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Abstract:

Hydroponicsis awidely utilized technique to precisely control the plant growing environment
and maximize productivity. In some cases, hydroponics systems can be expensive and require
specialized expertise to build and maintain. Here, we present a suite of 3D-printed devices that
can be constructed into a single or double tower hydroponics system. This system is easily
scalable to fit the needs of a user and can be implemented in a variety of research and
educational contexts. Components in this suite can be made from inexpensi ve plastic filament
using household-grade 3D printers. The vertical design of these systems allows for usersto
maximize space-use-efficiency in growth chambers, greenhouses, or even classrooms. We
describe the construction of our system and provide example data from a validation study
growing spinach (Spinacia oleracea L.) under different salinity conditions. This suite of 3D
printed components can be utilized by researchers and educators alike to capitalize on the

benefits of hydroponicsin aflexible, budget-friendly way.

I ntroduction:

3D printing is an emerging form of additive manufacturing that allows for the creation of custom
partstailored to meet the needs of an end user. Although metal-based 3D printers are utilized in
high-end industrial manufacturing, most 3D printers available to consumers use inexpensive
plastic filament (e.g. polylactic acid; PLA) that iswidely available online or in retail stores[1].
Manufacturing advances have allowed the 3D printer industry to generate arange of product
lines available at alow cost to consumers; many entry level devices cost around $300. As such,

thistechnology is quickly being adopted in research settings [ 1-4] as well as incorporated into
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classroom curriculum to promote STEM education [5-8]. One application of 3D printing is
manufacturing modular hydroponic systems that can be adjusted to the needs of the end user

without the need for compl ete refabrication.

Hydroponicsis awiddy used approach to maximize plant growth, development, and
uniformity. Plants grown hydroponically benefit from optimized mineral nutrition, absence of
water stress common in field-grown crops, and are often grown in systems that generally control
other environmental factors (e.g. vertical farms) [9,10]. While hydroponics has long been
adopted by industry to maximize plant yield, it continues to have innumerable applications for
research. Mineral nutrition studies can be easily conducted using hydroponics due the
customizable nature of nutrient solutions and minimized nutrient adsorption/desorption that
commonly occurs with solid substrates and soil [11]. By making mineral nutrition consistent
among plants, the effects of plant genotype as well as environmental variables can be studied in
relative isolation compared to soil or field-grown plants [12—14]. Hydroponics also
accommodates intrinsic labeling using precious radiolabeled or nonradioactive isotopes that
would belost to a solid substrate [11]. These experiments provide deeper insights into nutrient
turnover and partitioning aswell as their bioavailability in nutritional studies. While there are
countless uses for hydroponics in industry and research, this techniqueisincreasingly being

utilized as a means of STEM education in school curriculum.

Hydroponics can be utilized in educational settings for awide range of student ages to
provide hands-on learning experiences in plant biology [15-18]. Limited studies indicate that
gardening and hydroponics can improve children’ s attitudes towards fruit and vegetable
consumption [19-22] as well as their perceptions of science, technology, engineering, and math

(STEM) disciplines [16,17,23,24]. Similarly, 3D printing is also quickly becoming integrated
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into school curriculum for elementary school to university aged individuals [5-8]. Thereis
enormous potential to leverage 3D printing to create modular, user-friendly hydroponics systems

for both research and educational purposes.

We sought to develop a suite of 3D printed objects that can be assembled into a cost-
effective and modular hydroponics system. Components from this suite of models can also be
used independently of the systems we designed (e.g. plant cups). While the components are
meant to work in concert with one another, these objects can serve as scaffolds for in any number
of downstream applications. Here, we describe the components of the system, its construction,

and expected outcomes using spinach (Spinacia oleracea L.) as a proof of concept.
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Materialsand Methods:

System Description

The modular hydroponics system consists of three main parts: 1) the nutrient solution
bin; 2) one or more 3D printed tower(s); 3) the 3D printed lid. The system is designed to support
either a Single or Double Tower configuration; maximizing flexibility for various end users (e.g.,
researchers, educators) while remaining cost-effective using 3D printing. Components are easily
interchangeable (Tables 1-2), allowing users to adapt or integrate parts into other hydroponic
setups as needed. Files for 3D components can be found in the NIH3D database for the Single

(https://3d.nih.gov/entries/3DPX-021941) and Double (https://3d.nih.gov/entries/3DPX-021942)

tower systems[25,26].

