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Abstract

Much of the food insecurity within the United States is due to urban “food deserts” (large cities where many residents cannot
access fresh, nutritious food). Within these cities, fresh food can be expensive to the point where most residents routinely
resort to consuming highly processed fast food that lacks important nutritional qualities. In researching this phenomenon, it
became clear that one of the solutions to this problem that could address long transportation times, the carbon emissions
associated with such transportation, and the general lack of space in cities, would be hydroponic-based systems. Such systems
grow crops without soil in compact, urban environments using artificial lighting. In order to test the effectiveness and
efficiency of hydroponics-based systems, we developed a hydroponics-based system using already available materials and then
tested it to determine if hydroponics could offer a sustainable alternative. Trying to use materials common to an engineering
lab so as to be easier to build and replicate findings, we focused on adding PVC parts to a wooden frame to keep it in a 4-foot
by 4-foot by 3-foot area. Although the system we created did require more energy than conventional farming, the hydroponics
farm was able to successfully grow lettuce plants at a rate faster than Conventional Agriculture, demonstrating the merits of
large-scale hydroponics agriculture.
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Research has shown that people with various healthy contributes to as much as 20% of all greenhouse gas

eating patterns were less likely to die from
cardiovascular diseases, cancer, or respiratory disease
compared to other participants in the same study

emissions, especially as a result of its low land
efficiency and high reliance on fertilizers (Ahmed et
al.). These issues with conventional agriculture stress

(Shan et al., 2023). Despite the numerous health the need for the adoption of a farming method that
benefits, a healthy diet is not accessible in all places of ;an.l.be more land-efficient and require ~fewer
ertilizers.

the world or even in many urban areas of the United
States. Food deserts are geographic locations where an
absence of grocery stores within convenient traveling
distance makes it difficult or impossible to access

These issues stress the need for hydroponics-based
farming. A hydroponics system works by using water
infused with nutrients found in soil to create a body

healthy food options. Most residents routinely resort for crops to grow in to save on space and allow

to consuming highly processed fast food that lacks
important nutritional qualities. The USDA estimates
that about 19 million residents live in these low-access

farming in a more controlled environment.
According to Sharma et al. (2023), soilless culture
conserves both water and land, using up to 90% less
water and up to 80% less land than traditional

areas, demonstrating how prevalent urban food . ’
agriculture. Controlled environment plant growth

deserts are (USDA, 2022). Since many people living

. systems also deliver more accurate nutrient ions to the
in food deserts would also not have access to a Y

plant than soil-based agriculture, resulting in more

backyard, an indoor garden that waters itself via - : .
efficient nutrient use, and reducing the use of excess

hydroponics presents a reasonable solution.

The benefits of hydroponic growth methods are
demonstrated beyond the ability to cultivate food
indoors. Traditional soil agriculture requires steady
weather patterns, large labor costs, and immense land
usage, all of which are threatened by climate change
on Earth today. In addition to being heavily impacted
by the erratic weather patterns caused by global

fertilizers that contribute to climate change
(Manthiram and Gribkoff). This technique allows for
precise control over the plant's environment,
including the nutrients, pH levels, and water content,
producing biochemically and nutritionally enriched,
high-yielding crops (Goh et al., 2023; Sharma et al.,
2023).
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There are seven main methods of hydroponic
farming. Of these seven, the two most common are
Nutrient Film Technique (NFT) and Deep-Water
Culture (DWC) farming. In NFT systems, a thin film
of nutrientrich water flows over the plant roots,
which are supported by a sloping trough or channel.
The roots are exposed to the nutrient solution, and
any excess solution is recirculated. NFT is suitable for
crops with relatively small root systems, such as lettuce
and herbs. DWC systems suspend plant roots in a
nutrient solution, usually in a reservoir. An air pump
is used to oxygenate the solution, and the roots are
suspended in the nutrientrich water. This method is
often used for growing larger plants like tomatoes and
cucumbers. A study that compared the efficiency of
both methods concluded that the NFT system
outperformed the DWC system in terms of energy-use
efficiency, indicating higher growth and better energy
savings associated with NFT systems (Gillani et al.,
2023). By weighing this conclusion along with the fact
that NFT systems are more suitable for growing our
preferred plant, lettuce, we chose to use an NFT
design for our research project.

