














vii 

3.5 Controls and Data Logging ........................................................................................................................ 53 

4. Results .................................................................................................................................................................... 54 

4.1 Filtered Greywater Quality ......................................................................................................................... 56 

5. Sustainability Analysis....................................................................................................................................... 58 

5.1 Water Savings ................................................................................................................................................ 58 

5.2 Energy Savings .............................................................................................................................................. 58 

5.2.1 Assumptions Related to the Use of Our Project and the Scope of Influence. ........................ 59 

5.2.2 Materials Environmental Analysis ................................................................................................... 59 

6. Business Plan ....................................................................................................................................................... 61 

6.1 Business Plan Executive Summary .......................................................................................................... 61 

6.2 Perceived Markets ........................................................................................................................................ 61 

6.3 Business Objectives ..................................................................................................................................... 62 

6.4 Manufacturing ............................................................................................................................................... 63 

6.4.1 Assembly Manuals ............................................................................................................................... 64 

6.5 System Pricing ............................................................................................................................................... 65 

6.6 Financial Plan (ROI) .................................................................................................................................... 67 

6.7 Marketing ....................................................................................................................................................... 68 

7. Ethical Analysis ................................................................................................................................................... 68 

8. Future Considerations ........................................................................................................................................ 70 

9. Conclusion ............................................................................................................................................................ 71 

References ................................................................................................................................................................. 73 

Appendices ................................................................................................................................................................ 76 

Appendix A: Shading Structure Design Options ......................................................................................... 76 

Appendix B: Shading Structure Hand and FEA Calculations .................................................................. 79 



x 

Figure 28: Construction sequencing of the raft bed frame included in the manual to be sent to: Construction 

sequencing of the raft bed frame included in the manual to be sent to students and teachers at LEAP 5. ....... 64 

Figure 29: Construction sequencing of the shading structure included in the manual to be sent to students and 

teachers at LEAP 5............................................................................................................................................ 65 

Figure 30: The total capital costs broken down per each subsystem. ............................................................... 66 

Figure A1: Hand Fan Shading Design .............................................................................................................. 76 

Figure A2: Reinforced Hand Fan Design ......................................................................................................... 77 

Figure A3: Square Frame Design ..................................................................................................................... 78 

Figure B1: Horizontal tubing with equally distributed weight and resultant forces from each bracket. .......... 79 

Figure B2: Shear forces observed in bolts on ABS piping. .............................................................................. 80 

Figure B3: Diagram depicting solar load experienced by grow bed and shading structure. ............................ 81 

Figure B4: Hand calculations for maximum stress in ABS given load of motor and tubing assembly. .......... 82 

Figure B5: Calculations to determine the maximum vertical force capable of being withstood by the solar 

shade until critical bearing failure occurs in ABS. ........................................................................................... 83 

Figure B6: Calculation for surface temperature of grow beds given 50% shading at 68.7 °F ......................... 84 

Figure B7: Styrofoam grow bed surface temperature test ................................................................................ 85 

Figure C1: Pump Head Loss Calculation Spreadsheet. .................................................................................... 86 

Figure D1: Arduino code for Node MCU wifi chip. ........................................................................................ 87 

Figure D2: Template of excel spreadsheet for weekly temperature histogram reports. ................................... 88 

Figure D3: QR code to access the temperature reading app. ............................................................................ 88 

Figure E1: Existing Conditions Photos at LEAP 5 High School in Jane Furse, South Africa. ........................ 89 

Figure E2: Bathtubs that will be reused for wicking grow beds. ...................................................................... 90 

Figure E3: Scrap metal yard with material at hydroponic team’s disposal. ..................................................... 91 

Figure E4: Hydroponic system planned implementation location. ................................................................... 92 

Figure E5: LEAP 5 greywater catchment system. ............................................................................................ 93 

Figure E6: Location of overflow basin that waters lawn. ................................................................................. 94 

Figure F1: Hand Calculations for Sizing of Greywater Filter. ......................................................................... 95 

Figure F2: Preliminary Design of Constructed Wetland Greywater Filter. ...................................................... 96 

Figure F3: Hand Sketch of Biofilter Design for Greywater Filtration. ............................................................. 97 

Figure F4: Sedimentation tank hand drawing reference for design. ................................................................. 98 

Figure F5: Biofilter layers shown as a cross-sectional view. ............................................................................ 99 

Figure F6: Hand sketch of filtered water reservoir. ........................................................................................ 100 



1 

1. Introduction 

The effects of climate change and environmental degradation are threatening the world’s 

access to its most precious natural resource, freshwater. With a growing human population, it is 

essential to grow more food with less water. 

