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Executive Summary 

 

Team 20, vertiGrow, set out to build a robotic indoor farming unit that would minimize the need for human 

interaction in operation. A compact and efficient indoor garden could be used in a variety of urban areas 

where proper conditions for plant growth could not be otherwise obtained. The potential for technology like 

this proves promising and exciting as the world’s population continues to grow, a practical problem that 

the team felt could be tackled from a Christian perspective through engineering.  The farm will consist of 

modular units that water and fertilize a variety of plants; the team focused on growing spinach for the 

prototype. With three students of mechanical concentration and one of electrical concentration, the team 

designed, analyzed, and assembled an aluminum frame, watering and fertilizing system, linear motion 

system, lighting, and a web-based user interface. Consideration was also given to scaling the modular units 

into a full-scale vertical farm, with economic analysis run on the feasibility and sensitivity of this full-scale 

system.  Testing and prototyping was successful on the whole; though Team 20 did not have time to work 

through full growing cycle in the late spring, all components (except the injector) were integrated into a 

functional unit that could be controlled through a local area network.  With more time and finances, the 

team would recommend improving light intensity and injector control for low flow rates as well as 

designing a tray removal system to cut down on the high capital costs of a scaled warehouse.    
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1. Introduction 

1.1. Senior Design Course Context 

The senior design course serves both as a capstone course required by Calvin College and as a practical 

way to apply the principles and concepts learned from prior engineering courses.  The course is split into 

two sections: ENGR-339 (2 credits) in the fall semester and ENGR-340 (4 credits) in the spring semester.  

The first course emphasizes a variety of factors, including design team formation, project identification, 

and the proposal of a feasibility study.  Developing task specifications, carrying out basic analysis, and 

occasionally prototyping are all part of the first semester focus.  Also included are a variety of lectures to 

prepare senior students for the workforce.  Part II, ENGR-340, focuses on completing the major design 

project that was begun during the fall semester.  This final report summarizes the work done throughout the 

year, focusing on the design, testing and results from the spring semester.   

1.2. Engineering Department—Calvin College 

Calvin College is a liberal arts college in Grand Rapids, Michigan.  Through both strong academic programs 

and an intentional Christian community, Calvin seeks to prepare students to “think deeply, act justly, and 

to live wholeheartedly as Christ’s agents of renewal in this world.” (Calvin College). The Engineering 

Department at Calvin has established strong, ABET-accredited programs for Mechanical, Electrical & 

Computer, Civil & Environmental, and Chemical Engineering concentrations.  The first two years in 

Calvin’s curriculum are composed of prerequisites and general engineering courses that provide basic 

knowledge of engineering fundamentals.  Admission into the concentration of one’s choice, as long as 

department criteria are met, typically takes place in the spring of a student’s fourth semester, and the final 

two years of coursework are specifically focused on the chosen concentration.   

1.3. Team 

Team 20 consists of three mechanical engineering students and one electrical and computer engineering 

student working on a project titled “vertiGrow” (Figure 1).  The team was looking to pursue an 

interdisciplinary project and eventually settled on the concept of an automated indoor farm after much 

deliberation in the early fall.  The opportunity to create a project with tangible benefits has both energized 

and motivated the team during the Fall semester.  With so many different elements and subsystems that 
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need to be combined, each member of the team was able to pursue at least one area of interest within the 

overall project scope.  Below is a brief biography for each team member: 

Matt Cok: Growing up in Celeryville, Ohio, Matt Cok chose Calvin College to pursue a degree in 

Mechanical Engineering. He currently works at Progressive Surface and has accepted a full-time 

position with Gentex Corporation post-graduation. 

Toby Dalla Santa: Toby is a senior mechanical student from Lynden, Washington who will begin 

working full-time at GMB Architecture + Engineering upon completion of his degree. 

Jonathan Manni: Jonathan is an electrical and computer engineering student from Canton, Michigan. 

He has gained experience working with agricultural robotics and image processing systems in Germany 

and is interested in robotic autonomy.  Jonathan will be attending University of Colorado - Boulder, to 

begin his Ph.D. in Aerospace Engineering upon completion of his undergraduate degree at Calvin. 

Matthew Lenko: Matthew is a mechanical engineering major from Pottstown, PA.  His industry 

experience has been with quality engineering and mechanical application engineering, but his career 

goals and passion are in design.  He will be attending Penn State University in the fall to begin studying 

for his Master’s in Mechanical Engineering. 

 

Figure 1: Team vertiGrow from left to right: Matthew Lenko, Jonathan Manni, Toby Dalla Santa, and Matt Cok. 
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1.4. Project Description 

This project sought to automate an indoor, vertical farm using robotics and control systems.  The team was 

looking for a design project that would meet a practical need in this world.  Considering projected 

population growth (2.5 billion additional people on earth by 2050), the percentage of the population in 

urban areas (80%), and the lack of arable land (already 80% has been used worldwide) (India Energy News), 

the capability to produce fresh produce within a city would directly address this growing concern of feeding 

the future population.  With an emphasis on creating a scalable solution, Team 20 decided to pursue a 

design that was potentially viable for commercial use.  The team focus was directed towards creating a 

modular unit that is both versatile and customizable. These units could be stacked and used in an already 

existing or new warehouse or room with stable ambient conditions (temperatures of 70 ± 5° F and a standard 

HVAC system to supply fresh air).   

2. Background and Context 

To understand the scope of Team 20’s project and the design decisions, a brief introduction to the current 

topic of indoor farming is necessary.  This growing sphere in the agricultural world has expanded as it 

becomes increasingly clear that arable land worldwide will not be able to sustain current population growth.  

There has been a large push in the last few decades to come up with alternative solutions, including rooftop 

gardens, greenhouse facilities, and indoor farms.  Though the technological capability is available, most 

alternative farming concepts are still prototypes or in early stages and are not used on a widespread scale 

(Specht).  While each has its advantages and disadvantages, Team 20 chose to explore indoor farming, a 

technique that the team felt has more versatility considering the long-term future of agriculture.   

Advantages and disadvantages of urban agriculture exist side-by-side when considering the current market.  

In Specht’s March 2014 article on “Urban agriculture of the future: an overview of sustainability aspects 

of food production in and on buildings,” the authors are clear that despite the potential within cities, urban 

agriculture is “not in and of itself sustainable and needs to be managed properly” (Specht).  They state 

environmental benefits (such as reduced resource consumption and decreased food miles), social 

advantages, and potential economic benefits as advantages of indoor farming. However, the technology is 

currently lacking automation due to “high investment costs, exclusionary effects, and a lack of acceptance.”  

With this in mind, Team 20 wanted to address the technological and economic aspects with a scalable, 

efficient, and automated solution that has potential to overcome current indoor farming limitations.    
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One of the frequently debated components of indoor farming is the use of hydroponics over traditional soil 

methods.  Hydroponics involves the “the growing of plants in a soilless medium or aquatic based 

environment... using mineral solutions to feed the plants in water” (Growth Technology).  With the 

relatively recent rise in hydroponics, scholarly research is somewhat lacking in concrete, data-based 

comparison of hydroponics to soil-based plant growth.  Despite the enthusiasm shown for hydroponics, 

which supporters claim to be more efficient, there are very little comparable soil methods that have been 

documented.  Additionally, Van Patten, in his book Gardening Indoors with Soil and Hydroponics, states 

that “Contrary to popular belief, hydroponic gardens often require more care than soil gardens… they can 

be more productive but more exacting.”  Part of this increased production is due to lighting methods, with 

lights running up to 20 hours or more a day.  This indoor lighting has remained largely untested with indoor, 

soil-based gardening.  Additional benefits to soil-based gardening include the ability to grow any typical 

farming vegetables rather than being limited by hydroponic methods.  According to Dan Kluko of Green 

Spirit Farms, spinach cannot be grown hydroponically due the presence of a fungus in the seed called 

Pythium aphanadermatum which causes root rot in spinach. Dan graciously spent an hour answering 

questions and touring his hydroponic farming facilities with Matt Cok in November, sharing his experience 

with the team. His production plants include lettuce, kale, basil, and arugula.  Despite having strong early 

success with selling his plants to local supermarkets, Dan is still currently working through the experimental 

phase of designing his facility. Dan experiments with different tanks, lights, and nutrient combinations for 

his plants. He acknowledges the automation of indoor farming as the “next step in the third agricultural 

revolution” (Kluko).  