When comparing the NFT system to a traditional
agricultural system, a study found that the hydroponic
yield of romaine lettuce outperformed the yield from
the substrate (soil) method of cultivation (Dutta et al.,
2023). In addition, another study using aggregate data
for already existing hydroponic designs in Arizona in
2015 showed that using artificial lighting allowed
lettuce plants to be able to be harvested multiple times
in a year - as much as 10 times compared to
conventional farming which usually includes just one
harvest (Barbosa et al.,, 2015). The study further
demonstrated that hydroponics produced 11 times as
much food per square meter and used 13 times less
water (Barbosa et al.,, 2015). However, the three
studies also observed that hydroponic systems
consumed more electricity due to the operation of
sensors, microcontrollers, and actuators. For this
reason, our design focuses on using gravity as much as
possible to transport water, limiting energy usage.
While our initial design does not include renewable
energy, a main goal of future alterations is to attach
the system to a solar power source to reduce energy
waste. One other concern we hope to address is the
price associated with building a hydroponics system.
According to a 2022 study that compared the cost of
building and maintaining a similar-sized hydroponics
garden and conventional farm, the hydroponics
garden costs 1.5 times as much to build and maintain
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(Gumisiriza et al., 2022). The study found that the
main reason for this price difference was the need for
expensive custom parts used in hydroponics
(Gumisiriza et al., 2022). In order to address this
issue, our main goal was to limit the use of expensive
parts in this design, relying on PVC pipes and
cheaper, smaller UV lights to reduce costs and to keep
the total design below a cost of 500 US dollars.

In planning what the design would look like, existing
research offered several facets to focus on in creating
a successful design. Our main requirement was to
demonstrate lettuce growth through a design using
commonly available materials. We then compared
this lettuce growth to lettuce grown at home in
standard conventional farming conditions. In order
to build the design, we created 4 different working
gaps in each level of PVC pipe and secured the system
to a wooden board along with artificial lighting to
allow for greater compartmentalization. A successful
design will provide regular water flow, will
demonstrate nutrients successfully reaching the
plants, and will be able to grow at least 4 different
lettuce plants at a time.

Recognizing these requirements and issues to address,
if this type of hydroponics-based design is further
improved, we can improve food security for those in
urban areas, saving on both space and water. This
could allow individuals and community organizations
to store hydroponic farms in community gardens,
buildings, and roof-tops to produce even more fresh,
accessible food even with limited space. An improved
design will need to use less energy to be sustainable,
but past precedent has demonstrated the space
efficiency of hydroponics and the potential for future
growth when used in conjunction with more
renewable energy. For this reason, we will be initially
focusing on using gravity as much as possible to
transport water, in order to limit energy usage. In
future research, we also hope to attach the system to
solar-powered systems to reduce climate change
impacts. If both of these are done properly,
hydroponics may be able to replace conventional
farming and provide a more efficient alternative to
conventional farming, which is important as the US
and global population continues to rise, increasing
food demand, especially in rapidly growing urban
areas. Thus, with this research, our goal is to
demonstrate how compared to the conventional
methods of farming that draw the nutrients out of the
soil, hydroponics-based solutions offer a viable and
effective alternative.
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Procedures