Our project is made in partnership with Langa Education Assistance Program 5 (LEAP 5) 

high school, a STEM school that caters to economically disadvantaged students located in the 

Limpopo Province, South Africa. The implementation of a more water efficient farming method 

as an educational tool for students was the main project objective. In collaboration with students 

and faculty, a greywater-fed hydroponics garden was designed for the LEAP 5 campus. 

Compared to traditional agriculture methods, our system puts more emphasis on 

sustainability and water conservation by using sustainable materials and recycling greywater 

produced by the LEAP 5 school kitchen. In doing so, the system becomes a benefit not just for 

the school, but for the entire Jane Furse community. The system was built to reduce the 

environmental impact of growing plants which are associated with traditional farming methods. 

To further increase the water efficiency in the system, a kitchen sink greywater filter will supply 

the hydroponics garden instead of using freshwater. A successful hydroponics system can 

provide both water and food security to agricultural communities in South Africa. 

 

1.1 Water Scarcity 

Globally, 70% of all freshwater is used for agriculture [1]. Estimates from the World 

Bank predict that, by 2050, “feeding a planet of 9 billion people will require an estimated 50 

percent increase in agricultural production and 15 percent increase in water withdrawals” [1]. 
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Figure 1: Map of the projected water scarcity globally by 2025 [3]. 

 
The overuse of freshwater in agriculture can create food and water insecurity, especially 

in developing countries. In sub-saharan Africa, 80.7% of all available fresh water is utilized for 

agriculture [1]. This is also the only world region unable to meet the minimum standards for 

sustainable safe drinking water, according to the United Nations’ Millennium Development 

Goals [2]. 

South Africa is the wealthiest nation in sub-saharan Africa and has granted citizens the 

right to clean water access, yet over one million households suffer from water insecurity [4, 5]. 

The increasing frequency and severity of droughts, due to climate change, coupled with the 

diversion of freshwater to urban areas has significantly reduced the amount of available water to 

rural, agricultural communities [6, 7]. Water scarcity in the Limpopo Province, where our project 

is located, has forced communities to utilize natural sources of water that are often contaminated 

or polluted [7]. Figure 2 shows the map of the country of South Africa. 
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Figure 2: Map of South Africa with the Limpopo Province highlighted in red and LEAP 5 High 

School represented with a star [8]. 

 

Implementation of this more efficient farming method addresses water scarcity in South 

Africa, while still yielding adequate crops for consumption and profit. Hydroponics systems, or 

soilless farming, use more than 75% less water per kilogram of produce compared to traditional 

in-ground agriculture and increase the amount of produce grown per square meter described in 

Section 5.1 [7]. Fifty percent faster harvest times, freedom from pesticide use, the adaptability of 

the system to space constraints, and the opportunity to grow year round also make hydroponic 

systems a viable alternative for traditional in-ground farming. 

 

1.2 LEAP 5 School of Science and Maths 

An education plan was developed to accompany the implementation of the system that 

would provide an avenue for community engagement and encourage adoption of alternative, 

water saving farming methods in the wider community. With help from the Frugal Innovation 

Hub on campus, our team was partnered with LEAP 5 Science and Math Schools in South 

Africa. LEAP is a collection of math and science focused schools that caters to economically 

disadvantaged students across the country. 
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The fifth LEAP school reached out to the Frugal Innovation Hub in hopes of recruiting a 

team like us for their project. A couple of the project team members were interested in designing 

an aquaponics system and heard about this opportunity with the Frugal Innovation Hub in the 

Civil Engineering Senior Design Class in Spring 2019. The first contact our team made with 

LEAP 5 shortly followed. Raphael, the school’s principal, and a handful of eager students came 

to us with an idea for an alternative solution to traditional farming. The students led the 

discussion with their eagerness to learn and grow peppers and carrots. Weekly progress meetings 

were organized for three months and featured constant messaging and communication. This was 

the motivating factor throughout our whole project, the high school students enthusiasm for us to 

come and teach them. Their three main priorities for a successful project were: 

1. Agricultural & Water Conservation Education - this included hands on education and 

curriculum-based recommendations in the field of Engineering Design, Biology, and 

Business. 

2. Fresh Produce Yield and Food Security - used for both the students and faculty at LEAP 

5 and in the surrounding communities’ food banks. 

3. Replicable Across LEAP School System - LEAP 5 wished to be a catalyst for agricultural 

education across the South Africa school system 

 

Our role in the project would be to create a physical learning module which both informs 

about water conservative farming methods, promotes food security, and shows that engineering 

can be applicable to these students' lives. 

 

1.3 Project Background 

Alongside the teachers and students from LEAP 5 High School, a greywater-fed 

hydroponics garden was designed and tested in Santa Clara with the intention of implementing 

the complete system in South Africa during Spring 2020. To address alternative agriculture, 

hydroponics is a method that supports plants’ roots in nutrient rich water instead of traditional 

soil farming. To further address freshwater insecurity, the system would employ LEAP’s kitchen 
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sink wastewater (greywater) to supply the garden when water levels drop due to evaporation and 

evapotranspiration. 