Team 20 also met with Andy Buist, the founder of Micandy Gardens, on November 9.  With over twelve 

acres of greenhouses, Andy has been in the greenhouse business for 52 years and now raises over 900 

different plants, supplying garden plants, flowerpots, and more to both large and small-scale stores.  While 

touring the greenhouses, Team 20 had the pleasure of learning from Andy about growing conditions, 

methods, and changes in the greenhouse industry.  The team came away with a host of new knowledge, 

realizing that gardening and plant cultivation is far from a perfect science.  Most of the techniques Andy 

uses have been developed over long years of experimentation, an idea that has been consistent with the 

relative lack of specific data available on the best processes for indoor garden.   

While still looking to integrate the best data available, Team 20’s design focus was shifted to a more 

customizable modular unit after meeting with Dan and Andy.  This customization will also be vital in 

accounting for design suggestions that differed between Andy Buist and Dan Kluko.  Ideas such as sunlight 

amounts needed or energy required for heating and cooling varied significantly between these two growers.  
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Suggestions and techniques from both Andy and Dan were compared with research data and incorporated 

in the design and decision-making process. 

3. Project Management  

3.1. Team Organization 

Team organization varies as the skills and strengths of each member are utilized for different situations.  

From a design standpoint, each team member was selected early in the process to lead the development of 

each system as interest and experience dictated.  All four members have filled various leadership roles, 

coordinating visits with various companies (Micandy Gardens, Green Spirit Farms), leading meetings, and 

coordinating work with professors and staff.  Often time smaller groups of two people are formed to do 

design work, calculations, and other tasks related to the project. These teams are formed to address specific 

tasks as they arise in the design process, such as important calculations or CAD work that needs to be done 

to meet team deadlines. A hierarchical chart, including mentors and advisors, can be found in Figure 2 

below.  The team met regularly and kept the same organizational structure throughout the second semester. 

Day to day documents were shared between leadership and team members on a google drive account, and 

an Open Issues Deck was used to guide discussion and progress. Official documents are kept on the Shared 

Drive at s:/Engineering/Teams/Team20. 

 

Figure 2: Team organizational structure. 

Professor

Ned Nielsen
Engineering Department

Matthew Cok

Team Member

Toby Dalla 
Santa

Team Member

Matthew Lenko

Team Member

Jonathan 
Manni 

Team Member

Dan Kluko

Industrial Consultant

Andy Buist

Industrial Consultant

Tim Bangma

Industrial Mentor
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3.2. Scheduling 

One of the team’s first tasks was to discuss the modularity of the project and the different systems involved, 

establishing a schedule to carry out the design and future fabrication of each assembly. Each team member 

was assigned a lead design role for at least one system, and a team member was also designated to support 

the lead engineer in design work/calculations. An hourly estimate for each assembly was created, and 

starting and ending dates for design were also established. More information about the specific schedule 

and dates can be found in Section 5.  Scheduling issues were addressed in team meetings, and the schedule 

was maintained by Matt Cok.  The team revised the schedule multiple times due to design changes; tasks 

that are behind schedule were evaluated for priority and addressed in comparison to level of importance 

with other scheduled tasks.  

3.3. Budget 

Toby Dalla Santa was assigned to budgeting. The team was given an initial budget of $500 which was 

supplemented by an additional $885 from the Eric DeGroot Engineering Fund. Part orders were managed 

by Toby and signed off by Professor Nielsen before being turned into Bob DeKraker.  Due to design 

changes the team’s preliminary budget was updated in the early spring.  Design decisions were made to 

minimize initial cost of the system, and prototype cost was lowered by using available materials from the 

Calvin Engineering Department.  The team ended the semester roughly $100 over their budget due to the 

high cost of the grow lights necessary for the system.  Professor Nielsen allowed Team 20 to pull additional 

funds from the surplus of the ENGR-340 funds.   

3.4. Method of Approach 

Team 20 began designing with the whole of the design norms in mind, looking to integrate all seven as they 

created a project vision and carried out their decision making progress. The vision was particularly 

influenced by the design norms of caring, stewardship, and justice, norms that Team 20 felt were vital in 

successfully meeting team goals and vision. Stewardship involves the team’s use of resources and skills 

available to them to create technology with the potential to aid countless people worldwide, many in our 

own country, that are malnourished. The system will be part of a sustainable solution to current problems 

in agriculture.  Justice and caring are expressed more socially.  As mentioned, food deserts in urban areas 

make it difficult for many people to buy affordable or high-quality fresh food. By creating a space-efficient 

and scalable vertical farming solution, one that can be used indoors, Project vertiGrow can help fight this 

problem.  
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The team’s method of approach could be summarized by three categories: Research, Design, and Testing.  

Research, both general and specific, was carried out during the Fall Semester, and fabrication and testing 

was conducted during the Spring.  One vital aspect of research was seeking out those in the indoor gardening 

industries.  As mentioned, both Andy Buist and Dan Kluko greatly aided the team during the research phase.  

Design involved applying both research and brainstorming ideas as the team established the specifics to 

carry out their overall vision.  When considering design decisions, the norms of open communication and 

trust played a vital role.  Open communication was a key to the customization of the system, and the ability 

to trust the system to operate at a high capacity gives legitimacy to the functioning of the overall system.  

These two norms also guided team dynamics, as issues were brought up openly in a positive manner and 

members were encouraged to voice their ideas and opinions.  This openness established a trust among team 

members that was vital to carrying out the design work.  The spring semester implemented the final step in 

the team’s method of approach, seeking to test the system components and assemble a prototype.   

The team has drawn upon the foundation that their Christian perspective when considering a project that is 

sustainable and beneficial in tangible ways.  Engineers have an opportunity to make an impact not only in 

the way they interact with others in the workplace but also in the products they design.  These products can 

meet basic needs and provide tangible benefits.  As is clear throughout scripture, Christ came not only to 

meet spiritual needs but also the practical needs of those around him (feeding them, healing them, and 

more).  Team 20 has been energized and excited by the knowledge that their project has the potential to 

make an impact on the lives of others.  The team also wanted to emphasize that all creative work done in 

this project is only possible through God our creator. God gave humans the ability to create when He said, 

“‘Let the land produce vegetation: seed-bearing plants and trees on the land that bear fruit with seed in it, 

according to their various kinds.’ And it was so. The land produced vegetation: plants bearing seed 

according to their kinds and trees bearing fruit with seed in it according to their kinds. And God saw that it 

was good” (Genesis 1:11-12, NIV). God created the growth cycle of plants, and his original design using 

the sun, the rain, and the earth as the main growth components was the primary inspiration for this project.  

4. Requirements 

Requirements and specifications were based upon the overall design goals for this project, a series of 

general criteria that Team 20 was considering to guide the overall design.  The primary goal, as previously 

described, centered on creating an automated indoor farming solution.  Sustainability and efficiency were 

two overarching parameters for the system, both values that reflect the team’s Christian faith influence on 

their work as well as the practical economic aspects of the process.  Customization and adaptability are two 
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final goals that gave structure to the design process: the team wanted a solution that could be easily adjusted 

and improved as indoor farming was refined in the future.   

Early on in the design process, a list of design specifications and requirements was created to give focus 

and direction to the design process.  Some specifications are required by a potential user of the project such 

as functional requirements (watering and fertilizing capabilities) or interface requirements.  Others are 

requirements self-imposed by the team, including deliverables, scheduling, and budgetary specifications.  

As will be discussed later, design alternatives, particularly considering a customer seeking personal use or 

commercial use, had a huge influence on the establishment of specifications as the team debated on 

specifications focused on commercial or personal use.  The following specifications were modified midway 

through the semester to better reflect the focus on commercial use for this system rather than personal use.   