Nutrient Solution Bin and Pump

The hydroponics system was designed to work with ULine S-20588GR 20L Round Trip Totes
(ULine; Pleasant Prairie, Wisconsin, United States). These bins, measuring 21.8" x 15.2" x 9.3",
are made of high-density polyethylene, a durable, chemically inert material, and are rated to
support up to 70 Ibs. To inhibit algal growth, a dark-colored bin (e.g., gray) was used to

minimize light penetration into the nutrient solution.

Each bin also houses an ActiveAqua Submersible Pump 250 (Hydrofarm; Petaluma,
California, USA) located in the center, which circulates nutrient solution from the reservoir to
the top of the planting towers. Similar pumps, or even external pumps, may be utilized by the
user at their discretion. Structural modifications to the system would need to be made to

accommodate an external pump.

3D Printed Towers
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96 To improve growing capacity beyond what a horizontal growth-system allows, our
97  system capitalizes on vertically stacked planting towers. Each tower is built using modular 4-cup
98 units, availablein 3- and 5-cup variants, which are stacked with spacer modulesin either
99  standard or extended lengths (Figure 1; Figure 2, Detail B). These variable planting modules
100  haveafinite number of spacesfor plant cups (Figure 2, Detail C) that allow for 2" neoprene
101 cloning collars to support plants throughout their lifecycle. Single-tower plant modules, cups,
102  spacers, and stream breaker, are remixed from Thingiverse user ‘boundarycondition’ [27].
103 All modules are designed with a central channel (Figure 2, Section A-A) for routing %2’
104  internal-diameter flexible vinyl tubing, which runs up to afinal distributor at the top of the tower.
105  Thistubing is secured by the distributor’ s nipple connector, and a stream breaker isinstalled over
106  thedistributor opening to diffuse flow (Figure 2, Detail A). The distributor is then capped and
107  recommended to be held in place with a small (~500g) weight on the lid or sealed with silicone.
108  Once trangported to the top of the tower, the nutrient solution exits through a radial array of
109  drainage holes, evenly cascading down through the tower, irrigating the roots, and returning to
110  thereservoir. This circulation also promotes oxygenation of the root zone to encourage healthy
111 plant growth.
112 3D Printed Lid
113 To interface the towers with the ULine totes, a custom multi-part lid was designed,
114  consisting of modular lid panels, spacer components, and an access cap (Figure 2). These parts
115  aresecured using M5 screws and nuts (Figure 2, Detail G/H). This bolting configuration, in
116  conjunction with the radially symmetrical tower adaptor (Figure 2, Detail E), ensures mechanical

117  stability under the compressive force of aloaded tower (Figure 2). To minimize potential leaks
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118  and reduce the risk of microbial contamination, all seams are sealed with silicone and optionally
119  wrapped in foil or painted to block passive light transmission.

120  Double Tower Design

121 To accommodate environments with limited vertical clearance, a Double Tower version
122 of the system was developed (Figure 3; Tables 3-4). Thisdesign allows two towers to be used
123 within the same footprint as a single tower, maximizing use of both horizontal and vertical space.
124  Thelid was modified to support two towers, and specialized 3- and 4-cup modules were

125  designed to ensure adequate light exposure for al plants. To maintain equal distribution between
126 towers, the system uses a T-junction fitting at the pump outlet to split flow into two channels.
127  Each vinyl tubing lineis extended by an additional ~25 cm to accommodate the separate vertical
128  stacks, allowing a single pump to serve both towers.

129
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130 Pre-Print and Pre-Assembly Recommendations

131 Print Specification

132 When printing parts for assembly, we recommend at least 20% infill to ensure that the lid
133  and its components are structurally sound enough to support the tower modules and plants. Parts
134  were fabricated using the Prusa MK 3S+, that features a bedspace and headspace (minimum 250
135  x 210 x 210 mm). Using a printer with these dimensions, or larger, ensures that parts can be

136  printed in single pieces and are not forced to bifurcate due to size constraints. While our 3D

137  components were printed using PLA, other filament materials such as polyethylene terephthalate

138  glycol (PETG) may offer provide superior stability and waterproofing for some applications.