 

1.3.1 Educational Opportunities in Hydroponics 

Implementing alternative farming systems requires community engagement and 

ownership to ensure the success and longevity of the technology. One of the central focuses of 

this project was STEM education and student involvement. Thus, 15 hours of lectures, activities, 

and experiments were designed to connect the fields of Biology, Biochemistry, Environmental 

Science, and Engineering to the on-site construction of the hydroponics system. The educational 

materials were developed to be implemented over a 5 day period (3 hours instruction/day) with 

20 student ambassadors at LEAP 5. 

The education piece had three main learning objectives: 1) to understand how climate 

change will impact both humans and plant survival, 2) to understand how the hydroponics 

system functions and be able to maintain it, 3) to empower students to make a positive impact in 

their own local communities. Lessons on plant biology and photosynthesis, biochemistry, 

ecosystem ecology, and climate science connected to different aspects of the hydroponics 

system. Plant biology, in particular, was a central focus of the education materials shown in 

Figure 3. 

 
Figure 3: Sample lecture slides from the hydroponics curriculum. 

 

Each lesson plan included two lab experiments or hands-on activities to practice newly 

learned skills and daily interaction with the hydroponics system to achieve the first two learning 

objectives. To address the third learning objective, the lesson plans included examples of 

student-led movements for climate change, such as speeches by Greta Thunberg, to inspire and 
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empower students to address climate change in their school and larger local community. The 

educational materials allow for the learning and application of new science and engineering 

concepts, while providing an opportunity for students to improve local agricultural systems. 

 

1.3.2 Approaches to Constructing a Hydroponics System 

When starting a hydroponics farm, a specific type or multiple types of hydroponics 

systems must be selected. The most prominent types of systems are: Nutrient film techniques 

(NFT), Deep water culture (DWC), Drip irrigation systems, ebb & flow, and wicking. There are 

other techniques, but this document will not include a discussion of them because they were 

deemed unsuitable for our desired product. Table 1 lists styles of hydroponic farming 

configurations and their major aspects. 

 

Table 1: Summaries of unique characteristics relative to each considered type of grow bed. Blue 

highlighted rows were the systems chosen for the final design. 

Type of Grow 

Bed 

 

Significant Characteristics 

 

Raft Bed (Deep 

Water Culture) 

● Plants housed in holes on styrofoam rafts which float in a 

large reservoir of nutrient-rich water. 

● Requires sturdy construction of frame due to water weight. 

 

Nutrient-Film 

Technique 

● Plants housed in holes bored into long rails or large 

diameter pipes. 

● Single stream of nutrient-rich water feeds all plants in series. 

 
Drip Line 

Irrigation 

● Nutrient-rich water is delivered periodically to plants in a 

media through a pressurized flexible rubber drip line. 

● Each plant requires at least one thin rubber line resulting in 

large networks if the garden is large. 

 

 
Ebb & Flow 

● Plants rest in a media bed and water is delivered to flood the 

entire volume of the grow bed -- upon reaching a designated 

height, water is removed by a bell siphon. The process repeats. 

● If the system is large the fluctuation of each fill-drain cycle is 

a significant volume of water 
 

Wicking Bed 
● Nutrient rich water is delivered by a buried, perforated pipe. 

● A shallow reservoir is maintained below the topsoil and the water is 

then “wicked” towards the plants’ roots via capillary action. 
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Nutrient film techniques utilize a simple design consisting of a main reservoir and an 

angled grow tray which plants are fitted into. Water rich in minerals and nutrients enters from the 

uphill end of the grow tray as it is pumped from the reservoir. The water then flows down the 

tray, passing by each individual plant and soaking the root system before departing through the 

downhill tray side and returning to the reservoir [7]. Advantages to NFT are that it uses a 

continuous flow so no pump timing equipment is necessary. There are few moving parts to an  

NFT system and they can be customized and scaled with ease. The depth of water that flows 

through the grow tray is very shallow to compensate for the continual flow. The plants are able 

to wick water from the stream and draw as much as required. Different plants have different 

water needs so this presents a viable system if a diverse garden is desired. The NFT is not 

without disadvantages though. These systems are extremely sensitive to power outages and if a 

loss of flow due to no power or a clog in the input line occurs, the plants will wilt and die  

rapidly. Another negative for this system is the depletion of nutrients as the stream approaches 

the return to the reservoir. Plants all need nutrients and will draw from the finite supply as soon 

as they encounter the water. The plants growing at the downhill end of the grow tray do not 

encounter a stream of water as rich in nutrients and suffer slightly. 

