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The NASA Plant Water Management (PWM) technology demonstrations aboard ISS apply recent 

advances in microgravity capillary fluidics research towards the mundane yet problematic challenges of 

simply watering plants in space. Plant growth in a low-g environment is often hampered by inadequate 

aeration and over-saturation of the root zone. The present effort aims to exploit the passive capillary forces of 

poorly wetting liquids (i.e., contaminated water) within unique system geometries that effectively replace the 

role of gravity in providing sufficient aeration and hydration for simulated plants. Several ISS 

demonstrations are currently on orbit for experiments in late 2020, including soil and hydroponic models in 

single and parallel channel networks. Supportive terrestrial and low-g drop tower tests are conducted to aid 

in experiment design via scale- and full-scale demonstrations. The test demonstrate proof-of-concept, limits of 

operation, system stability, and more. Applications are discussed in relation to plant growth facilities for both 

near-term microgravity plant science research and long duration human exploration missions. 

Nomenclature 

CSELS = Capillary Structures for Exploration Life Support Experiment 

COTS = Commercial off-the-shelf 

ISS = International Space Station 

JEM = Japanese Exploration Module 

MWA =  Maintenance Work Area 

PWM = Plant Water Management  

0-go = ‘Low-g,’ or negligible gravity level, typically microgravity levels (9.81 x 10-6 m/s2) 

1-go = Terrestrial gravitational acceleration (9.81 m/s2) 

I. Introduction 

lant growth in the low-g environment is often hampered by inadequate aeration and over-saturation in the root 

zone. Plants are a critical aspect of the complete life support system on Earth. Plants convert carbon dioxide to 

oxygen as a result of photosynthesis and use waste water to create “distilled” portable water as a result of 

evapotranspiration. Plants are a critical aspect of the complete life support system on Earth. Food, which is supplied 

by plants, is a critical element for human survival. The continued logistical burden of sending stored food into space 

to either the International Space Station (ISS) or eventually the Moon or Mars can be remedied with direct food 

production in the microgravity environment. Scientific experiments such as VEGGIE have demonstrated that plant 

growth in space is feasible, yet far from perfect. Astronaut crew response to food and voluntary time spent tending 

plants also provide evidence for the psychological benefit plants can have for future missions.  In order to grow 

plants in any environment, the basic requirements must include water for nutrient transport, biochemical processes, 

and thermal management.  Aeration is required for the root zone: releasing carbon dioxide and absorbing oxygen at 
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a minimal but necessary level. This work seeks to leverage recent technology demonstrations as a basis for future 

plant production systems that operate effectively regardless of the gravity vector. Plant Water Management (PWM) 

aims to make passive use of poorly wetting liquids (i.e., nutrient-filled water) within unique system geometries that 

effectively replace the role of gravity in providing sufficient aeration and hydration for simulated plants in an 

efficient spacing system. 

This project explores the microgravity environment for a passive, “pick-and-eat” food production system in 

space. The proposed work is expected to further develop our fundamental understanding and physical models 

characterizing the interaction of microgravity passive water and nutrient delivery to various plant configurations. 

The plant spacing distance and its effect on water delivery, plant evaporation, and environmental condensation 

parameters will be investigated visually and used to model the complete processes involved. This project will 

leverage current on-orbit techniques for plant growth in the most optimal pattern to conserve space and volume on 

ISS. The approach is amenable towards satisfying requirements ranging from plant science studies to a deep space 

food production system.  

 

The proposed work addresses both traditional, soil-based methods for plant growth and hydroponics systems 

where plant roots are suspended directly in water. PWM seeks to address the optimization of plant-growing 

hydration and aeration parameters with several novel water delivery systems. Long-term development of the project 

will eventually incorporate providing sufficiently uniform wetting of the roots, avoiding the release of free water, 

and maintaining sufficient aeration and oxygen. 

II. The Plant Water Management Experiments 

 PWM is a sequential project, with sets of two experiments at a time being set to the ISS for research. 

