of select species would confer a favorable adaptive

response mechanism within their morphology. Preliminary visual inspections

displayed encouraging signs consistent with positive responses, such as improved

morphologic appearance up till a particular juncture. Surprisingly, contrary to our

working hypothesis, the obtained results yielded an exact reverse trend once

measurements were compiled at the conclusion of the study.

We suspect and substantiate our suspicions with photographic records that the

total mass produced by the specimen rotating at 4 rpm surpassed the load and

space limits tolerated by our prototype apparatus. Throughout consecutive stages

of the trial period, we show in the figures provided, that the specimen begins to

exhibit signs of stress. Photographic records show the specimen being subjected to

mechanical stress forces such as colliding with the inner wall and floor of the

apparatus due it’s increase in size compared to the other two test groups. This

inevitably skewed the intended outcomes unfavorably.

This is seen in past studies showing that the challenges with long term experiments

conducted with rotational machines have challenges relating to the increased mass

of the plant specimens, the changing weight distribution, the bending stress and

other randommechanical stimulation it ultimately causes. (van Loon et al, 2007;

Manzano et al., 2009)

While the ultimate outcome of our study did not align with our initial hypothesis,

the earlier weeks of our specimen’s growth did. The initial vegetative growth of the

specimen rotating at 4 rpm indicates an acceleration within germination occuring

up until the point of mechanical interference.

In addition to our obstacles with the mechanical stress force, there were also

challenges with our light intensity causing the red roman and arugula to seemingly

sprout but not grow past the germination phase. We also had issues with our
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hygrometer exporting and deleting date, this break of data can be seen in the above

results section.

Due to the promising growth in the initial stages, we still theorize that if these

challenges are circumvented the implication is large for the practical application

involving rotational spin and sustainable plant growth within outer space. It is

suspected that the rotational spin altered the mesomatic competence of the plant

affecting the auxins signaling.

Further studies should also examine the following unresolved questions.

● How do alterations in varied gravitational stimuli impact fundamental plant

growth metrics?

● How does rotational stimuli affect the auxin mesomatic competence of the

plant?

● Does a spinning rotational machine provide a significant enough

improvement in plant growth to warrant such an apparatus?

● What implications does this discovery hold for improving future

explorations in astro-agriculture & terrestrial crops, alike?

● How does rotational stimuli affect the auxin mesomatic competence of the

plant?

To effectively build upon prior learnings and render significant strides towards

progressive achievements, we recommend the following experimental

improvements -

● Optimize hardware configurations accommodating wider spectra of plant

dimensions to prevent premature failures linked to excess bulk burden.

● Employ cutting-edge imaging modalities for extracting detailed metric

intelligence tracking incremental adjustments occurring within plant tissue

layers.

● Develop comparative analytics
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● Explore and find the diminishing point of return on cylinder rotation speed

for various genotypes and phenotypes.

● Alternating and exploring light frequencies and intensities.

Currently there’s limited studies that explore the direct relationship between plant

rotation and auxin concentration fluctuations. Nonetheless, indirect evidence

suggests that rotation induces mechanical forces that are beneficial for the growth

of plants in potential space environments. This phenomenon exhibits promising

implications for tailored optimization of rotation strategies promoting improved

plant health and stability within spacecraft ecosystems.
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Appendix A : Photos

Motors Microcontrollers & hats Using OctoPrint to assist controlling Motors
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Fabrication of Cylinders
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Installation of WebCamera Addition of Water Core
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Rooting Basket First Version
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Rooting Basket Second Version

Cylinder Buildout
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Water Core Installation

Preparing Cylinders for Lunar Simulant Mixture
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