Deep water culture systems are extremely simple and are very relevant in the world of 

commercial farming. DWC is most effective for quick-growing, leafy greens which have 

significant water needs. The setup for a DWC is extremely simple and requires almost no  

moving parts and most importantly no water pump to circulate the water[9]. The DWC method 

only requires that the water be aerated so that enough oxygen is present for the roots to grow. 

Aeration is obtained by an air pump and airstone in most cases, both of which can be purchased 

at any aquarium or garden store with hydroponics products. The air pump draws air from the 

environment and transports it through flexible piping to an air stone which is a configuration of 

orifices that open up to the water tank containing the plants. Figure 4 shows the DWC setup 

below. 
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Figure 4: Schematic depicting basic DWC configuration [9]. 

 

An advantage of DWC growing operations is the maneuverability of the plants even once 

root systems have matured. The plants float on a styrofoam board (raft) which sits unattached to 

the water tank. Crops are attached to their own individual substrates which are inserted into holes 

bored in the rafts. Plants are easily moved by simply pulling the substrate with the root system 

attached. For the low maintenance, low investment market our group is targeting the DWC 

method is extremely desirable. These systems are expandable and are only limited by the size of 

the water tank which the rafts float in. The DWC systems are suitable for most plants except for 

long life plants that require a strong, supportive root base. Plants like squash, zucchini, and 

tomatoes are therefore not ideal for a DWC system. The largest and most profitable commercial 

hydroponics companies utilize the DWC systems however because of their low entrance costs 

and their enormous scalability [9]. 

The drip systems and the ebb & flow systems are very similar, and are most effective in 

smaller applications. They both require the plants to be fixed to individual pots filled with 

growing medium. The pots rest in a larger growing tray which water is able to circulate through. 

The difference is that drip systems direct the input of water directly to the individual plant pots 

by means of drip lines. The ebb & flow systems do not have the same type of individual 

watering, but rather fill the large grow tray with water periodically. Once the water level reaches 

a height threshold designated by an output valve, the entire system drains back into the reservoir. 



9 

The drip systems require a significantly greater amount of hardware because of the individual 

drip lines and the accessory piping necessary to transport each stream of water. The narrow drip 

lines are also prone to clogs if any solid material is encountered, or algae growth occurs. The 

conditions our hydroponics system will exist in is outdoors so solid contaminants and algal 

growth may present issues for this type of system. A schematic of these two systems is shown 

below in Figure 5. 

 

 

 

Wicking beds are made possible by a method of water delivery in which a shallow, 

water-permeable reservoir is sustained below several layers of soil, mulch, or other media. Water 

flows into the wicking bed through a perforated pipe that flows out from a drain placed at a 

height approximately 25% up the wall of the structure. It is critical, when constructing a wicking 

bed, to ensure that organic matter like soil or mulch does not infiltrate the water in the shallow 

reservoir. When organic material enters the anaerobic zone which exists in the reservoir, 

malicious bacteria and fungus growth is created and any plants in the wicking bed are negatively 

affected. The organic matter can be effectively separated from the reservoir by a landscaping 

cloth weighed down by a layer of sand. 

Figure 5: Side by side comparison of the similar drip and ebb & flow systems. The 

significant difference between the two is the presence of drip lines and drip manifold 

on the left image [10]. 
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1.3.3 Advantages of Greywater-fed Hydroponics Systems 

Hydroponics are preferable to traditional farming methods due primarily to the drastic 

water savings and efficient use of space. Additional advantages include low upkeep and 

dramatically fewer pests due to the lack of soil and soil harboring insects and fungus. These 

advantages are made possible by the recirculating volume of water contained in the walls and 

pipes of the system. Once the specified volume of water is added to the system, only miniscule 

amounts are needed to comply with the needs of the plants. The source of these small quantities 

of water is delegated entirely to the greywater filtration system which requires maintenance no 

more than once a year. Certain hydroponics grow beds, especially the raft grow bed, are capable 

of supporting a plant density approximately five times greater than traditional agricultural 

methods. The increased density is made possible by the immediate availability of nutrients which 

are constantly contacting the plants’ roots. In soil, nutrients are dispersed throughout the soil and 

plants must compete for a finite supply; in hydroponics, nutrients are abundant and their delivery 

to the plant is expedited. The rapid uptake of nutrients through the nutrient rich water also 

supports accelerated plant growth. 

High entry cost and high-complexity are the two most significant detractors preventing 

widespread hydroponics presence in the agricultural industry. In order for hydroponics to 

succeed and become a truly disruptive technology the cost to produce such systems and the body 

of knowledge which supports a simple construction of these systems must be reinforced. The 

greywater-fed hydroponics system is significantly less expensive than systems on the market due 

to the frugal selection of materials and utilization of repurposed materials. Many of the frames 

and pipes which support the nutrient-rich water can be reused if they are not beyond repair, 

which has the potential to drive down the initial price of these farms and decrease the duration of 

time before these systems can return their investment. 