139  Planting M odule Compatibility

140 Planting modules are cross-compatible within their intended orientation: Single Tower or
141 Double Tower components can beinstalled in any order or rotated in any direction. However,
142  while modules designed for the Double Tower are compatible with the Single Tower setup, itis
143 not recommended to use Single Tower modules in the Double Tower configuration. Single tower
144  modules do not allow for sufficient space near each plant when installed in a double tower

145  configuration.

146  Basic Sizing Overview

147 When considering location and space limitation for your assembled device, refer to
148  Figure 4, which shows all major dimensions for a standard Single Tower setup (three

149  planting/spacer modules stacked). These sizing dimensions remain the same for the Double
150  Tower variant, as both versions share the same height, width, and length. An interactive 3D

151  rendering of the Single Tower system (https://sketchfab.com/3d-models/one-tower-enviroment-

152 696d529bdf3249bb8fe916f2aff49538) and Double Tower system (https://sketchfab.com/3d-
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model s/'two-tower-hydroponi cs-assembly-vari ant-model s-d80f 77201 1a44d1e928962e8bdacf 65a)

are available for close examination of partsin the context of a completed system.

Core Device Assembly
For details on device assembly please refer to the protocol document on Protocol.|O and
included in the Supporting Information. Variations for plant cups, planting modules, and spacers
that have alternative designs and dimensions are listed in Table 5.
Operational Consider ations

Solution Considerations

This hydroponics system is designed to function with 15L of solution in the reservoir.
Lower volumes of solution may result in incomplete submersion of the hydroponics pump and
would necessitate more frequent changes as plants matured. For our experiment we used
Hoagland's No. 1 nutrient solution [28]. However, any hydroponics solution is foreseeably
compatible with this system. We recommend conducting preliminary experiments with the crops
of interest to determine the optimal frequency by which the nutrient solution is replaced.
Pump Considerations

As referenced earlier in the paper, we used an ActiveAgua Submersible Pump 250 for our
experiment. However, any submersible hydroponics pump will work provided it has sufficient
power to carry nutrient solution to the top of the tower, and can be connected to the %2’ inner-
diameter tubing. Furthermore, we adjusted the flow rate of the pumps to approximately 200
gallons per hour. Thisflow rateislikely sufficient for most leafy greens, but may need to be
optimized for other crops by the end user.

Planting Considerations
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175 When planting, plants should be placed into 2" neoprene collars or a media, such as

176  expanded clay pellets, to ensure they do not shift out of position. Our recommendation isto use a
177  dlant board system and transplant seedlings into neoprene collars and install into plant cups after
178  cotyledon emergence as well described by Langenfeld and Bugbee [29]. A 3D printed slant

179  board mount can be found here (https://3d.nih.gov/entries/3DPX-021396) [30].We found that

180  direct seeding into neoprene collars without pre-germinating on slant boards resulted in

181  inconsistent emergence and growth.

10
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Case Study
We conducted a pilot study using this hydroponics system to grow four varieties of
spinach in different salinity conditions. Our methods and results are described below.
M ethods
System construction
Files for the single tower were downloaded from the NIH3D database

(https://3d.nih.gov/entries/ ADPX-021941), converted into gcode using PrusaSlicer, and printed

on a PrusaMK3S+ 3D printer with PLA filament at 20% infill [25]. 3D printed objects were
assembled into three individual single tower systems with three levels of 4-plant modules as

described in our detailed protocol (dx.doi.org/10.17504/protocols.io.e6nvw4pwIlmk/v2;

Supporting Information).
Plant material, salinity treatments, and harvest conditions

Four cultivars of spinach (Sun Angdl F1, Red Snapper F1, Auroch F1, and Flamingo
Improved F1) were used in this study. Seeds were osmoprimed between two pieces of Whatman
filter paper for three daysin petri dishes containing 47.5:1 water:hydrogen peroxide solution.
Petri dishes were placed in a Conviron PGW36 growth chamber (Conviron; Winnipeg, Canada)
maintained at 20 °C and 55 + 10 % relative humidity, with 200 pmol/m?/s of photosynthetically
active radiation for 12 hours over 10 days. After three days, seedlings were transferred onto felt
wicks and installed into 2" neoprene collars and installed in plant cups. A detailed protocol for

spinach germination can be found here: dx.doi.org/10.17504/protocols.io.5gpvodxebgdol/v2.