To create the hydroponics system, the first step was to
create and secure a wooden backboard. This acts as
the mainframe to attach the rest of the structures to
and should be secure. We chose a 4-foot by 6-foot
wooden board with 0.5-inch thickness as that was
what was available, however, a board as small as 3.5-
by 3-foot would have been sufficiently sized. The next
step was to put the PVC piping together in a
configuration shown in Appendix C. We used 4-inch
PVC pipe parts as those were available, but any PVC
with at least a 2.5-inch diameter and 6 feet of total
length should work. To set up the PVC piping, we
used a 90-degree and 45-degree elbow to keep both
PVC lengths closer to horizontal as shown in
Appendix A and modeled in Appendix B. Along the
side of the PVC, we drilled a 1.5-inch diameter hole
every 0.25 inches to provide space for the lettuce to
grow. We then filled these gaps with planting cups
containing Long fibered sphagnum moss (a moss that
acts as a growth medium to retain water), as well as
string coming out of the bottom so that water reaches
the plant through capillary action. At the top of the
piping, we drilled a halfinch diameter hole to allow
our plastic tubing to pump water into the system. At
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the bottom, we drilled and tapped 2 holes to allow for
the insertion of two taps (with halfinch outer
diameters and ¥%-inch inner diameters). We then used
metal PVC straps to attach the PVC to the board.
Following this, we screwed in 20-watt plant growth
lights one foot above where each of the lettuce plants
would grow, which can be plugged into a wall outlet.
We then set up a 40-gallon tank at the bottom
(although future designs could use as little as a 5-
gallon tank, and ran the piping intake and outtake to
it. We then connected the piping to a sea-water pump
that already existed in the lab and connected it to a
wall outlet using a 5-volt, 5-amp AC to DC power
adapter. We also added an ¥4inch restrictor into the
piping coming out of the pump to further reduce
water flow. In addition, we added an Arduino
connected to a relayer to keep the pump on for two
minutes at a time and then to turn it off, to prevent
the pump from burning out. Following the
completion of the main design, we then added a pre-
mixed Nutrient Solution at a ratio of one teaspoon
per quart of water. Appendix D provides images
showing the design as a whole as well as some of the
more specific designs. Appendix E includes the
materials used to create the Hydroponics design.

Hydroponics Design Timeline

Creating a Design

By December 15th, we
created all the
preliminary sketches for
the design, as well as
CAD drawings in order
to model it
.
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Collecting
Materials and
Refining
Design

As the set of materials not
in the lab, that we ordered
slowly came in, we began
creating prototypes and
testing materials in the lab
to incorporate into the
design.

Building the PVC
Pipe Set-Up

We focused on building the
actual PVC set-up for the
design, reusing old PVC, and
drilling holes as needed. We
also prepared the wooden
backboard.

Fixing Waterflow
and Leak
Problems

We realized that one tap

Inserting the
tapping screws
and attaching

to the board

At this point, we tapped
the pipes to allow proper
water outflow and
attached the whole setup
to the board using PVC
straps. We also began
testing by running water
through the system to
identify any leaks.

Schedule

was not encugh, and the
systemn was flooding, so
we added another tap.
We also used further
PWVC glue and sealant on
the piping to fix leaks.
H

.
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Final Product
and Testing

©Once we fixed the
waterflow issues, we began
running the system full
time with lettuce plants
and measured their
growth.

Testing methods

In order to test the effectiveness of the hydroponics
garden, we grew lettuce from seeds and compared
their growth to those being grown with conventional
farming techniques. During a one-week period,
Oakleaf lettuce was grown using both hydroponics
and conventional farming. At the end of that week,
plant height and width were both measured as well as
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color. The seeds used for both types of farming were
taken from the same seed packet to reduce
confounding variables. Height and width were both
measured using a ruler after the testing period.
Lettuce color was measured subjectively. Lettuce
plants grown conventionally were brought into the
research lab for measurements to ensure lighting was
consistent.
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Note: Each pot includes multiple sprouts

Figure 2: Image of Conventional Plant Layout
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Results
Table 1: Plant Growth from Seed after 1 week
Pot Average 1 2 3 4 5
(Hydroponics) Height 328cm | 4.33 cm 3.40 cm 321 cm | 3.00 cm
Width 0.85 cm 0.95 cm 0.80 cm 1.05cm | 1.18cm
Color Green Green | Light Green | Green | Green
(Conventional Farming) Height* 250cm | 3.25cm | 242cm | 2.75cm | 3.18 cm
Width 0.30 cm 0.15 cm 0.22 cm 0.25cm | 0.28 cm
Color Light Green | Green Green Green | Green
Discussion these results, we used a one-sided 2-sample t-test for a

When comparing the results for Oakleaf Lettuce
grown using hydroponics compared to lettuce grown
using Conventional Farming, we do see a significant
increase in plant height as well as plant width,
indicating accelerated growth. In contrast to the
hydroponically grown lettuce that sprouted after just
five days, the conventionally farmed lettuce sprouted
on the seventh day. This is consistent with existing
studies which found that in contrast to
hydroponically grown lettuce that matures in just 30
days, conventionally grown lettuce takes 60 to 80 days
to mature (Lugo, 2023). To test the significance of
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difference in means at the 0.05 significance level.
Using that ttest, we were able to demonstrate that
there is a significant difference in height as well as
width between the hydroponically grown and
conventionally grown lettuce, with a p-value of 0.0307
for height and 1.98 * 10/-7 for width. This means that
there would be a 3.07% and 0.0000198% chance of
finding the above results if the null hypothesis (that
lettuce in a hydroponic garden grows at the same rate
as conventionally grown lettuce) was accurate. As both
these probabilities are lower than 5%, we can reject
the null hypothesis and verify that our hydroponics
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design can more quickly grow lettuce than
conventional farming methods.