4.1. Functional Requirements 

To begin, the team created a set of functional requirements to guide the design process and meet the 

potential needs foreseen in a customer.  These specifications were adjusted midway through the semester 

and are now presented in final form for the design process.   

1. Size— Size envelope for the project should be less than 6 feet long by 3 feet wide by 3 feet high 

including growing trays and robotic systems. 

2. Weight—Weight requirements of less than 750 pounds per modular unit.  This will include soil, 

frame, and robotic systems.  The weight of the water/fertilizer tanks and pump will not be included 

as part of this requirement, as one pump and two tanks will service an entire stack of modular units. 

3. Ambient Operating Conditions—System needs to function within an indoor operating 

environment that ranges in temperature from 60-75° F with humidity ranging from 40-60% relative 

humidity. Air flow speeds of less than 10 mph from air circulation systems are expected with no 

outside source of sunlight or precipitation. (These requirements essentially specify use of the 

system in a standard warehouse)  

4. Power—System must run on power from a standard 120VAC outlet for the prototype.  Potential 

scale-up of power systems may be necessary for a large-scale system. 

5. Movement—Water application shall be moveable across the grow bed length with home locations 

at either end to prevent obstruction of light.   

6. Strength—System frame shall withstand weight of all components as well as forces to move 

robotics for autonomous gardening.  It will not need to withstand wind or external forces. 
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7. Water Resistance—Electrical components and connections will be shielded from potential contact 

with water or housed in a removed location. 

8. Corrosion Resistance—Frame, motion, and watering components will not rust. 

4.2. Performance Requirements 

The following performance requirements were set forth in conjunction with design goals and criteria. 

1. Capability—Minimal Human Interaction: Operator can be expected to queue growing cycle at start 

of process and return to harvest crops at end of cycle (cycle time depends on plants chosen).  System 

will automate other tasks (see below).  Full customization of cycle patterns by the user will also be 

necessary.   

2. Capability—Water plants: Device will efficiently water plants at each location.  Accurate water 

must be given for each plant within a {+15%  -5%} error of desired water targets. 

3. Capability—Fertilize plants: System will fertilize plants when necessary, applying the appropriate 

amount of fertilizer to the given plant within a {+15%  -5%} error.   

4. Durability—System must be designed to withstand repeated cycles (2-3 sets of cycles per day) for 

continuous use; parts should need little to no weekly maintenance, only the occasional inspection 

from the operator. 

5. Reliability—System must withstand continuous cycles (mentioned before) for a period of up to 5 

years.  System parts must not wear under constant use and machine must accurately set boom 

position to within ± 1” for the same five-year period before needing recalibration.   

6. Maintenance—Direct access to trays required to allow inspection of plant conditions and 

replacement of soil.  Direct access to lower system components and pumps necessary.   

7. Speed—System must be able to water a small garden plot (6 feet by 3 feet) in under ten minutes; 

subsequent modules of the same size should take the same time to perform tasks.   

8. Corrosion Resistance—Parts should resist corrosion from water and any chemicals used in the 

fertilizer.   

4.3. Interface Requirements 

Interface requirements, both with electronic interface and written communication, are vital to making a 

customizable, long-term solution. 
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1. User Interface—User interface must be simple and effective, allowing the user to easily customize 

watering, fertilizing, and lighting cycles.   

4.4. Deliverables and Scheduling Requirements 

Deliverables and scheduling requirements were driven by course guidelines.   

1. PPFS—Project Proposal and Feasibility Study was submitted on December 12, 2016. 

2. Working Prototype: A prototype demonstrating proof of concept to be prepared by May 6, 2017. 

3. Final Report: The Senior Design Final Report will be completed May 10, 2017. 

4. Design Notebooks: Individual design notebooks will be submitted May 8, 2017. 

5. Team Website: The team website, with an address and software provided by the engineering 

department, will be complete with all team documents uploaded by May 12, 2017.   

4.5. Other Requirements 

Finally, specifications were necessary to address budgetary, safety, and sustainability goals.   

1. Cost—Prototypes and finished product needs to stay within required budget of $500 dollars.  

Depending on outside funding, this budget could be raised to accommodate necessary additions 

and modifications.   

2. Safety—Project needs to minimize potential hazards such as injury due to moving timing belts and 

motors or high-pressure plumbing.   

3. Legal Issues—Project must attribute all outside research to proper source, and work must not be 

plagiarized.   

4. Recyclability—Any hazardous material, such as batteries, used in the design and final product must 

be properly disposed. 

5. Sustainability—Water recycling options must be explored and considered; though not a strict 

requirement, if budget allows this should be integrated into the final design. 

5. Task Specifications and Schedule 

Team 20 developed a list of task specifications to guide their schedule during both the Fall and Spring 

semesters.  These task specifications were divided into various phases (Figure 3) to guide the overall design 

process.  In the Fall semester, the first four phases (Concept, Specification, Research, and Design) were 
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completed; the remaining two will be the focus of spring semester.  It should be noted that the Design and 

Research Phases are iterative processes; as testing and prototyping takes place, these phases will likely need 

to be revisited as changes to the overall design are made.  Details on scheduling can be found in Appendix 

H.  An estimate for total man-hours for the Spring semester was found to be just under 180 hours per person.  

Progress will be tracked in the spring and comparison made to the hours per month that the team actually 

contributes to the project.   

 
Figure 3: General Task Phases 

6. System Architecture 

The system is composed of several key components which handle the user interface, sensor data collection 

and processing, and component actuation and control. A diagram outlining the basics of the system 

architecture is shown in Figure 4 below. 

 

Figure 4: vertiGrow System Architecture 

As seen in the diagram above, the system is composed of four main elements in addition to the user. These 

elements and their roles in the function of the system are outlined in more detail below. 

6.1. Graphical User Interface 

The graphical user interface (GUI) enables the user to interact with the system to set growth parameters for 

each plant type such as watering cycle length, light cycle length, and watering and lighting frequency. The 
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GUI is hosted as a web page on a server on the Raspberry Pi, and the user has access to the user interface 

with a username and password over the local area network (LAN). This provides the system with the 

additional security of requiring the user to be on the same network as the system, decreasing the opportunity 

for internet-related security breaches as the system must not be connected to the internet. Through the user 

interface, information is taken from the user and sent to the Raspberry Pi, where it is stored on a server and 

used by other components during operation of the system. In addition to collecting important information 

from the user, the GUI serves to provide the user with important feedback regarding system health and the 

growth process. This enables the user to have an interface where he or she can look at just one screen to 

assess the progress of watering and lighting events and the status of the system. The user interface can be 

seen in Figure 5 below. 

 

Figure 5: vertiGrow User Interface 

6.2. Raspberry Pi 

The Raspberry Pi (also abbreviated “Pi”) serves the important role as a server for the user interface as well 

as a computer for sensor data collection, data processing, and actuation of components of the robotic 

growing system.  The Raspberry Pi hosts the web pages necessary for operation of the user interface, as 
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well as the files needed to store information about the plants and the system. The Pi uses the Python-based 

Flask web server (http://flask.pocoo.org/) to host HTML files and offer interaction with server-side scripts, 

allowing for commands to be send via the user interface.  In addition to hosting the graphical user interface, 

the Raspberry Pi performs the overall system management of the robotic growing system, including reading 

sensor data, compiling information to be displayed for the user via the GUI, and sending commands to 

components of the robotic growing system and the Arduino. The Pi runs Python scripts which enable it to 

constantly check on the system and the plants while providing watering, fertilizing, and lighting at the 

proper times. Because the Raspberry Pi is limited in the number of input and output pins that can be used 

to control systems outside of the Pi, it sends signals over USB via serial communication to an Arduino 

which offers a dedicated, fast circuit for motor control. The Raspberry Pi is used to control the lighting 

system, watering system, and fertilizing subsystem.  

The Raspberry Pi sends the proper commands via the Pi’s General Purpose Input-Output (GPIO) pins. The 

output from these pins are fed into transistors that allow control of solenoids and relays used to control 

water and fertilizer flow as well as lighting. The calculations and schematic for the electronic systems can 

be found in Appendix B and Appendix F. 