Plants were randomly assigned into one of three blocks, which correspond with their height
within the hydroponics towers they were installed into. Block 1 plants were on the lowest tower

module, block 2 plants were on the middle tower module, and block 3 plants were on the top

11
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tower module. Plants were grown in quarter strength Hoagland' s No. 1 solution (0.6 dS/m) days
0-7 and switched to half-strength (1.2 dS/m) days 8-14. Full strength Hoagland’ s No. 1 (2.4
dS/m) was provided to all plants days 14-21 until the start of treatments. For the remainder of the
experiment (days 22-35), plants were provided either full strength Hoagland’s No. 1 nutrient
solution (control), control + 20/10 mM NaCl/CaCl; to an electrical conductivity (EC) of 4.6
dS/m (low salinity), or control + 20/10 mM NaCl/CaCl, to an EC of 6.4 dSm (mild salinity).
The pH of all nutrient solutions was maintained between 5.5 and 6.0 using 0.2 M H,SO, and 0.1
M KOH to lower or raise pH, respectively. After 35 days when plants had 6-8 mature leaves,
tissue was harvested, weighed, and immediately frozen at -80 °C before processing. Dry weight
was determined by lyophilizing pre-weighed frozen tissue over five days and subtracting the

calculated moisture content from the original sample mass.

Satistical analysis and data visualization

Data were analyzed as a randomized complete block design with three treatments, four
varieties, and three blocks. Analysis of variance was conducted in R statistical software followed
by Tukey’s honestly significant difference test using the ‘car’ package [31,32]. Data were

visualized using ggplot2 [33].

Expected Results:

Fresh weight yield

There were no significant differences in mean fresh weight across any of the treatments
when analyzing all varieties together (Figure 6; Table 6). Of the three treatments, mild salinity
had the highest mean fresh weight at 26.23 grams, while the control treatment had the lowest at

24.09 grams. There was no significant treatment effect on fresh weight (p = 0.77), nor treatment-

12
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variety interaction (p = 0.95). However, the effect of variety on fresh weight was highly
significant (p < 0.001), indicating that variety played a stronger role than salinity treatment on
fresh weight. Auroch F1 had the highest mean fresh weight at 37.90 grams, while Red Snapper
F1 had the lowest mean fresh weight at 7.95 grams. Flamingo F1 Improved and Sunangel F1 had
mean fresh weight yields of 29.44 and 24.92 grams, respectively. Fresh weight yields are
summarized in Table 1. Within each variety, there were no significant differences noted between
treatment groups with the exception of Flamingo Improved F1, which had a significant
difference between the Low and Mild salinity conditions (Table 6; Figure 6). However, there was
statistical significance for differencesin fresh weight yield between varieties. Red Snapper F1
was significantly different from Auroch F1 in the Control treatment, while in the Low salinity
treatment it was significantly different from both Auroch F1 and Flamingo Improved F1. In the

mild treatment, Sunangel F1 and Flamingo Improved F1 were significantly different.

Dry Weight Data

There were no significant differencesin dry weight percentage per plant between any of
the varieties or treatments (Table 7; Figure 7). Dry weight percentages varied based on variety,
with Red Snapper F1 having a dightly higher dry weight percentage per plant when compared to
Auroch F1, Flamingo Improved F1, and Sunangel F1. Dry weight values for each variety and

treatment are summarized in Table 7.

Qualitative observations
Plantsin the lower levels of the towers appeared to be noticeably smaller than their
counterparts in the middle and upper levels of the towers. We hypothesized that this was dueto

shading effects from the plants above and distance from the light canopy, as the light source for

13
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this study was an overhead point source of lighting. We observed that the average photosynthetic
flux density (PPFD) at the lowest, middle, and highest tower module was 355, 371, and 457
pmol/m?/s. Given a 12-hour photoperiod, this equates to adaily light integral (DLI) of 15.34,
16.04, and 19.74. The DLI of plantsin block 3 (the top of our towers) was substantially higher
dueto being physically closer to the light fixture and not having shading from plants above.
Although there were no significant differencesin plant fresh weight or dry weight percentage by
block, block 3 plants had the highest fresh weightsin 6 of the 12 unique combinations (Figure 6)
and dry weight percentage and had the highest dry weightsin 9 of the 12 unique salinity-variety
combinations (Figure 7). This finding suggests that shading and distance from the light canopy
could be a concern for researchers operating in growth chambers and we suggest alternative
lighting strategies such as laterally placed fixtures or using natural sunlight for more uniform
growth

Additionally, at the end of the experiment the nutrient solution flow rate was noted to be
lower for the control tower when compared to the low and mild salinity towers. During
disassembly at harvest, significant root growth was observed in thefilter and intakes of the
submersible pumpsin al bins. For longer duration experiments (e.g. > five weeks) we strongly
recommend devel oping either a preventative or maintenance strategy to mitigate root ingress into

nutrient solution pumps.