Recognizing the success, we had in creating an
effective hydroponic design, there are several
unexpected problems we ran into that limited our
ability to test the hydroponics that should be
considered in advance of building any future
hydroponic designs. One challenge for hydroponic
designs using a tap to control water flow out of pipes
rather than letting the water freefall is that the tap
needs to be large enough to allow all water to flow out
(to prevent flooding). However, the tap we initially
used was too small compared to the amount of water
flow being pumped in. We 3D printed a restrictor to
limit water flow into the pipe, but that did not
sufficiently limit water flow. This forced us to order
two additional, larger taps, slowing down the overall
building process. Another key issue hydroponic
designs struggle with is the danger of leaks from
connection points that are not perfectly sealed. This
was a problem we dealt with as well, having to re-apply
PVC glue several times to the same PVC intersection
point and only finally being able to stop leaking using
Marine Caulk. One other issue with our design that
needed to be addressed was the functionality of the
pump itself. During the testing phase, the pump
burned out from excessive use, requiring a
replacement, and setting back testing the machine.
Ultimately, we discovered that the pump burned out
from overheating, and required building an Arduino-
based system to power the pump for two minutes and
then turn it off for two minutes. These issues with the
pump demonstrate the importance of stress-testing
technology beforehand to find its limitations. We
were able to find solutions to each of these issues that
should be considered and implemented in future
hydroponic designs.

A key challenge in building the hydroponics system
was the limitation we placed on ourselves in designing
the project - to use as many materials as possible
already existing in the Engineering lab. For the main
PVC part of the design, we used 4” PVC that had
already been used in projects beforehand, significantly
saving on total costs. This presented a set of issues as
previous researchers had attached parts including the
end caps improperly, choosing to use hot glue rather
than PVC glue. Thus, when we began to test the PVC,
significant amounts of water leaked out. Some of the
parts of the PVC were unable to be used and had to
be cut off in order to refit the system, and new PVC
connection pieces had to be used. This unexpected

© 2024 A. O'Quinn, et al.
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redesign process took much longer than if we had just
ordered custom parts and contributed to further leaks
later on. Additionally, using a wooden board already
existing in the lab for the frame restricted where
different parts could be put on the board. The wood
was not designed for hammering nails into and would
frequently splinter, making it more challenging to
hang parts from the board, forcing design changes.
An additional limitation in creating the design was
that several of the key parts needed for the design took
a long time to arrive. In particular, the plastic piping,
essential to begin pumping water and testing water
flow through the system, did not arrive until late
January. This set back the testing process significantly
and was a rate-limiting factor in being able to scale the
size of the final design.

One further limitation was the inability to monitor
the system over the weekends. Especially when the
system was still slightly leaking, it could not safely be
run over the weekends in case the leak grew worse, as
this could make a significant mess. Thus, until fixes to
the leak connecting the upper and lower pipes could
be successfully implemented, lettuce could only be
grown in the bottom pipe. This is because any lettuce
left in the top pipe would dry up and die over the
weekend.

Recognizing these limitations and challenges, there
are several design improvements we would have
incorporated if we attempted a hydroponics system
again. The first change would be to order PVC instead
of using old PVC parts and to use 3-inch instead of 4-
inch PVC. Using a smaller pipe would reduce the
amount of capillary action needed for water to move
up the hydroponic wicks to reach the plants, allowing
the pump used to remain off for longer periods of
time. Additionally, we would use custom elbow pieces
with larger angles (at least 150 degrees), in order to
include more PVC pipes on the board. This would
allow for growing more lettuce in the same amount of
time, increasing total yield further compared to
conventional farming without reducing the rate of
growth. One other change we would choose to make
would be to have multiple wooden boards connected
to each other with PVC piping on both sides, all using
the same water supply tank. By replicating the design
process, we have done so far and connecting all the
water outlets and inlets to one central bin, we could
grow even more lettuce and take further advantage of
the relatively thin width of the farm.