6.3. Arduino 

Arduino UNO is an “open-source electronic prototyping platform” that uses an Atmega328p 

microcontroller powered by 5V DC (www.arduino.cc). With fourteen digital input and output pins in 

addition to six analog input pins, the Arduino board easily handles the actuation of both motors while 

receiving proximity sensor feedback telling the motors when to stop. The Arduino receives commands from 

the Raspberry Pi and actuates the motors accordingly, monitoring feedback provided by the proximity 

sensors mounted on the frame. For a detailed schematic of the Arduino connections to the electrical system, 

see Appendix F. 

6.4. Robotic Growing System 

The robotic growing system encompasses all sensors and electromechanical components controlled by and 

sending data to both the Raspberry Pi and the Arduino.  The robotic growing system consists of motors 

used for the actuation of the y axis of the robotic arm system (Figure 6). In coordination with the motors, 

proximity switches—whose feedback will be the sent to the Arduino to manage the start and endpoint of 

the linear motion axis—will be used to ensure the arm’s position is accurate. In addition to the motors and 

proximity switches, the robotic growing system includes one fertilizer pump and several solenoid valves in 

http://flask.pocoo.org/
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charge of starting and stopping the flow of water and liquid plant nutrient (Figure 7).  Finally, simple 

control via a relay allows for control of the lighting components, while fans provide constant ventilation. 

(Figure 8). 

 
Figure 6: System architecture for boom arm movement 

 

Figure 7: System architecture for watering and fertilizing 
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Figure 8. System Architecture for Lighting and Ventilation 

7. Design 

7.1. Design Norms 

The core criteria for Team 20’s design decisions center on the team’s goal of creating a product that can be 

used to economically and efficiently meet the basic food needs of future generations, especially in urban 

areas. Special emphasis was placed on the design norms of stewardship and cultural appropriateness to 

meet this goal, though aspects of all seven design norms were integrated into the design and decision-

making process.  These norms dictate the efficiency and effectiveness that this indoor farming unit will 

need to be a success.  Design criteria for each subassembly in the system are based on this goal and these 

design norms.  An overall rendering of the CAD model can be seen in Figure 9. 
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Figure 9. Complete CAD Model of a vertiGrow Modular Unit 

7.2. Farming Aspects 

Farming aspects include plant selection and growing mediums.  Because successful food production is a 

key deliverable of this system, farming aspects helped guide the rest of the design alternatives and decisions. 

7.2.1. Plant Selection  

There are few restrictions on plants that can be grown indoors due to the ability to easily control 

environmental conditions.  Viable plant alternatives that are particularly suited for indoor farming include 

leafy greens, tomatoes, cucumber, squash, and peppers (Van Patten, Gardening Indoors, 330).  Though 

tomatoes, cucumber, squash, and peppers are viable for indoor growing, they often require support 

structures to grow properly. Additionally, crops that produce a fruit or vegetable generally require more 

water than leafy greens, more space for growing (leafy greens range from 8 to 12 inches tall), and are often 

times not as nutritious (less sugar and more fiber in leafy greens). As a result, the team identified the crops 
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for the system to be leafy greens such as spinach, lettuce, kale, basil, and arugula due to their low profile 

and profitability when brought to market (Dan Kluko). 

7.2.2. Growing Mediums 

Three main growing mediums were considered for the vertiGrow system: hydroponics, aquaponics, and 

geoponics. Hydroponics is “a method of growing plants in water rather than in soil” (Hydroponics). This 

method of farming provides nutrients directly to plant roots through a water-and-nutrient solution, removing 

the necessity of soil as the growing medium. Aeroponics, “the growing of plants by suspending their roots 

in the air and spraying them with nutrient solutions” (Aeroponics), could be used. Aeroponics works 

similarly to hydroponics but uses water vapor to deliver nutrients (not liquid water). Geoponics is 

“gardening or farming in soil” (Geoponics). Soil is made up of many different mineral particles that are 

mixed together, also incorporating air and water deposits (Van Patten, Gardening Indoors, 142).   

Many indoor farmers successfully use hydroponics and a few use aeroponics. Although these systems allow 

great control over the nutrients that the plants receive, the plant support systems in their growing containers 

makes automation very difficult. Aeroponics is too expensive for large scale production (hundreds of dollars 

per square foot of growing equipment), and hydroponic systems are not practical in areas where water is 

scarce. These reasons along with the previously mentioned pythium disease (discussed in the background 

section of the report) are why the team chose to focus on growing spinach with geoponics.  

7.3. Modular Unit 

7.3.1. Frame  

7.3.1.1. Design Criteria 

The frame needs to be strong, lightweight, and corrosion resistant. It should be strong enough to hold 200 

lbs of soil at all times while weighing less than 50 lbs so it can be moved by one person with relative ease 

if necessary. Also, since water and fertilizer will be in the system, the frame needs to be corrosion resistant. 

Finally, the main function of the frame is to support and give adequate space and clearance for all 

components of the system.    

7.3.1.2. Design Alternatives 

Three materials were considered for the body of the frame: wood, steel, and aluminum. Wood is the most 

cost effective option ($0.03/inch for 2x4) and would be strong enough to hold the loads mentioned above. 
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It is also a relatively light material, and a design could be optimized to keep it within the specified weight 

limit. However, the team decided to not use it for the final design due to concerns about corrosion resistance 

and longevity in an environment that includes water.  The first frame (Figure 10) was designed with what 

and would have been used as a residential unit. The scope of the project has changed since the first concept 

was considered. 

 

Figure 10. First Design Iteration (Residential Unit). 

Steel provides a relatively cost effective option for the frame due to its high strength-to weight ratio and 

relatively low cost compared to other materials like aluminum and stainless steel. Although steel could have 

been coated to prevent corrosion resistance, it was not chosen because of the large mass, making it 

undesirable for this application. Though the strength properties of steel were an added benefit, both 

alternative materials (aluminum and wood) were more than sufficient to meet design specifications.    

The second design iteration would have been made out of 2.5 x 2.5 steel tubing, and the scope of the project 

has also changed since this design was considered (Figure 11). The design for this frame would have been 

self-stacking, and this would make maintenance difficult if a lower unit in a column would need to be 

removed for maintenance.   
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Figure 11: Second Design Iteration (Stackable Unit). 

7.3.1.3. Design Decisions 

Aluminum was ultimately chosen for the final frame design (Figure 12). Aluminum has the highest 

strength-to-weight ratio, lowest weight, and highest corrosion resistance of all the materials considered. 

Despite the difficulty of manufacturing and welding aluminum, the benefits listed—especially corrosion 

resistance—outweighed the added difficulties in assembly.   

The third and final design iteration contains some of the gussets like the second design; however, not as 

many are required because the frame will be stacked on warehouse racks, not on top of each other. The 

gussets are made out of 1/4” aluminum bar, not aluminum tubing, to increase ease of manufacturing. Jack 

bolts were included on the bottom of the feet to ensure that the unit will be level. Beams of 2” aluminum 

angle were fixed across the bottom of the model to ensure proper tray location. 

Hand calculations and FEA analysis are included in Appendix C of this report for all design alternatives 

and decisions. These calculations match within 5% and demonstrate the feasibility of all of the design 

alternatives. 
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Figure 12: Third Design Iteration (Removable Unit). 

7.3.2. Watering and Fertilizing 

7.3.2.1. Watering and Fertilizing Design Criteria 

Design criteria for the watering and fertilizing system focused on efficiency and effectiveness.  This design 

considered both deliverables for Team 20’s prototype modular unit as well as the feasibility of stacked full-

scale system.  Low cost and simplicity were criteria the team focused on when designing the system; 

simplicity minimized the potential problems with the system by minimizing necessary components.  

Reliability was also essential; flow meters and other instrumentation were considered to check proper 

functioning, and all components were chosen to provide repeatable, consistent watering and fertilizing of 

the plant trays.  Minimal weight was also considered; material selection to minimize weight helped prevent 

binding issues in the linear motion system. 