Supporting information S1: Step-by-step protocol, also available on protocols.io:

dx.doi.org/10.17504/protocols.io.e6nvw4pwlmk/v2. S2: Raw data used for figures presented in

this study.

14


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105
and is also made available for use under a CCO license.

276  Acknowledgements:

277  Wethank Elaine Le and Alvin Tak for assistance with plant maintenance and harvest.

278  Authors Contributions:

279  Conceptualization: Michael Dzakovich, Surgj Chandramouli, and Ethan Shaw

280  Investigation: Surgj Chandramouli

281  Writing —original draft: Surgj Chandramouli, Ethan Shaw, and Michael Dzakovich

282  Writing —review & editing: Ethan Shaw, Michael Dzakovich, and Surgj Chandramouli

283  Author disclaimer

284  Thefindings and conclusionsin this publication are those of the authors and should not be

285  construed to represent any official USDA or U.S. Government determination or policy. Mention
286  of trade names or commercial productsin this publication is solely for the purpose of providing
287  specific information and does not imply recommendation or endorsement by the U.S.

288  Department of Agriculture. The USDA is an equal opportunity provider and employer.

289

290 References:

291 1. McNar MC, Cocioba SC, Rietrzyk P, Rife TW. Toward an open-source 3D-printable
292 laboratory. Applicationsin Plant Sciences. 2024;12: €11562. doi:10.1002/aps3.11562

293 2. Dzakovich M, Chlouber B. Multipurpose Universal Laboratory Tube Rack. NIH 3D; 2023.
294 doi:10.60705/3DPX/20367.1

295 3. Dzakovich M, Chlouber B, Chandramouli S. Stackable 15 mL Tube Rack. NIH 3D; 2024.
296 doi:10.60705/3DPX/21167.2

15


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105

297
298

299
300
301

302
303
304

305
306
307

308
309
310

311
312
313

314
315

316
317
318

319
320
321
322

323
324
325

326
327
328

329
330
331

10.

11.

12.

13.

14.

15.

and is also made available for use under a CCO license.

Dzakovich M, Chlouber B, Chandramouli S. Stackable 50 mL Tube Rack. NIH 3D; 2024.
doi:10.60705/3DPX/21168.2

Lin K-Y, Hsiao H-S, Chang Y-S, Chien Y-H, Wu Y-T. The Effectiveness of Using 3D
Printing Technology in STEM Project-Based Learning Activities. EURASIA JMath Sci
Tech Ed. 2018;14: em1633. doi:10.29333/gjmste/97189

Cheng L, Antonenko P “Pasha,” Ritzhaupt AD, MacFadden B. Exploring the role of 3D
printing and STEM integration levelsin students’ STEM career interest. British Journal of
Educational Technology. 2021;52: 1262—-1278. doi:10.1111/bjet.13077

Chien Y-H, Chu P-Y. The Different Learning Outcomes of High School and College
Students on a 3D-Printing STEAM Engineering Design Curriculum. Int J of Sci and Math
Educ. 2018;16: 1047-1064. doi:10.1007/s10763-017-9832-4

Khurma OA, Ali N, Khine MS. Exploring the impact of 3D printing integration on STEM
attitudes in elementary schools. CONT ED TECHNOLOGY . 2023;15: ep458.
doi:10.30935/cedtech/13568

Kaiser E, KusumaP, Viaet-Chabrand S, FoltaK, Liu 'Y, Poorter H, et a. Vertical farming
goes dynamic: optimizing resource use efficiency, product quality, and energy costs. Front
Sci. 2024;2. doi:10.3389/fsci.2024.1411259

Mitchell CA. History of Controlled Environment Horticulture: Indoor Farming and Its Key
Technologies. 2022 [cited 4 Jun 2025]. doi:10.21273/HORTSCI16159-21

Grusak MA. Intrinsic stable isotope labeling of plants for nutritional investigationsin
humans. The Journal of Nutritional Biochemistry. 1997;8: 164-171. doi:10.1016/S0955-
2863(97)00017-X