Currently, PWM 1 & 2 are onboard the ISS; one for a soil-based experiment and the other for hydroponics. PWM 3 

& 4 are in development and, at the time of writing, just held a successful design review. This method of fast-to-flight 

technology experiments is intentional, to promote rapid prototyping and lessons learned from how each experiment 

behaves on orbit that can quickly be incorporated into the next iteration. Multiple techniques for investigating water 

delivery methods of both hydroponics and artificial soil systems can be demonstrated and tested with equivalent 1-go 

systems on the ground for verification.  In addition to the water delivery methods and geometric designs, a variety of 

plant types can be tested in combination with these variables in the microgravity environment to provide a true 

picture of system-level response. This work is being performed in collaboration with NASA Glenn Research Center 

(GRC), NASA Kennedy Space Center (KSC), and Portland State University (PSU), with all researchers seeking to 

develop crew-tended technology demonstrations simulating plant water delivery methods. A partial listing of the 

scientific objectives is provided below: 

 

• Demonstrate low-g role of surface tension, wetting, and system geometry to effectively replace the role of 

gravity in certain terrestrial soil and hydroponic plant growth systems for applications aboard spacecraft 

• Provide hydration and aeration to plant root zone throughout the plant life cycle (germination through harvest) 

• Provide hydration and aeration to plant root zone for single or multiple plant production chambers 

• Control liquid inventory via capillary forces within either an open or semi-open container 

• Provide sufficient hydration commensurate with plant growth and evapotranspiration rates 

• Provide hydration and aeration to plant root zone in a geometry that can be utilized in omni-gravity 

environment 

• Demonstrate routine prime, startup, shutdown, steady and transient operation 

• Demonstrate potential for routine plant management functions: i.e., pruning, harvesting, root clearing, etc. 

• Demonstrate use of flight hardware by low-g plant research community for true plant growth demonstration 

 

 Six test demonstration methods are planned with the first two (PWM 1 & 2) already on the ISS. PWM 3 & 4 are 

projected to be sent up to the ISS by late 2020. All four approaches seek to leverage capillary forces, wetting, and 

novel geometry to provide a more passive means of control for the delivery of oxygenated nutrient-rich water to 

simulated plants throughout the growth cycle. The first hydroponics investigation was thoroughly explained in an 

ICES 2019 paper by the same authors. Thus, soil-based methods and future plans for PWM 3 & 4 are the focus of 

this presentation. The soil approach employs a mixture of nonwetting and highly wetting media for water delivery 

control to the root zone. Several plant models are used that each simulate a different point in the plant life cycle 

(germination, growth, and harvest). This work lays a foundation for scalable plant growth systems in the 
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microgravity environments of orbiting spacecraft, while also remaining fully compatible with scaled-down versions 

for use in terrestrial, lunar, and Martian gravitational environments.  

III. Hydroponics Investigations 

The first investigation for PWM involves a hydroponics channel used to demonstrate root motion and fluid 

uptake in a wedge-shaped channel, with no soil involved. Since the focus of this demonstration is on the physical 

sciences of fluid transfer, no biological components are used. Rather than live plants, simulated plants made from 

rayon felt and nylon string are used as stand-in models. These simulated plants can demonstrate the liquid uptake of 

a typical plant, with felt and string fibers serving as wicking materials modeled after experimental data for a real 

plant root, stem, and foliage. Using simulated plants allows for easier experiments that are not constrained by flora 

behavior and persistent growth, while still providing a good reference point for the overall system performance. In 

addition to demonstrating the geometric effectiveness, the low-humidity conditions on the ISS provide ample 

gradients for evaporation, leading to practical evapotranspiration rates controlled by the foliage model surface area 

and the known low-g evaporation rates on ISS.11 Here, we provide further details of the experiment concept and 

scientific objectives, hardware design, and test procedures for each iteration. This hydroponics work was 

developed in parallel with the soil investigation detailed later. 