7.3.2.2. Watering and Fertilizing Design Alternatives 

In order to meet functional and performance specifications, a system to deliver water and fertilizer at the 

proper pressure to the point of application over the plant trays needed to be developed.  The basic watering 

and fertilizing system must take pressurized fluid (water or fertilizer) through a series of tubes or pipes until 
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it finally reaches the application point.  Electrically-actuated valves were also a requirement for an 

automated system to provide flow control for precision watering. 

Alternative designs include two separate piping systems or one combined water/fertilizer system, piping 

versus flexible tubing (or a combination of both), and decisions on tube/pipe sizes and fittings to minimize 

head loss.  A bypass line with a fertilizer injector was an alternative to two different piping systems.  Though 

a gravity fed-system watering could be considered, fertilizing would not be achievable with this system, as 

fertilizer nutrients would be filtered out in the upper layers.   

Individual components provided design alternatives; pressure and flow ratings as well as cost dictated these 

alternatives. Flow control was an essential part of the system, and alternatives involving valves (ball, globe, 

and needle) were all considered to adjust the flow rate in the system.  Water and fertilizer could be applied 

as a mist, as a stream, or a controlled spray, an important aspect to consider when searching the best way 

to provide the correct amount of water without damaging the plants.  Nozzles, misters, drip lines, and drilled 

PVC pipe were all considerations for the water and fertilizer application. 

7.3.2.3. Watering and Fertilizing Decision Decisions 

To begin, system configuration was considered. A bypass built into the piping system was chosen to meet 

cost criteria by eliminating extra components and piping. Additionally, if fertilizer and water could be 

drawn through the same system, water could flush out the fertilizer and prevent mineral buildup. The 

modular unit plumbing system was divided into two assemblies: a lower piping assembly (Figure 13) where 

the fertilizer bypass line was integrated and an upper subassembly (Figure 14) that provided precise control 

to meet design criteria of efficiency and accuracy. Head loss estimates were made to determine what 

pressure would be delivered to the point of application; results showed a pressure drop of about 8 PSI 

through the system with the fittings and pipe length chosen (see Appendix E for more information). Rather 

than the pumping alternatives discussed in the spring semester, a hose using standard city water supply 

pressure and flow rate was chosen for the prototype, as the team deemed the pressure drop acceptable when 

using supplied city water pressure. A pressurized system for all units involving a pump would be used in a 

scaled system; see Appendix E for more details.   

The lower subassembly includes two solenoid valves to control which line (bypass or standard) is engaged; 

these solenoid valves are compatible with pressures up to 115 PSI, more than capable of withstanding the 

60 PSI provided from the city supply for the prototype. A check valve was installed to prevent backflow in 

the system, and two inexpensive flow meters were installed to verify flow through the two lines of the lower 

plumbing assembly. The injector in the lower plumbing subassembly was the key component for a bypass 

line. Due to budget limitations (commercial injectors range in the hundreds of dollars) a cheap and cost-
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effective venturi injector was chosen. This injector functions by creating a pressure differential that draws 

a concentrated solution through a mixing line and injects it into the main water stream. Flow rate estimates 

through the system were considered when purchasing this injector as well as fitting compatibility.   

 

Figure 13: Lower Plumbing Subassembly 

After flowing through the lower plumbing subassembly, fluid moves through a flexible hose installed in a 

cable carrier which allows for the required linear motion of the watering boom. The upper plumbing 

subassembly joins the hose, cable carrier, and gantry to the bearings used for linear motion. A solenoid 

valve was placed as close to the application head as possible to minimize the response time of the watering 

boom. Precision flow control was achieved through a plastic needle valve that could be calibrated more 

precisely than other valve alternatives. All components other than aluminum mounting brackets were made 

of various plastics, minimizing weight according to design criteria.   
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Figure 14: Upper Plumbing Subassembly 

Finally, a watering boom was chosen for water application on the trays. After testing in the spring, nozzles 

were determined unreasonable, as the high force from low flow nozzles was still enough to crush the spinach 

plants. Drip lines were not used due to the necessary requirement for tray removal and misting nozzles were 

disregarded both for their inefficiency and the difficulty to control them in the face of air flow provided by 

system fans. A PVC pipe was drilled with small holes positioned accurately over the trays; this allowed for 

low flow rates and gentles streams to be applied to the plants.   

7.3.3. Linear Motion 

7.3.3.1. Linear Motion Design Criteria 

Design criteria for the linear motion system are low cost, food safe, ease of use, manufacturability, 

simplicity, and high strength. These criteria aimed to improve the economic feasibility of the entire system 

because this system drives the automation of the watering. The motion achieved needs to provide full 

coverage of the growing beds. Fine precision linear motion is not necessary for this watering operation; 

however, general precision is required.  A final consideration is that the system must fit within the required 

size envelope of the vertiGrow unit. 
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7.3.3.2. Linear Motion Design Alternatives 

Axes of Motion 

The motion system could be designed to actuate motion across two spans, the x and y axes (Figure 15), 

allowing allow for the use of a single nozzle that would water all the plants.  The second design option is 

to only drive motion along the length of the farm plot.  This design allows for the use of two stationary 

nozzles or one large watering boom for watering and fertilizing.  This configuration for watering is slightly 

less efficient, allowing for potential over-watering or wasted water, but it also simplifies the design and 

increases reliability. 

 

Figure 15: Linear motion coordinates of automated watering system 

Linear motion 

Linear motion alternatives include threaded rod (screw jacks), pneumatic cylinders, hydraulic cylinders, 

electric actuators, air slides, linear bearings, carriages and guide rails, and wheels. 

Screw jacks are high accuracy linear motion components.  This option would be ideal for an application in 

which precision was required. A potential drawback of a screw jack system is the slow speeds at which 

motion is achieved due to the pitch of the thread, resulting in a high amount turns per inch of motion. 

Linear bearings are a viable alternative for the vertiGrow project. These components are ultra-low friction 

which allows for a smaller power transmission source. Linear bearing motion is also high cost and requires 

the use of a round shaft. This system would also require a bar spanning the x-axis, (Figure 15) to keep the 

ball bearing carriages right-side up. 

Low friction bearing sleeves provides good motion at low friction. Sleeves do not provide as great of a 

frictional advantage when compared to linear ball bearings because they operate under sliding friction and 

not rolling friction. Possible suppliers of low friction bearing sleeves and rails include 80/20 Inc., MCS, 
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and McMaster-Carr. These low friction bearing sleeves are more affordable than some other linear motion 

sources.   

Power Transmission 

Chain drive, timing belts, belt and pulley, motor powered wheels, and gears are power transmission 

alternatives.   

A chain drive power transmission system requires three main components: a driving motor, chain, and 

sprockets. Chain linkages require adequate grease for operation and consequently periodic maintenance.  

Chain link and sprocket engagement provides good reliability and consistency with no concern about slip.  

A timing belt system requires three main components: a driving motor, timing belt, and gear pulleys, a drive 

and a return pulley. A timing belt system provides similar advantages to a standard belt system while 

reducing slip for better accuracy. Timing belt systems have good strength and do not require grease, making 

it a safe option for farming and food handling. 

7.3.3.3. Linear Motion Design Decisions 

The final CAD renderings of the linear motion system are shown in Figure 16 and Figure 17. 

 

Figure 16: Linear motion subassembly, drive side.  Timing belt not shown.  Continued in Figure 17. 
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Figure 17: Linear motion subassembly, return side. Timing belt not shown. 

Axes of Motion 

A one axis gantry span system was chosen in the y-direction (Figure 15).  This decision meets the stated 

criteria of simplicity, ease of use, and low cost. Two axis motion was determined to be excessive and did 

not enough value to merit the additional cost involved.   

Linear Motion 

A t-slotted framing linear motion system is adequate for this system, providing a versatile guided linear 

motion solution which can be metered with a drive system. T-slotted guide rails in conjunction with sleeve-

bearing carriages provide adequate linear motion. These carriages are driven by a timing belt system which 

maintains watering position. 