Poulet L, Massa GD, Morrow RC, Bourget CM, Wheeler RM, Mitchell CA. Significant
reduction in energy for plant-growth lighting in space using targeted LED lighting and
spectral manipulation. Life Sciences in Space Research. 2014;2: 43-53.
doi:10.1016/}.Issr.2014.06.002

Sheibani F, Bourget M, Morrow RC, Mitchell CA. Close-canopy lighting, an effective
energy-saving strategy for overhead sole-source LED lighting in indoor farming. Front
Plant Sci. 2023;14. doi:10.3389/fpls.2023.1215919

Sheibani F, Runkle E, Mitchell CA. Interaction of the Far-red Radiation Intensity and CO2
Concentration during Early Indoor Production Stages of Red Leaf Lettuce. 2024 [cited 4
Jun 2025]. doi:10.21273/JASHS05434-24

Almerino J, Peria IN. Enhancing Biology Education through Hydroponics: A Practical

Approach in High School Classes. The Quest: Journal of Multidisciplinary Research and
Development. 2024;3. doi:10.60008/thequest.v3i1.190

16


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105

332
333
334
335

336
337
338
339

340
341
342
343

344
345

346
347
348

349
350
351
352
353

354
355
356

357
358
359
360

361
362
363
364

365
366

367
368

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

and is also made available for use under a CCO license.

Patchen A, Aeschlimann ,Andrea, Vera-Cruz ,Anne, Kamath ,Anushree, Jose ,Deborah,
Delis ,Jackie, et al. Seeding the Future: Blending Urban Gardening With Community
Outreach and STEM Learning. Connected Science Learning. 2017;1: 12420467.
doi:10.1080/24758779.2017.12420467

Reed H, Stanton A, Sood A, Knowles M. Hydroponics Playground Garden, “Playponics’;
designing integrated sustainability and STEM education through play. Mumbai: IDC
School of Design, 11T Bombay, Mumbai, India; 2021. Available:
https://shura.shu.ac.uk/31734/

Guasti L, Niewint-Gori J. LOOKING FOR NEW WAY S TO GROW: A HY DROPONIC
INDOOR GARDEN AT SCHOOL TO IMPROVE STEM EDUCATION AND 21ST
CENTURY SKILLS. ICERI2018 Proceedings. 2018; 2631-2640.
doi:10.21125/iceri.2018.1583

Morris J, Neustadter A, Zidenberg-Cherr S. First-grade gardeners more likely to taste
vegetables. CalAg. 2001;55: 43-46. doi:10.3733/ca.v055n01p43

Heim S, Stang J, Irdland M. A Garden Pilot Project Enhances Fruit and Vegetable
Consumption among Children. Journa of the American Dietetic Association. 2009;109:
1220-1226. doi:10.1016/j.jada.2009.04.009

Kwok SWH, Wu CST, Tong HT, Ho CN, Leung KL, Leung YCP, et al. Effects of the
School-Based Integrated Health Promotion Program With Hydroponic Planting on Green
Space Use and Satisfaction, Dietary Habits, and Mental Health in Early Adolescent
Students: A Feasibility Quasi-Experiment. Front Public Health. 2021;9.
doi:10.3389/fpubh.2021.740102

Kim S-O, Park S-A. Garden-Based Integrated Intervention for Improving Children’s Eating
Behavior for Vegetables. International Journal of Environmental Research and Public
Health. 2020;17: 1257. doi:10.3390/ijerph17041257

Llanas Parra FX, Jiménez GarciaN, Simarro Rodriguez C, Pérez Guindal E, Monteagudo
Torrents V, Grané Anglarill J, et al. Enhancing student learning through aeroponics and
PBL: a STEAM collaborative project. 2024. pp. 4674-4682.
doi:10.21125/edulearn.2024.1153

Thompson KR, Webster CD, Pomper KW, Krall RM. Use of aquaponics project-based
environments to improve students' perception of Science, Technology, Engineering, and
Mathematics (STEM) disciplines and career pathways. INTERDISCIP JENV SCI ED.
2023;19: €2309. doi:10.29333/ijese/13102

Chandramouli S, Shaw E, Dzakovich M. Single Tower Modular 3D Printed Hydroponics
System. NIH 3D; 2025. doi:10.60705/3DPX/21941.3

Chandramouli S, Shaw E, Dzakovich M. Double Tower Modular 3D Printed Hydroponics
System. NIH 3D; 2025. doi:10.60705/3DPX/21942.2

17


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105

369
370

371
372

373
374

375
376

377
378

379
380

381
382

383

27.