A. Scientific Objective 

This technology demonstration was designed to use advanced in capillary-based geometries with real-

life fluids one might encounter in a true plant growth system. Rather than use a highly wetting fluid such as 

silicone oil, this project seeks to use 120 mL of astronaut “red drink” fruit punch as the stand-in for nutrient 

rich water solution. This has a higher contact angle with the wedge walls compared to silicone oil, yet 

provides a good testbed for the stability regimes of capillary-driven devices in these real world, applied 

scenarios. Additionally, the test wedge unit itself is designed with an easily removable lid, for proving out 

“pinning” liquids through capillary forces as a method of containment (the experiment will be crew-tended 

in the open cabin, without the use of a glovebox). “Pinning” refers to containment of fluid as a result of 

surface tension and geometric constraints. Demonstrating the stability of capillary-driven hardware for plant 

growth systems will allow a regime map to be created from the data. From this, different flow 

regimes such as air ingestion, embolism, and steady state conditions will be determined for 

optimizing this hardware with real plants in the future. 

B. Hardware Design 

This concept is based on prior experiments by the Primary Investigator Prof. Mark 

Weislogel, using geometric approaches and surface tension to replace the role of gravity with 

an equivalent system. This “ice cream cone” cross section shown in Figure 1 allows pinning of the fluid along the 

sharp interior corner so that in the event of a pump failure, the system can still operate, although at a reduced flow 

rate. The full hardware setup is shown in Figure 2, utilizing a peristaltic pump from a prior experiment (CSELS or 

Capillary Structures for Exploration Life Support). 

Figure 1. Hydroponics side 

view, showing internal 

geometry. 
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Figure 2. PWM Hydroponics Experiment. 

 

A detailed look at the simulated plants made from rayon felt and nylon string are shown in the test cell in Figures 

3 and 4. These simulated plants are cut and sized to provide fluid uptake and evaporation rates similar to living 

plants from the ISS, such as potatoes or lettuce. Several variations of the felt plants have been sent up with the 

experiment hardware, including fibrous roots, taproots, and different foliage amounts to provide multiple 

evaporation scenarios. SLA denotes stereolithography. A complete listing of flight hardware is listed in Figure 5.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. PWM Hydroponics hardware 

list. 

Figure 3. Simulated Plants in 

hydroponics unit. 

Figure 4. Hydroponics test cell with 

removable lid. 
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C. ISS Operations 

 All ISS experiment procedures begin with basic standards approved by all international partners. This allows all 

procedures to be performed with minimal crew training if ground training is unnecessary. Each procedure design is 

optimize for crew time, ISS resources like power and space. The Plant Water Management experiment used two 

locations on the ISS, which each brought its own set of resource challenges and constraints. PWM Hydroponics 

operations will be located in the Node 2 MWA (Maintenance Work Area) on the ISS. The Plant Water Management 

experimental procedure steps are broken down as follows: 

1) Plant Water Management-Hydroponics MWA Prep and Hardware Setup 

The MWA area is used by many experiments and for the personal use of the astronauts. This activity 

ensures it will be ready for the hardware install. This hardware require more temporary stowage (temp 

stow) items so it was combined into one activity. 

2) Plant Water Management-Hydroponics Operations  

This procedure development took into account the complicated test matrix and to consolidating crew 

time and unnecessary extra procedures with a parameter table placed on the top of Figure 6. The crew 

was communicated which Day/Run to toggle, run through the procedure steps and at a certain point 

communicated another Day/Run set to toggle and start over. This allowed for one comprehensive 

procedure to be generated with the capability of managing a complex matrix under minimal setup and 

breakdown time, keeping with the established safety and resources constraints. 

 

  
Figure 6. PWM Hydroponics test matrix. 

 

3) Plant Water Management-Hydroponics Breakdown and Hardware Stow 

This procedure in particular was separated to assure that all safety and biological hazards constraints 

were met. All wetted items had a trash requirement and all the ISS Hardware that had been setup for 

the activity must be returned to the common area. Common hardware includes: cameras, work lights, 

power cords and Payload hardware stowed in appropriate locations. 