The linear sleeve-bearing carriages chosen, pending testing of friction effects, are manufactured by 80/20 

Inc.; these carriages are low weight (0.207-lbs) and provide an anodized finish with side mounting holes 

(Figure 18). Their cost of $35 is also cost effective. 

 

Figure 18: 80/20 Double Flange Short Linear Bearing - 6725 
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The 1-in aluminum t-slotted framing body was selected for easy machining, low cost, low weight, and high 

strength.  The 1-in sized guide rails provide necessary precision and limited deflection in the beam (Figure 

19).  The estimated deflection is adequate, but the actual deflection will be even smaller due to the improved 

fixing conditions of the actual system. 

 

Figure 19: Deflection in gantry span rail. 

Power Transmission 

A timing belt system was chosen for power transmission.  This system was chosen because of its versatility, 

ease of use, low cost, and high performance characteristics.  A stepper motor was chosen for metering 

because of ease of coding.  NEMA 17 stepper motors in conjunction with GT2 20 tooth timing pulleys 

(pitch = 2 mm) were identified as suitable; the selected stepper motor is capable of a max running torque 

of 167 N-mm.  The timing pulley has a pitch diameter of 12.73 mm. This max torque equates to a 26.96 N 

of pull force by the belt (Figure 20).  Full power transmission calculations can be found in Appendix D. 
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Figure 20: Stepper motor pull force. 

A motor bracket was designed with manufacturability considerations considered for mounting.  The first 

design iteration was done for a laser-cut sheet metal bendment, this was then redesigned to be machined 

from aluminum angle (Figure 21).  FEA was conducted on the motor bracket, see Appendix E. 

 

Figure 21: Stepper motor, pulley, and bracket assembly. 

In a similar manner, a return pulley tensioner was designed (Figure 22). The tensioner assembly consists of 

a mounting bracket, a sliding pulley mount adapter, and tension springs. The tension springs provide 

constant tensioning to the belt. The tensioner has 0.273” of slide; this allows for ease of assembly of the 

belt and good tension. 
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Figure 22: Spring tensioned return pulley assembly.  Springs not shown. 

A belt clamp was designed to allow for secure attachment to the sleeve bearings (Figure 23). The belt clamp 

was designed for 3D printing with tapped holes for #6-32 screws, to eliminate the number of fasteners. The 

design allows for the tight side of the belt to route along the face of the bearing to minimize torque along 

the length of the bearing contact with the t-slotted aluminum rails. 

 

Figure 23: Belt Clamp Design. 

A stiffening beam that spans the two bearings is required because of an undesired moment on the bearing 

that the watering head design configuration creates. This moment is caused by the weight of the solenoid, 

needle valve, fittings, pipe, and the unsupported carrier cable length (F) at an unfavorable distance (dF) 

from the rail (Figure 24). The reaction forces located at the bearing contact with the motion rails (R) are 

subsequently 6 times as large as the weight (F) (Equation 1).  The design solution was a ¼” thick aluminum 
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beam.  The beam rigidly links the two bearings, preventing any moments from twisting the bearing while 

only adding the additional weight of the aluminum beam, which is a sixteenth of the force (F). 

 

Figure 24: Water head moment bearing load diagram. 

 

𝑅

𝐹
=

𝑑𝐹

𝑑𝑅
 

Equation 1: Moment relationship. 

7.3.4. Lighting  

7.3.4.1. Lighting Design Criteria  

The main criteria when choosing a lighting design were energy efficiency, plant growth, and life cycle. All 

three of these criteria fit within the overarching norms of stewardship and cultural appropriateness by 

dictating decisions that create a long-lasting and efficient system, key parameters to the viability of this 

project.   

7.3.4.2. Lighting Design Alternatives 

Lighting alternatives that were considered but not chosen for the final design include sunlight, High 

Intensity Discharge (HID) Lamps, Fluorescent Lamps, and Induction Lamps. Light is critical to the growth 

of any plant for the process of photosynthesis, which converts light energy into chemical energy necessary 

for growth.  Sunlight is the natural form of growing light. Plants grown outdoors and in greenhouses utilize 

sunlight as their primary light source; greenhouses also utilize this natural light. Harnessing light indoors 
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requires transparent materials for the housing structure, though a driving factor for Project vertiGrow is it's 

indoor, non-sunlit environment.  

HID lamps provide an alternative form of light that can be used in the absence of sunlight. HID lamps 

include mercury vapor, metal halide, High Pressure (HP) sodium, and conversion bulbs. Excluding mercury 

vapor lamps, HID lamps have a spectrum similar to sunlight, but they emit large amount of heat which can 

potentially harm plants when used in close proximity (Van Patten, Gardening Indoors, 212-213).  

Induction grow lights offer light spectrums necessary for plant growth while outputting very low amounts 

of heat. Though induction grow lights include plasma and magnetic induction lights, magnetic induction 

lights are more often used for plant growth because they provide the proper light spectrum for plant growth. 

Magnetic induction grow lights are completely recyclable and have a long lifetime in comparison to other 

lightbulbs because they induction rather than a filament. Because of their high quality and long lifetime, 

induction bulbs can be prohibitively expensive. 

Fluorescent lights offer a power-efficient lighting solution as an alternative to sunlight. Newer high-output 

T5 fluorescent bulbs provide light spectrums for both vegetative and flowering growth in a form-factor that 

is accessible and easy to use. Though traditional fluorescent lights require close proximity to the plants 

being grown, high-output models and T5 bulbs can be located up to 24 inches away from plants while still 

offering sufficient amounts of light for plant growth. 

Light Emitting Diodes (LEDs) are another alternative form of artificial light used for plant growth. LEDs 

are a very efficient light source, but their efficiency contributes to their higher cost. LEDs typically emit a 

single wavelength, though multi-spectrum LED offerings are available. High-intensity and high-power 

LEDs provide higher lumen and power outputs respectively, and these LEDs are typically used for lighting 

applications where intensity is key, such as indoor plant growth. 

Alternative light placements are fixed and variable. Fixed lights offer a simpler light solution, but their 

inability to be adjusted could mean that they lack efficiency as light intensity decreases with the square of 

the distance away from the plants. In a fixed setting, lights would be mounted at the top of the module, 

fixing the amount of area covered by each light. A variable lighting system would allow for closer 

placement of the lights at times when the watering boom is not in use, increasing the amount of light energy 

directly absorbed by the plants and thus increasing efficiency. 
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7.3.4.3. Lighting Design Decisions 

Light Emitting Diodes (LEDs) were chosen as the artificial light source for the vertiGrow modular unit in 

large part due to their high efficiency.  Unfortunately, their efficiency contributes to their higher capital 

cost, but the team saw this as a more efficient use of electricity. Research and an overall economic analysis 

(Section 9. Economic Analysis) showed the cooling would be a major cost for the vertiGrow system. Since 

LEDs give off the least amount of heat compared to all other sources of artificial light, the daily operating 

costs are minimized with LEDs. 

Recent studies have shown that a mix of red and blue LEDs is optimal for plant growth as they provide a 

focused spectrum necessary for plant growth (Specht). Additionally, greenhouse research has shown a 43% 

increase in energy savings in “controlled crop environments” by using LED lamps over conventional high 

pressure sodium lamps (Ebinger). In investigating specific wavelengths necessary to facilitate spinach 

growth, the team determined that a combination of red LEDs in the 660 nm range and blue LEDs in the 

450nm would provide the ideal spectrum for spinach growth (Lederer, 93). 

Additionally, LED lights have a longer life cycle, a benefit that offers considerable cost savings when used 

from 18 to 24 hours in a day.  Though varying the height of the lights has some potential benefit, Team 20 

realized that the available height per modular unit was small enough that minor energy losses from fixing 

the position of the lights would not offset the increased cost and design time of creating a moving system. 

The lighting requirements for the growth of spinach are shown in Table 1 below. 