28.

29.

30.

31.

32.

33.

and is also made available for use under a CCO license.

Lovett B. Modular Hydroponic Tower Garden by boundarycondition - Thingiverse. 2020
[cited 25 Jun 2025]. Available: https.//www.thingiverse.com/thing:3405964

Hoagland DR, Arnon DI. The water-culture method for growing plants without soil. Calif
Agr Expt Sta Cir. 1950;347.

Langenfeld NJ, Bugbee B. Germination and seedling establishment for hydroponics: The
benefit of dant boards. PLOS ONE. 2022;17: €0275710. doi:10.1371/journal.pone.0275710

Chandramouli S, Dzakovich M. Slant Board Mounting Fixture for Seed Germination. NIH
3D; 2024. doi:10.60705/3DPX/21396.1

R Development Core Team. R: A language and environment for statistical computing.
Vienna, Austria; 2018.

Fox J, Weisberg S. An { R} Companion to Applied Regression. Third. Thousand Oaks, CA:
Sage; 2019. Available: https.//www.john-fox.calCompanion/

Wickham H. ggplot2 Elegant Graphics for Data Analysis. Springer. New York, NY:
Springer-Verlag; 2016. doi:10.1007/978-0-387-98141-3

18


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105

and is also made available for use under a CCO license.

Figure Captions

Figure 1. Multi-perspective rendering of the Single Tower system highlighting lid and tower

components. An interactive 3D rendering of the Single Tower system (https://sketchfab.com/3d-

models/one-tower-enviroment-696d529bdf 3249bb8f 91 6f2aff49538) is available for close

examination of partsin the context of a completed system.

Figure 2. Detailed rendering of the Single Tower system showing required components
necessary for assembly with the exception of one lid piece for aclearer view of the tower-lid

interface. An interactive 3D rendering of the Single Tower system (https://sketchfab.com/3d-

model s/one-tower-enviroment-696d529bdf 3249bh8fe916f2aff49538) is available for close

examination of partsin the context of a completed system.

Figure 3. Multi-perspective rendering of the assembled Double Tower system and unique Double
Tower components. An interactive 3D rendering of the Double Tower system

(https://sketchfab.com/3d-model s/'two-tower-hydroponi cs-assembly-variant-model s-

d80f772011a44d1e928962e8bdacf652) is available for close examination of partsin the context

of acompleted system.

Figure 4. Photograph of an assembled Single Tower system with accompanying rendering

showing dimensions of each component.

Figure 5. Preview display of the interactive render environments for the Single and Double
Tower Assembly variations. An interactive 3D rendering of the Single Tower system

(https://sketchfab.com/3d-model s/one-tower-enviroment-696d529bdf 3249bb8f €91 6f 2af f49538).
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405  Aninteractive 3D rendering of the Double Tower system (https://sketchfab.com/3d-model s/two-

406  tower-hydroponics-assembly-variant-model s-d80f772011a44d1e928962e8bdacf 65a)

407  Figure6. Fresh weight yield per plant by treatment and variety. Group letters from Tukey’ s post-

408  hoc test for significant differences (2=0.05) are displayed above each group.

409  Figure7. Dry mass percentage per plant by treatment and variety. Group letters from Tukey’s

410  post-hoc test for significant differences (2=0.05) are displayed above each group.
411

412
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Table 1. Tower modules for the single tower (ST) system.

Nlljrirtt)er File Name Part Name Count for one system
4-cup ST Planting
1 4-Cup_Planting_Module.stl Module Variable
2 Tower Lid.stl Tower Lid 1
3 Tower_Distributor.stl Tower Distributor 1
4 Stream_Breaker.stl Stream Breaker 1
5 Tower_Short_Spacer.stl Tower Short Spacer Variable
4 x 4-cup ST Planting
6 Standard_Pot.<tl Standard Pot Module
7 Reservoir_Tower_Adaptor.stl Tower Adaptor 1

Table 2. Lid modules for the single tower (ST) system.