 

Each procedure design allowed for the maximum allowable crew time, breaking up the experiment in manageable 

pieces and giving the planners the ability to schedule the activities in the recommended order. This also takes into 

account the fact that one crew member may do some activities, but another crew member could continue the 

following activity. Success of any ISS experiment involves the delicate balance of designing an experiment to prove 

the scientific hypothesis within the many constraints and limits resources of ISS operations and crew life.  

 

IV. Soil-Based Investigations  

The second set of investigation for PWM involves a soil container and fluid reservoir used to demonstrate the 

evaporation rates at different times in a plant lifecycle. Although different from the hydroponics work, this 

experiment provides invaluable data about the evaporation environment of the ISS and how microgravity affects 

transpiration, along with providing a parallel approach to developing advanced low-g plant growth systems. As with 
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the hydroponics tests, no biological components are used. More simulated plants made from rayon felt and nylon 

string are used as stand-in models to demonstrate the liquid uptake and evaporation of a typical plant, with felt and 

string fibers serving as wicking materials modeled after experimental data for a real plant root, stem, and foliage. 

The Soil-based simulated plant hardware is engineered to have different methods of “throttling” or limiting water 

uptake due to simulated plant design, along with a soil gradient to further limit the water level in the plant soil 

chamber. 11 Scientific objectives, hardware description, and test procedures for each soil iteration are provided 

below. This work was developed alongside the hydroponics investigations, so there are some similarities between 

the two units.  

A. Scientific Objective 

While similar to the hydroponics experiment, the soil demonstrations seek to further our understanding of the 

evaporation/transpiration rate in the microgravity environment of the ISS as a whole, while benefitting from the 

same advances in capillary-based geometry. The soil experiments use a mixture of arcillite, commonly used in most 

existing ISS plant growth experiments, and a breathable soil for contrast. The breathable soil known commercially 

as “Magic Sand” is a nonwetting media that inhibits the flow of water through the grains. However, dry arcillite is 

quick to absorb water and tends to clump when it has been wetted, swelling slightly due to the water absorption. 

This media was chosen because rayon felt from the simulated plant has the same wicking rate for fluid absorption as 

the arcillite media. This soil mixture is arranged in tiers to allow for precise tracking of the water level as the 

simulated plant drinks the 120 mL of astronaut “red drink” fruit punch used as the test fluid for this experiment. The 

soil chamber test cell shown in Figure 7 is based on the design of a Hele-Shaw cell, which exploits capillary forces 

in microgravity to enable a steady updraw of the liquid. Additionally, the two fluid reservoirs are shaped as 

elongated cryogenic tanks due to the wetting properties of the fluid. These reservoirs allow a continual supply of 

fluid for the simulated plant over a long-duration evaporation test. From this, different evaporation and uptake rates 

based on multiple points in the plant life cycle (germination, growth, and harvest) will be determined for optimizing 

this hardware with real plants in the future. 

 
Figure 7. PWM Soil Experiment. 

B. Hardware Design 

This concept is based on prior experiments by the Primary 

Investigator Prof. Mark Weislogel and the plant biology research group 

at NASA Kennedy Space Center, based on prior work the teams have 

used for plan growth systems and a knowledge of microgravity fluid 

physics. The syringe and fluid reservoir are included to prime the 

system and allow overnight experiments for flow evaporation drawing 

from a steady supply. However, the experiment can be run without 

Figure 8. PWM Soil Experiment 

hardware with fluid wicking. 
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astronaut tending. This provides more flexibility over the location and crew time for conducting the experiment on 

the ISS. A photo showing the engineering model with the “red drink” test fluid in the syringe and reservoir is shown 

in Figure 8.  Similar to the hydroponics unit, this system can operate untended without the use of a pump if needed 

due to the wicking nature of the materials.   

A detailed look at the simulated plants made from rayon felt and nylon string is 

shown in the test cell in Figure 9. They are made from the same materials as the 

hydroponics but cut slightly larger and with a fan shape that provides more 

accurate tracking of the evaporation analytically. The plant simulants each have a 

unique root structure within the soil media mixture that either allows a high fluid 

flow several (mL/min) or throttles it down to have the uptake spread out over 

several hours.  These simulated plants all have the taproot style root systems, with 

several branching ends that mimic the tiers in the soil media for stability of the 

sample. A complete listing of flight hardware is listed in Figure 10.    