Conclusion
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The purpose of this experiment was to test the
effectiveness of Hydroponic Systems for growing
lettuce as compared to Conventional Farming
Methods. An additional purpose of this experiment
was to demonstrate the feasibility of building a
Hydroponics design mostly out of parts existing in the
lab. For our experiment to be successful, we must
meet the requirements of creating regular water flow
and growing at least four lettuce plants at once with
minimal human intervention. Based on these
requirements, we were able to successfully complete
our goal of creating a working Hydroponics Garden.
We pumped water to the plants at two-minute
intervals, allowing proper hydration and access to
nutrients. Additionally, we were able to grow lettuce
in each of seven different plastic inserts, taking a
sample of five cups to compare with the lettuce grown
by conventional farming. Although we were unable to
conduct the experiment long enough for the lettuce
to reach full maturity, the accelerated lettuce growth
in the hydroponics system indicates that lettuce plants
grown within the system would reach maturity in the
predicted 30-day time frame and that hydroponics
systems are more effective than conventional farming
methods in terms of growing lettuce.

As urban food insecurity persists around the world,
continuing to design and improve hydroponics
systems will continue to be important. One suggestion
for further research would be to combine existing
hydroponics designs with solar panels and batteries to
create a more sustainable and energy-efficient design.
Especially as the pump used for this design only
needed five volts and five amperes of current (only 25
watts of power), and each light used only 20 watts, a

Appendix A
Initial Design Sketches
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standard 300-watt solar panel is more than capable of
producing sufficient power both for the pump and
lighting (Allen, 2022). This could offset the higher
energy costs of hydroponics and make full-scale
implementation more feasible. One other suggestion
for future research would be to test how hydroponics
contrasts with conventional farming methods after
many years of harvesting crops in the same location.
We only tested our hydroponics system for a short
amount of time, having not seen a lettuce plant reach
full maturity. By extending the experiment, problems
regarding how the hydroponics system affects the
health and nutrient intake of the lettuce or solutions
to longstanding complications of conventional
farming could arise. For example, one concern with
conventional farming is soil degradation after growing
the same crop many years in a row (Kibblewhite et al.,
2007). Thus, it would be valuable to compare how
hydroponic crop yields change over time as compared
to conventional crop yields. Another area for future
research that should be explored is what different
crops would work well in a hydroponics system, and
which benefit the most compared to conventional
farming. This study demonstrated how lettuce grew
much more quickly in a hydroponic environment
than in a conventional farming environment, but it
would be valuable to explore how different crops
respond to hydroponics. Especially as crops like corn,
rice, and wheat are consumed in much higher
contents globally, it would be valuable to test if
hydroponics designs could be modified to support
growing those types of crops and how relatively
efficient hydroponics would be (Bradley and
Marulanda, 2001).

Figure A1: Initial Sketch of the Design

© 2024 A. O'Quinn, et al.
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Figure A2: Original Designs for Lettuce Pots with Romaine Lettuce
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Appendix B: CAD Files Designs for the Project (Fusion File Linked)

Growth Lights

7/16 " thick wooden
board

4 feet tall

Plastic Tubing

Water Bin. Nutrient Sensors
and Dispensing Machine fit inside
4 feet long

Figure B1: 3D View of the CAD Sketch of the original Design

Figure B2: Front View of Original CAD Design

Appendix C: Steps of The Building Process

Figure C1: Initial Prototype

© 2024 A. O'Quinn, et al.
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Figure C3: Attaching PVC to the Boar

Appendix D: Final Design Images

Figure D2: Early Lettuce Growth

© 2024 A. O'Quinn, et al. 8
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Figure D5: Water Outtake Taps