Part Count for one
Number File Name Part Name system
Reservoir Spacer Long
8 Reservoir_Spacer Long_Edge.st| Edge 2
9 Reservoir_Lid_Left.stl Reservoir Lid Left 2
Reservoir Lid Right
10 Reservoir_Lid_Right Access Holestl Access Hole
11 Reservoir_Lid Right.stl Reservoir Lid Right
Reservoir Spacer Short
12 Reservoir_Spacer Short Edge.stl Edge
13 Access Hole Cap Access Hole Cap
M5 Screw and nut -
14 Not applicable 25mm 6
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421

422

423

424

425

426

Table 3. Tower modules for the double tower (DT) system.
Part
Number File Name Part Name Count for one system
DT _4- 4-cup DT Planting
24 Cup_Planting_Module.stl Module Variable
2 Tower_Lid.stl Tower Lid 2
3 Tower_Distributor.stl Tower Distributor 2
4 Stream_Breaker.stl Stream Breaker 2
5 Tower_Short_Spacer.stl Tower Short Spacer Variable
4 x 4-cup DT Planting
6 Standard _Pot.stl Standard Pot Module
7 Reservoir_Tower_Adaptor.stl Tower Adaptor 2

Table 4. Lid modules for the double tower (DT) system

Part Count for one
Number File Name Part Name system
13 Access Hole Cap Access Hole Cap 1
18 Reservoir_Lid DT_Right.stl Reservoir Lid DT Right 1
19 Reservoir_Lid DT_Left.stl Reservoir Lid DT Left 2
20 DT_Spacer Long_Edge.st| DT Spacer Long Edge 4
21 DT_Spacer _Short_Edge.stl DT Spacer Short Edge 2
22 Reservoir_Lid DT_Middlestl Reservoir Lid DT Middle 2
23 DT_Spacer Middle Edge.stl DT Spacer Middle 1
Reservoir Lid DT Right
25 Reservoir_Lid DT _Right Access Hol.stl Access Hole 1
M5 Screw and nut - 25
14 Not applicable mm 7

Table 5. Part variations for all systems.

22


https://doi.org/10.1101/2025.07.24.666580

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.24.666580; this version posted July 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105
and is also made available for use under a CCO license.

Part Number File Name Part Name Count for one system
15 Short_Pot.stl Short Pot NA
16 ST_3-Cup Planting_Module.stl 3-cup ST Planting Module NA
17 ST _5-Cup Planting_Module.stl 5-cup ST Planting Module NA
26 True_Standard Pot.stl True Standard Pot NA
27 DT_3-Cup_Planting_Module.stl 3-cup DT Planting Module NA
28 Tower_Tall_Spacer.dl Tower Tall Spacer NA

427

428  Table 6. Mean fresh weight per plant (g) by treatment and variety

Variety Treatment
Average Control Low Mild

Auroch F1 3791+83la 3963+757a 36.99+9.15a 37.10+7.84a

Flamingo Improved 2044 +6.73b 27.24+4.8lab 2856 +4.57ab 32.5245 + 8.76a
F1

Sunangd F1 2492+ 6.74ab 21.68+248ab 2556+ 6.16ab 27.52 + 8.64ab

Red Snapper F1 7.95+ 1.74c 7.81+2.09b 8.25+1.74b 7.80+1.25b
Average 25.05+12.64 24.08+12.38a 24.83+1207a 26.23+ 13.35a

All estimates reported means * standard deviation as grams per plant. Similar letters indicate
non-significance as determined by Tukey’s HSD (2=0.05). Average values wererun as a
separate model examining either variety or treatment.

429

430

431

432

433  Table 7. Mean dry weight percentage per plant by treatment and variety
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Variety Treatment
Average Control Low Mild
Auroch F1 1112+ 0.79ab 11.15 +1.34a 11.92+0.14a 11.24+0.66a
Flamingo Improved F1 11.62+255ab 11.15+148a 1145+19la 13.29+4.40a
Sunangel F1 1080+ 0.66b 10.71+£0.89a 10.90+1.00a 10.79+ 0.40a
Red Snapper F1 1334+0.84a 1342+0.82a 1319+144a 13.42+0.63a
Average 11.72+1.72 1161+143a 11.71+136a 11.85+2.19a

All estimates reported means + standard deviation. Similar letters indicate non-significance
as determined by Tukey’s HSD (@=0.05). Average values were run as a separate model

examining either variety or treatment.
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