 

2. Design Specifications 

The design of the hydroponics system was constructed through a largely iterative process 

in which physical prototypes were constructed and tested in the Santa Clara University Forge 
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Garden and Civil Engineering Laboratory. Insights from the rapid build and tests provided 

critical information about the reliability and manufacturability for specific subsystems. Many 

design decisions were sampled from successful, local farms and verified through physical 

experimentation at Santa Clara University. 

 
2.1 Customer Needs 

The outdoor hydroponics product our group sought to construct featured multiple grow 

bed configurations and a self-correcting control system constructed with frugal materials for 

home and hobby applications with an educational focus. Hydroponics systems do not require any 

soil to grow and have the capability to scale to a large, commercial application, but our group 

only examined the smaller scale. Our group has provided educational tools through an output of 

monitored variables such as temperature, pH, and electrical conductivity, to a smartphone 

through the use of an arduino and the app service Blynk. The monitored variables give the  

garden owner opportunity to remotely examine the system and study how altering fertilizers and 

flow rates affect the water quality. The system features a deployable solar shade attached to a 

rigid frame that activates whenever a thermometer on the grow bed surface reaches a certain high 

threshold. The shading system allows outdoor gardeners an opportunity to grow a wide range of 

crops even during the hot summer months. Listed below is a table containing the potential 

customers we reached out to so that we may better understand the components they find 

desirable. Tabulating their needs allows our group to directly relate their recommendations to the 

design of our designed system. 
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Table 2: List of consulted clients and their most critical needs listed. 
 

Contact Qualification Primary Need Expressed 

 

Raphael Mugachi 
Principle of South African high 

school, LEAP 5 

Educational opportunity for 

students. 

 
Alrie Middlebrook 

Manager of Middlebrook Gardens in 

San Jose 

System simplicity and 

durability with low 

maintenance. 

 

Ken Armstrong 

Founder of Ouroboros Farms in Half 

Moon Bay 

Minimize pump work by 

using gravity assisted 

configuration and control 

temperature. 

 
James Wang 

Recent engineering graduate from 

Santa Clara University - constructed 

Loaves and Fishes aquaponics system 

Shading system to prevent 

scorching of leafy greens on 

hot days. 

 

Larry Vollman 
Manager and gardener at Loaves and 

Fishes in San Jose 

Emphasis on leak reduction 

and education. 

 
2.2 Functional Analysis Decomposition 

The hydroponics system our design team created features two significant types of input 

and two types of output. The inputs are separated into continuous and initial inputs. The initial 

inputs necessary to make the system capable of supporting plants are significant volumes of 

water and liquid nutrients. Once the system is established with these inputs it requires a 

consistent flow of electricity to operate the pump, a small volume of water provided by the 

greywater filtration system, and minimal nutrient solution additions. Additionally, heat in the 

form of temperature is a continuous input to the temperature sensor attached to the control 

system. 

The outputs realized by the system are primarily the plants harvested at the end of their 

life cycle. The deployment or retraction of the solar shade is an intermittent output. The outputs 

related to the shade are based on the current temperature observed by a temperature probe on the 

surface of the grow beds. The magnitudes of the initial inputs and final outputs are proportional 

functions related to the size of the grow beds. Larger grow beds require a larger volume of water 
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and liquid nutrients supplied initially. Much like the initial inputs, the single output of harvested 

crops varies proportionally to the size of the grow beds. A larger grow bed also requires a larger 

pump, but the scaling is not linear in relation to the area occupied by the grow bed like the water 

and nutrient volume. Pump sizing is primarily a function of head height observed and length of 

pipe which the water must travel before returning to the pump. The intermittent output realized 

by the shading system is consistent with the weather patterns of the region and the programmed 

deployment and retraction temperature. 

 

2.3 Existing System Benchmarking 

There are various hydroponics systems currently on the market ranging in size and cost. 

Table 3 summarizes the variety of systems. Each of these commercial systems will be used to 

complete a benchmarking analysis. 

 
Table 3: Summary of Current Hydroponic Systems on the Market 

 
Name 

 
Manufacturer 

Reservoir 

Size 

[gal] 

 

Grow Bed 

Size [ft2] 

 
Price 

Aquasprouts Fountain [11] AquaSprouts 6 0.8 $159.65 

Miracle-Gro AeroGarden 

Harvest Elite [12] 

 

AeroGarden 
 

1/2 
 

0.6 
 

$169.95 

Hydroponics EuroGrower 8 Site 

Complete [13] 

 

HTG Supply 
 

6 
 

40 

 
$616.65 

Ebb & Flow Hydroponic Flood 

Table Kit [14] 

 

ActiveAqua 
 

70 
 

16 

 
$768.95 

Hydroponic Drip System Flood 

Table Kit [15] 

 

Botanicare 
 

115 
 

32 

 
$1089.95 

Aquabundance 

Home Aquaponics System [16] 

The Aquaponic 

Source 

 

200 
 

45 

 
$7,895.00 
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2.4 Rationale for System Specifications 

Through the help of research and benchmarking commercial systems, our team set out a 

list of aspects that we wanted to include in our final design. Table 4 ranks customer needs is 

ranked from 1-5 with 1 corresponding to a low priority and 5 corresponding to a high priority. 