Table 1: LED Lighting Requirements and Specifications 

Specification Value 

Daily Light Interval for Spinach 

(from Brechner, et al) 
17 

𝑚𝑜𝑙

𝑠∙𝑚2 

Necessary Photosynthetically Active Radiation 

(PAR) 

𝐷𝐿𝐼 ∙ 106

60𝑠𝑒𝑐 ∙ 60𝑚𝑖𝑛 ∙ (𝑡ℎ𝑜𝑢𝑟𝑠_𝑜𝑛)

𝜇𝑚𝑜𝑙

𝑠 ∙ 𝑚2 

𝑡ℎ𝑜𝑢𝑟𝑠_𝑜𝑛 

(hours lighting should be on, determined from 

conversation with Dan Kluko) 

18 hours 

Necessary Calculated PAR 262 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2  

Necessary LUX at Soil Level 

(PAR * conversion factor for red/blue LEDs to 

sunlight) 

(𝑃𝐴𝑅 ∗ 54) = 14194
𝜇𝑚𝑜𝑙

𝑠 ∙ 𝑚2 

Total LED Cost 

(3 at $200/4ft unit) 
$600 
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7.3.5. Control  

7.3.5.1. Control Design Criteria 

Criteria regarding the control system for Project vertiGrow focused on reliability and safety.  Design norms 

of open communication and trust were integrated into the decision-making process as the team tried to 

create a culturally appropriate farming solution.  The control system needed to perform tasks in a repeatable 

manner with reliable components, and any code for the control system needed to be thoroughly tested and 

reliable to build trust and accountability into the system.  Safety checks both in mechanical components 

and software code were also considered in major decisions, often taking precedence over cost due to the 

necessity of a functional and safe system.   

7.3.5.2. Control Design Alternatives 

An integral part of the system, automated control poses a vast variety of alternatives for customization and 

human-machine interaction.  To meet the team’s desire for transparency and communication with the user 

the farming system must contain a user interface that provides the user with data regarding the growing 

process. Alternatives for a user interface include an app-based or web-based application that can be accessed 

from another device apart from the farming system, or a Human-Machine-Interface (HMI) that is mounted 

on the farming system and allows the user to adjust settings directly on the system.   

With an HMI, the operator would need to be present to cue watering and fertilizing events, requiring time 

and physical visits from the user.  HMI units systems generally offer a screen with an array of buttons that 

allow the user to run different machine functions and operations. This option provides the user an interface 

to the farming system without the need for another device. Because of the nature of an HMI, the user 

interface would be more difficult to implement on the web or as an app after HMI implementation, but a 

web-based user interface could be easily integrated into an HMI system.  An app-based user interface would 

require the user to download a specific app for use with the vertical farm. In order for this to occur, the user 

must own a device that is capable of downloading apps, with typical devices including smart phones, tablets, 

and some newer PCs. Though this option offers a clean user interface that is implement as software on a 

device, there are limitations in cross-compatibility between devices and a higher level of difficulty for 

implementation. Alternatively, a web-based solution allows the user to access settings from anywhere on 

the same network as the vertical farm, and could include the ability to control the system from anywhere in 

the world. A web-based user interface offers flexibility in that users can use any device with a web browser 

to access the interface to change settings for the farming system. Because of its flexibility, a web-based 

user interface could also be integrated easily into an app or onto a HMI display in the future.  Both web-
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based and app-based approaches offer more efficiency and customization to the user by operating 

independently of direct control. 

7.3.5.3. Control Design Decisions 

Team 20 decided to implement a web-based control system that was autonomous and enabled user 

preferences for lighting, watering, and fertilizing cycles. The team decided to opt for a web-based user 

interface for a variety of reasons. Though an app-based approach offers relative flexibility, the design of 

the interface would be too in-depth for the scope of this project, and limitations between platforms would 

further detract from an app’s feasibility for this project. Though an HMI would provide the user with an 

integrated control method, it would be impractical as the system is scaled and would require unnecessary 

hardware that would only be used for user preference entry. Most users in the targeted customer group 

possess a web-capable device—a desktop or laptop computer, tablet, or phone—that can serve as the 

interface to the system. A web-based system provides flexibility to the user by enabling them to use any 

device and offers an advantage in scalability that app-based and HMI system user interfaces could not.  For 

a scaled system, the web-based user interface would be expanded to allow for easy programming of multiple 

units at once.   

Because the automation requires that the system is controlled by a computer, various considerations were 

taken with regard to system safety, robustness, and ease of use.  Design criteria dictated that the system 

operate safely without human oversight and all risk must be managed through sensing and computer control. 

Additionally, the team prioritized the ability of the system to shut down safely in the case of a power failure.  

The team decided to use a Raspberry Pi in tandem with an Arduino to perform control of all vertiGrow 

components. The Raspberry Pi hosts the web server necessary for the existence of the user interface and 

runs scripts that read user interface inputs to perform system functions. The Raspberry Pi provides the 

majority of the autonomous logic of the system, overseeing lighting, watering, and fertilizing functions 

while sending proper commands to the Arduino for motor control. To turn the lighting on or off, the 

Raspberry Pi uses output pins to trigger a relay connected to the lighting arrays. To water or fertilize, the 

Raspberry Pi sends a command to the Arduino over a USB serial connection telling the Arduino to turn on 

the motors controlling the location of the boom. When the Arduino receives feedback from the proximity 

switches that the motors are in the proper location, the Arduino stops the actuation of the motors and notifies 

the Raspberry Pi of the boom's location. When ready to water, the Raspberry Pi actuates the proper 

solenoids for watering or fertilizing, as well as solenoid valve at the top of the boom itself. After running 

for the necessary time and speed for fluid application, the Raspberry Pi closes the solenoid valves. 

Throughout the watering and fertilizing process, the flow meters installed in the system read input into the 
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Raspberry Pi and the data is interpreted to determine proper functioning of the bypass and main water lines. 

This feedback provides built-in safety and quality that allows the system to detect any errors in the irrigation 

system. 

7.4. Complete Warehouse System 

 

Figure 25: Scaled Warehouse Rendering 

7.4.1. Environmental Control 

Environmental control for a full-scale warehouse system (Figure 25) would not have strict requirements; a 

typical warehouse HVAC system would be necessary to ensure air circulation and relatively stable 

temperatures (estimated at 65° to 75° F).  A series of large floor fans would be recommended to supplement 

air flow that is already being created by fans on each modular unit.  Minimal windows would also be ideal; 

natural sunlight on some plants but not others could skew growth cycles initiated by the grow lights on the 

modular units. 

7.4.2. Plumbing and Pumps System 

One of the key components of a scaled system is full-scale plumbing and pumps for the water and fertilizer.  

Though a thorough design was deemed to be out of Team 20’s scope, some important concepts were 
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considered to examine feasibility and supplement prototype design decisions. A series of commercial 

pumps, likely customized to be compatible with exact warehouse sizing and number of units, would need 

to be purchased to maintain pressure throughout the system. Piping for each stack would deliver water to 

each modular unit; a small, flexible hose connection from pipe to the modular unit will allow for quick 

connect and disconnect if the unit needs to be removed for repair or maintenance. Piping size would need 

to be significantly larger (up to 3” or 4” in diameter) than the ½” used for each prototype to allow for higher 

flow rates. Pressure drop estimates (see Appendix E) for a scaled system suggest pressure drops of 

anywhere from 10-15 psi per stack due to head loss and elevation gain; pumps would need to be adequately 

sized to deal with this pressure loss.   

Because of budgetary limitations, a simple venturi-type injector was used for the prototype. The scaled 

warehouse, however, would need a commercial fertilizer system similar to those used by large greenhouse 

or other indoor gardening/farming enterprises. A more precise injector (wherever it is placed in the system) 

would be a necessity, as better control of the exact fluid concentrations that were mixed was not achieved 

in the prototype. Alternatives exist when considering fertilizer delivery in the scaled warehouse. Many 

systems in commercial greenhouses use a hot water source, mixing tank, stock tank (with lid) and injector 

to inject the concentrated fertilizer into the main or a separate supply line (Kessler). One main fertilizer 

tank could supply all the fertilizer for the system, but problems could arise if this fertilizer is injected too 

early into the main supply line: flushing the system would take an extensive amount of time and waste a 

considerable amount of water. Though this problem could be overcome by multiple tanks (perhaps one per 

stack) and injectors, two separate systems are recommended by the team. The fertilizer could have a series 

of pipes that parallel the main water frame, and concentrated fertilizer could be drawn from these separate 

supply lines by small injector units on each modular unit. The fertilizer lines could be connected again with 

flexible hosing just as the water supply line is. A chemically resistant pump (or series of pumps) capable of 

high pressures and flow rates would also be necessary to keep the system pressurized and supply water to 

the modular units.   