Appendix E (Bill of Materials)
Table E1: Final Bill of Materials

Material Price per Component | Quantity | Total Cost | Link

4” Diameter PVC Pipe $3.87 /ft. 10 feet $38.65 link

Water Collection Tub $44.98 1 $44.98 link

Nutrient Solution $4.75/30 mL 150ml $23.75 link

‘Water Pump with at least 10 feet range $49.99 1 $49.99 link

UV Growth Lights $7.50 4 $29.99 link

Plastic Tubing $11.65 10 feet $11.65 link

3/4 in. x 25 ft. 28-Gauge Galvanized Pipe Hanger Strap $9.62 1 $9.62 link
7/16” thick wooden board (at least 4 feet by 4 feet) $14.90 1 board $14.90 link
4-inch 90-degree elbow $4.95/piece 1 $4.95 link

4-inch 45-degree elbow $3.88/piece 1 $3.88 link

(Marine Caulk) LifeSeal Sealant - White, 10.6 oz $28.98/ bottle 10.60z $28.98 link
Arduino UNO R4 Minima $22.54/ one 1 $22.54 link

Female Power Plug to 2-Pin Terminal (Screw Down) Adapter $6.44/ one 1 $6.44 link
3 Channel Relay Module $3.36/ one 1 $3.36 link

Oakleaf Lettuce Seeds (1 gram packet) $2.99/ packet 1 $2.99 link

© 2024 A. O'Quinn, et al.
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https://www.homedepot.com/p/Charlotte-Pipe-4-in-x-10-ft-PVC-Schedule-40-DWV-Pipe-PVC074000600/100348477
https://www.lowes.com/pd/Project-Source-Project-Source-40-Gallon-Clear-Storage-Tote-with-Wheels/1003091326
https://www.amazon.com/Nutrient-Solution-Concentrated-Organic-Additive/dp/B098S1NLFQ?th=1
https://www.amazon.com/Seaflo-Water-Diaphragm-Pressure-Pump/dp/B07DQT1FVZ/ref=sr_1_10?keywords=seaflo+pump&qid=1698413041&sr=8-10
https://www.amazon.com/Barrina-Lights-Indoor-Spectrum-Sunlight/dp/B099PKW25K/ref=sr_1_1_sspa?crid=RQAK3ARR8ZI7&keywords=grow%2Blight+1+ft+across&qid=1698412268&sprefix=grow%2Blight+1+ft+across%2Caps%2C56&sr=8-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&psc=1
https://www.amazon.com/Flexible-Plastic-Non-Toxic-Multipurpose-Reinforced/dp/B09DPMTQY6/ref=sxin_16_pa_sp_search_thematic_sspa?content-id=amzn1.sym.a2e12efe-e275-4efd-81b9-095fa99ad91f%3Aamzn1.sym.a2e12efe-e275-4efd-81b9-095fa99ad91f&cv_ct_cx=plastic%2Btubing&keywords=plastic%2Btubing&pd_rd_i=B09DPMTQY6&pd_rd_r=814521cb-7339-49d9-bc2b-5937c6d537d6&pd_rd_w=CWZ4C&pd_rd_wg=AKvfY&pf_rd_p=a2e12efe-e275-4efd-81b9-095fa99ad91f&pf_rd_r=3ZZN46N5AMKHHC58V2TC&qid=1698412877&sbo=RZvfv%2F%2FHxDF%2BO5021pAnSA%3D%3D&sr=1-3-364cf978-ce2a-480a-9bb0-bdb96faa0f61-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9zZWFyY2hfdGhlbWF0aWM&th=1
https://www.homedepot.com/p/Oatey-3-4-in-x-25-ft-28-Gauge-Galvanized-Pipe-Hanger-Strap-33530/301505501
https://www.homedepot.com/p/OSB-7-16-Application-as-4ft-X-8-ft-Sheathing-Panel-386081/202106230
https://www.homedepot.com/p/NDS-4-in-Hub-x-Hub-PVC-S-D-90-Degree-Elbow-Fitting-4P02/100137163
https://www.homedepot.com/p/NDS-PVC-S-D-45-Elbow-4-in-Hub-X-Hub-4P03/100111278
https://www.homedepot.com/p/BoatLIFE-LifeSeal-Sealant-White-10-6-oz-1170/312242943
https://store.arduino.cc/collections/boards-modules/products/uno-r4-minima
https://www.amazon.com/CableWholesale-Female-Power-Terminal-Adapter/dp/B009H0TJ88
https://www.amazon.com/Optocoupler-Isolation-Opto-Isolated-Compatible-High-Voltage/dp/B07KKH458C
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