 
Table 4: Customer needs. Higher numbers equates to higher priority. 

 

 
# 

 
Subsystem 

 
Need 

Priority 

(1 - 5) 

 
1 

Software Simplistic design for both students and teachers to 

interact with 

 
5 

2 Water Ability to be reuse throughout system 5 

3 All Operational in rain and inclement weather 5 

4 Structural Design Ability to hold various loads (growth of plants) 5 

 
5 

Electronics/ Hardware/ 

Structural Design 

Replacement of parts is seamless and easy to 

accomplish for students and teachers alike. 

 
3 

6 Structural Design Safety 5 

 
7 

 
Electronics 

Arduino operated and connected to sensors 

throughout system 

 
5 

8 Piping Dependability/Minimal leakage 4 

9 Structural Design Weather resistance 5 

10 Structural Design Durability 5 

11 All Ability to be recreated at other LEAP Schools 2 
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12 Electronics Longevity 4 
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Electronics 

Ability to use electrical power from school and is 

low power 

 
5 

14 All Simple educational training 3 

15 All Cost effective 3 

16 All Items needed purchased in South Africa 4 

17 Structural Design Sun shading system 5 

18 Control System Monitor and control surface temperature 4 

 
19 

 
Water Pump 

Dependable, suitable for size of system, 

submersible 

 
5 

 

Variables including total mass, pump voltage, and motor ratings were additionally 

weighed in a metric to determine their relative importance. The most significant factors were size 

of the pump due to power usage and temperature range of the temperature probe so that 

environmental conditions could be controlled. 
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Table 5: Metrics table with units. Greater numbers indicate increased significance. 
 

 
# 

 
Need # 

 
Metric 

Priority 

(1 - 5) 

 
Units 

1 2,4,10,17 Total Mass 1 Slugs 

2 6,9,10,1517 Min/Max Width and Height 2 feet 

 
3 

5,7,13,15, 

16,18,19 

 
Unit Cost 

 
3 

 
US Dollars/SA Rand 

4 19 Pump Size 5 GPH 

5 19 Pump Voltage 2 Volts 

6 2,6,19 Environmentally safe 5 n/a 

7 17 Motor Rated Torque (Shade system) 4 lb/in 

8 17 Motor Rated Power (Shade system) 2 Watts 

9 17 Motor Rated Voltage (Shade system) 2 Volts 

13 2,18 Surface temperature sensor 5 Fahrenheit 

 
After analyzing current products on the market, our team created a list of target 

specifications for our system that we strived to reach throughout the design and manufacturing 

process. Table 6 goes into further detail of these benchmarking metrics. 
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Table 6: Benchmarking metrics for project’s system (Target Specs). 
 

 
# 

 
Metric 

Priority 

(1 - 5) 

 
Units 

Marginal 

Value 

 
Ideal Value 

1 Total Mass 3 Slugs >5 <8 

 
2 

Min/Max Width and 

Height 

 
4 

 
feet 

 
>5x5x5 

 
<7x7x6.5 

 
 

3 

 
 

Unit Cost 

 
 

3 

US 

Dollars/SA 

Rand 

 
 

<5000 

 
 

~2000 

4 Pump Size 5 GPM >400 ~550 

5 Pump Voltage 3 Volts >200 ~230 

6 Environmentally safe 5 n/a Yes Yes 

7 Motor Rated Torque 4 lb/in >2 ~3 

8 Motor Rated Power 4 Watts >1/16 1/12 

9 Motor Rated Voltage 4 Volts >100 ~130 
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Surface Temperature 

Sensor 

 
5 

 
Fahrenheit 

 
>60 

 
<80 

 

2.5 System Configuration 

Our team drafted, designed, and constructed a comprehensive hydroponic system that 

would fit within the parameters set out by our partner, LEAP 5 High School. Our system 

comprises multiple subsystems that are strategically interconnected in order to provide a 

working, viable system. In general, our project employs two different styles of grow beds, a raft 
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bed and a wicking bed, to accomodate a larger range of vegetables in our system. Nutrients are 

delivered to the vegetables through a water recirculation system that prevents any unwanted 

water runoff that is found in traditional agricultural methods. To protect temperature sensitive 

plants, we designed a shading structure that would deploy a greenhouse shading material over 

the grow beds. Another aspect of the system layout is our greywater filter. Greywater refers to 

any wastewater that does not contain fecal matter. Since one of the primary goals of our project  

is to reduce the use of freshwater for agricultural needs, we developed our system around the 

reuse of greywater. A greywater filter is installed in the basin of a repurposed bathtub to filter 

fine mulch particles in order for the water to be safely introduced to the grow bed system. This 

system layout was promoted by the notion of designing a system to ultimately educate, reduce 

water waste, and produce vegetables. 