C. ISS Operations 

As with the hydroponics experiment, all ISS experiment procedures begin with 

basic standards approved by all international partners. Procedures were optimized 

as explained above based on crew time, hardware requirements, and safety. PWM 

Soil operations will be located on a laptop table in the corner of the JEM Module 

on the ISS due to complex lighting requirements, although setup will take place on 

the MWA. The Plant Water Management Soil experimental procedure steps are 

broken down as follows: 

1) Plant Water Management-Soil Battery Change Out 

This is a single activity to change out the battery of the still camera in-between 24 

hour refills. This is the first step for all experimental runs of the soil experiment to 

make sure that the camera battery is sufficiently charged. 

2) Plant Water Management-Soil MWA Prep 

The MWA area is used by many experiments and for the personal use of the astronauts. This activity 

ensures it will be ready for the hardware install and any prior experiments on the MWA have been 

moved elsewhere to clear the table.  

3) Plant Water Management-Soil Hardware Setup 

The experiment hardware will be set up on the MWA and all items to be used during the multi-day 

activities will be “temp stowed” near the MWA for each refill session. 

4) Plant Water Management-Soil System Prime and Operations 

This step is to prime the hardware system with test fluid and transfer the experiment to the JEM 

location for testing. The JEM location is small and restrictive to movement for the crew so all refill 

activities are required to move to MWA.  

5) Plant Water Management-Soil Refill Operations 

For long-duration evaporation tests, the soil priming and refill operations required different processes 

to allow for various evaporation and fluid uptake rates. The syringe and fluid reservoir must be 

refilled to allow for overnight testing with a steady fluid supply. 

6) Plant Water Management- Soil JEM Prep 

The JEM location is normally not for activities and most of the time is a stowage location. After 

hardware setup at the MWA, the crew needs time to clear the JEM area before moving the experiment 

there for testing. 

7) Plant Water Management- Soil Breakdown and Stow 

This procedure in particular was separated to assure that all safety and biological hazards constraints 

were met. All wetted items had a trash requirement and all the ISS Hardware that had been setup for 

the activity must be returned to the common area. Common hardware includes: cameras, work lights, 

power cords and payload hardware stowed in appropriate locations. 

 

As with the hydroponics tests, the crew procedure was optimized to allow all the work at the initial setup 

location on the MWA to be completed in one block of time. The experiments and overnight testing at the JEM is 

broken up in to separate procedures, then the hardware will be moved back to the JEM for cleanup.  

Figure 9. PWM Soil test cell 

showing simulated plant and 

porous media for both 

wetting and nonwetting 

properties. 
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V. Future Plans 

Currently, the two Plant Water Management experiments 

described here (PWM 1 & 2, Hydroponics and Soil) launched to the 

ISS on the Space-X 18 resupply mission and are waiting for 

scheduled crew time to be put into operation. The next two 

experiments in the series, PWM 3 & 4, are currently under 

development and are planned to be sent up to the ISS in late 2020. 

These new demonstrations will expand on the hydroponics work 

with a larger growth chamber and “root accommodation zone” on 

the lower side of the test cell. These upcoming experiments offer the 

chance to study a wedge and cylinder shaped hydroponics unit in a 

similar configuration as the first hydroponics unit. Additionally, the 

“root accommodation zone” units offer the potential to run multiple 

test cells in parallel or in series to address any stability concerns for 

scaling up this system.  

VI. Conclusion 

Plant Water Management is a NASA technology demonstration 

seeking to apply recent advances in microgravity capillary fluidics to 

plant growth systems. This project involves research into both 

hydroponics and soil-based fluid physics experiments as a basis for 

establishing flow regimes and reliability parameters that can inform 

future decisions for growing plants in space over long-duration 

missions to the Moon or Mars. 
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