The system cycle begins at the 55 gallon water reservoir in the center of the layout, a 

submersible pump draws water from the reservoir to the two raft beds on either side. The one 

pump supplies the water intake for both smaller cycles. Water slowly flows through the raft beds 

until it drains out the opposing end and into the wicking bed. When water reaches this secondary 

bed, a porous PVC pipe enables the water to distribute throughout the media. When the water 

level reaches a determined height, it then exits the first wicking bed and flows into the second. 

Again, the identical water flow process is completed in the second wicking bed compared to the 

first. Finally, the water is delivered back to the reservoir for the process to begin again. This 

same process is mirrored on both sides of the system. 
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Figure 6: South Africa hydroponic system layout. 

 
2.6 Project Management 

The interdisciplinary nature of the project led to considerable overlap between 

departments as the holistic goal of delivering a hydroponic system was sought after. 

 
2.6.1 Design Challenges and Goals 

The project team came up with a preliminary list of challenges and constraints with our 

partners at LEAP 5 High School that were essential to the success of the project. Members from 

each department were assigned goals complementing their strengths as shown in Table 7. 
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Table 7: Design goals for each contributing engineering major 

Major Design Goals 

Mechanical 

Engineering 

● Configure grow beds, plumbing, and reservoir through an iterative 

process to optimize both grow area and potential plant diversity. 

● Weigh existing market options alongside immediate customer needs 

and select the optimal types of grow beds and water delivery 

● Minimize pump power consumption while still circulating the entire 

volume of water once every 3 hours. 

● Work with Civil Engineering to produce robust wooden frames for 

grow beds that can be easily reproduced. 

● Program and develop a self-monitoring and self-regulating 

temperature control system using a solar shade. 

● Produce a resilient manual shading system as a durable alternative to 

the automatic shading system. 

● Perform hand calculations and Finite Element Analysis to ensure the 

design of load-bearing subsystems has a factor of safety ≥ 1.7. 

● Select and employ leak-resistant plumbing solutions that will not 

deteriorate over time. 

● Develop graphical assembly manuals for each individual subsystem. 

Civil 

Engineering 

● Decrease freshwater needs of the hydroponics system by 

supplementing continuous water additions with filtered greywater. 

● Select an appropriate greywater filtration system through water 

quality testing. 

● Ensure filtered greywater is compliant with strict health and safety 

codes. 

Engineering 

World Health 

● Develop an informative and engaging lesson plan for use at LEAP 5 

High School. 

● Ensure that the ownership for the designed project is received by the 

LEAP 5 High School. 

 

 
2.6.2 Budget Consideration 

The established budget contained three main sections accounting for all expected costs 

resulting from a half-scale hydroponics system at Santa Clara University and a full-scale system 

at the LEAP 5 high school in South Africa. The major individual contributions came from Santa 

Clara University, Xilinx, and the Frugal Innovation Hub grant. Crowdfunding was additionally 

utilized to further raise funds. 
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2.6.2.1 Expenses 

Our group has seeked funding from the Undergraduate School of Engineering Program 

for the materials total. The materials detailed in our budget has covered the construction and 

operational functions of two hydroponics systems - one in Santa Clara, CA and one in Jane 

Furse, South Africa. Our Santa Clara prototype allows us to gain hands on experience with the 

plumbing, controls system, shading structure, and agriculture components. In doing so, our team 

has gained the knowledge required to optimize the system’s growing conditions. Gaining this 

knowledge of the complete system has allowed us to replicate the design for LEAP 5 School. 

 
Table 8: Cost of materials used to prototype the system in Forge Garden, Santa Clara. 

 

CATEGORY COST 

Raft Bed $363.19 

Plumbing $35.94 

Wicking Bed $65.36 

Greywater Filter $134.45 

Shading Structure $278.37 

Controls System $19.38 

TOTAL: $896.69 

 
2.6.2.2 Income 

In addition to seeking funding from Santa Clara University and from the Xilinx grant, we 

have set up a funding campaign on the crowdfunding website, GoFundMe. This campaign has 

been primarily aimed at obtaining donations from friends and relatives. However, this 

crowdfunding page has also been used to advertise our project to the public and to any 

organizations who may want to contribute to the cause. 
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Table 9: Fundraising sources/amounts 
 

Fundraising 

Source Amount Note 

School of Engineering Grant $2,000 Grant for engineering students. 

Crowdfunding (GoFundMe) $2,710 Contributions from friends and 

relatives. 

Xilinx Senior Design Grant $3,500 Enables travel for projects with 

remote sites. 

Frugal Innovation Hub Grant $3,000 Supports travel expenses. 

Engineering World Health Funding $2,000 Funding for Engineering World 

Health students 

 
2.6.3 Timeline 

Our team succeeded in establishing and complying with an ambitious timeline in order to 

ensure the successful completion of our system in South Africa. The planned departure date was 

March 20, 2020 and our group accelerated our construction and validation efforts in order to 

produce a product which would satisfy the needs of the LEAP 5 High School. 

The Gantt chart, shown in Table 10, was created so that project action items were 

completed in a timeline conducive to rapid development. A more detailed table provides specific 

dates to track planned completion of items against their actual completion. Our team successfully 

managed to complete the majority of key milestones on the aggressive schedule which promoted 

project completion before the planned deployment at the High School in South Africa. 
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Table 10: Timeline of key tasks 

Action Fall 2019 Winter 2020 Spring 2020 

Research                         

Prototyping                         

Finalizing Design                         

Manufacturing                         

Verification & Testing                         

 
The initial research and conceptual designs were the most time consuming and under-

scheduled tasks our team encountered. Our team decided to invest our time in research, 

prototyping, and conceptual design because of the firm March 20th deadline. Initial testing and 

designs were proved effective before major construction occurred. Once the designs were 

validated through a prototype, rapid full scale construction was completed with few setbacks. 

 

 

 
2.6.4 Risks and Mitigations 

It is essential to determine any potential risks that can come about during designing, 

manufacturing, and deploying a successful product especially when it comes to an agricultural 

system. Below is a list of potential risks that were considered throughout the senior design 

project. 

 

Figure 7: Overview of project schedule timeline. 
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2.6.4.1 Risks 

Several physical hazards were identified before the construction of our system. The hazards were largely 

due to the labor involved in producing hardware constructed of wood, metal, and plastic. Chemical agents 

due a pH adjuster and chemical sealants were also cited as potential means for minor injury or irritation. 

The operations relevant to the project were deemed to be low risk for injury because of proper hazard 

investigation and training. 

 
Table 11: Detail of hazards which may incur during manufacture of project. 

 

Item Physical Hazard or Agent 

 

 
1 

Operation of power tools and equipment to cut, fasten, and drill both wood, 

ABS pipe, and PVC pipe. There is a potential to maim oneself with 

improper power tool operation. 

 
2 

Team members trimming plants and plant-root substrates using snips or  

knives could be injured. 

 
3 

Use of fertilizers and pH adjusters (phosphoric acid and potassium 

hydroxide) since skin contact can cause minor dermal irritation 

 
4 

Skin irritation due to sunlight exposure and physical labor in Santa Clara 

University Forge garden 

 

 
 

2.6.4.2 Mitigations 

For every hazard identified, at least one mitigative action incurred. All preventative 

actions were confirmed with University officials to ensure that both the safety of the team 

members involved in construction in addition to any individuals who may come in contact with 

the system would not be injured. 
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Table 12: Detail of preventative actions taken by team to remedy potential hazards. 
 

Item Risk Mitigation Action 

1 All team members underwent powertool training and certification at Maker Lab. 

2 Extreme caution will be executed with sharp objects. 

 
3 

Appropriate street clothing (long pants, closed toed shoes), safety glasses will be used 

in working environments when operating any power and hand tools. 

 
4 

All team members reviewed safety precautions and know to thoroughly rinse if 

irritation occurs. 

5 Nitrile gloves will be used when handling fertilizers and pH adjusters. 

 
6 

Follow all instructions from Forge Garden Organic managers and maintain compliant 

with their rules and regulations when on premises. 

 
2.6.5 Team Management 

In order for this project to be successful in this brief time period of six months, each team 

member was assigned to manage a specific subsystem. While there was a lead for every 

subsystem, our team emphasized collaboration with each other and would always seek others 

advice, ideas, and help when it came to complete these sections of the project. 

Alex Estrada was tasked with being the lead of the shading structure. After the team’s 

concept selection, Alex focused on work with Civil Engineering Lab Manager, Brent Woodcock. 

Over the six month course, they collaborated on the construction of the shading frame, stepper 

motors operation, building manuals, and the structural integrity of the entire subsystem to 

promote safety and effectiveness. 

Kathryn (Katya) Fairchok was in charge of pump flow design and calculations. She 

calculated flow rate and head loss in the system based on material roughness and geometry, and 

she identified the pumps to be used in the system. Additionally, Katya was in charge of the 

Blynk app development. She worked on the circuitry for the temperature sensor, the code for the 