7.4.3. Warehouse Shelving 

Warehouse shelving would be a necessity as previously mentioned.  Brainstorming originally led to a design 

without shelving, with units stacked upon units (Figure 26).  Consulting with industrial mentor Tim Bangma 

led to the realization that this configuration was not practical in the event of a single unit needing repair.  

Such a scenario would require full stacks of units to be unstacked to reach the lower units. In contrast, 

twelve-foot-long racks allow for a shelf to hold two units that can be removed easily without full system 
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disturbances for repair (Figure 27). The prescribed upright height varies by the number of rows stacked 

(Table 2).  The racking for the vertiGrow unit needs to be 34” deep. 

Table 2: Warehouse rack upright length. 

Number of Racks (NR) 
Upright Length 

[in] 

2 104 

3 152 

4 200 

5 248 

 

Figure 26: Original concept with stacked modular units 

 

Figure 27: Four units stacked warehouse rack mock-up. 
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7.4.4. Retrieval System 

The vertiGrow system was designed to be used with a retrieval system that would mechanically remove 

trays from the stacked modular units and deliver them to an operator for harvesting. The design of the 

retrieval system lies outside of Team 20’s scope as mentioned; a future Senior Design Team would be 

encouraged take on this project.  Dematic’s Multishuttle ®, an automated retrieval system, is proof of the 

feasibility of a “plants-to-person concept” (Figure 28).  A floor layout would have a retrieval system handle 

two rows of crop beds (Figure 29). 

 

Figure 28: Dematic Multishuttle system graphic. 

(Source: https://i.ytimg.com/vi/e3M7XFdjIS4/maxresdefault.jpg) 

 

Figure 29: Example growing floor layout. 

Dematic Multishuttle Retrieval System 
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It should be noted that alternatives were considered in an effort to create a system that could be compatible 

with current and future retrieval technology. Economic studies (see Economic Analysis, Section 9) 

suggested that perhaps the high price of an automated retrieval system should prompt reconsideration of 

plant tray retrieval.  Brainstormed alternatives from the Fall semester identified a “person-to-plant” concept 

that would allow operators to move on a scissor lift, railed ladder, or some other mechanical device directly 

up to each modular unit. Though viable, these alternatives greatly increase necessary manpower to operate 

the indoor farm, which stands counter to the team’s goal of creating an automated farm that could be 

operated by just a small handful of employees. A complete economic analysis would be recommended 

when designing and implementing the final retrieval system for a scaled warehouse.   

7.5. Failure Mode Effects Analysis 

The team generated a Failure Mode Effects Analysis (FMEA) to analyze potential failures that could happen 

in the system (Table 3). The team identified thirteen potential failure modes and rated them on the severity 

of the failure to the overall system, how difficult the failure would be to detect, and how likely the system 

would fail in that way. For each of the above criteria the failures were given a score from one to ten, one 

being the best (least severe, easily detectable, not likely). These rankings were then multiplied together to 

give each failure an overall score. The failures were then sorted based on this score. 

Table 3. Failure Mode Effects Analysis. 

Description Severity Detectability Likelihood Total 

Disease Entering System 9 6 4 216 

Water Not Being Delivered 8 8 3 192 

Water Fails to Shut Off 10 6 3 180 

Boom System Fails to Move 8 3 5 120 

Boom System Doesn't Move at Desired Speed 5 4 6 120 

Fertilizer System Doesn't Engage 4 9 3 108 

Water Drainage Failure 10 8 1 80 

Boom System Doesn't Home Correctly 7 5 2 70 

Lights Failing to Turn Off 6 4 2 48 

Fan Stops Working 3 7 2 42 

Frame Weld Failing 8 2 2 32 

User Interface Crashes 9 1 2 18 

Lights Failing to Turn On 8 1 2 16 
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In order to make the system safer and more reliable, the team focused on reducing the higher scoring failures 

as they went into the testing and prototyping phase of the project. For example, in order to prevent disease 

from entering the system, the team implemented a fan to keep air moving. Also, flow meters were installed 

so that the user would know if water is not being delivered or if the water is failing to shut off. The FMEA 

was an excellent tool to help ensure that the team produced a safe and quality prototype.  

8. Prototype Fabrication, Testing, and Debugging 

8.1. Component Testing 

8.1.1. Linear Motion Testing 

8.1.1.1. Friction Testing 

Coefficients of friction were not provided by the bearing manufacturer.  In order to obtain values, friction 

tests were conducted to determine a coefficient of friction between the 80/20 bearing sleeves and aluminum 

t-slotted rail.  The equipment used included two photogate timers, bearing sleeve and rail components, fish 

line, weight, and a pulley wheel (Figure 30). 

 

 

Figure 30: Linear bearing friction test apparatus. 
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A free body diagram of this apparatus identifies the appropriate masses in the system that require 

measurement (Figure 31).  Conservation of linear momentum shows that the acceleration of the system will 

be equal to the difference of the drop weight and the friction force (Equation 2).   

 

𝑚𝑇𝑎 = 𝑊𝑑 − 𝐹𝑓  

Equation 2: Conservation of linear momentum of FBD in Figure 31 

Since the coefficient of friction is not known there are then two unknowns present in the system: the overall 

acceleration and the coefficient of friction. Determination of the acceleration can be done by measuring the 

velocity of the cart at two times in space and then utilizing the kinematic relationship expressed in Equation 

3. 

𝑎 =
𝑣2

2 − 𝑣1
2

2∆𝑥
 

Equation 3: Kinematic relationship. 

 

 

Figure 31: Friction test apparatus FBD. 

The average result of ten trials was a kinematic coefficient of friction of 0.238 (Figure 32). 
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Figure 32: Friction test 1. 

A second test, with the same setup, was conducted to investigate the effect of bearing shims on the 

coefficient of friction (Figure 33). 

 

 

Figure 33: Friction test with shims.  A half shim is a shim on the top. 

Following the friction testing one shim for each sleeve interface was chosen to be inserted into the bearings 

of the system. For the sake of analysis, a coefficient of friction was taken to be 0.25, since two side shims 

and one top shim (equivalent to 2.5 shims) were chosen. 

8.1.1.2. Motion Testing 

The motor was hooked up to a test rig and the coding was tested for control of the number of steps taken 

(Figure 34).  Control was successful and both forward and reverse motion was achieved. Proximity switches 

were then added to the test rack to provide feedback to the microcontroller. After the appropriate code was 
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added and debugged the microcontroller was able to successfully stop and reverse directions of the motor 

pulley upon triggering of the proximity switch. 

 

 

Figure 34: Motor and proximity switch testing on test rack. 

8.1.2. Watering and Fertilizing Testing 

Individual components for the watering and fertilizing system were all tested individually at the standard 

flow rate and pressure from a city water supply faucet.  Solenoid valve actuation was verified and the valves 

were able to withstand system pressure without any complications.  Flow meters were wired to the 

controller and successfully able to detect flow through the system.  Calibration for the flow meters was 

necessary; because of budget limitations, the team purchased the most affordable available option. Despite 

the low accuracy of these flow meters they are still able to perform their primary function as a quality and 

safety check (detecting whether water is passing or not, as opposed to providing exact flow characteristics).  

The injector was able to draw the mixing solution through and into the water bypass line and the needle 

valve could successfully control flow in small increments. 

Perhaps the most important component testing that took place was water application testing with nozzles.  

Three different nozzles were purchased: two full-cone nozzles (one with a slightly lower flow rate) and one 

flat nozzle.  Flow rates were similar to rated values, but the water force provided by all three of these nozzles 

was too high and plants were crushed under the impact of the water.  To overcome this, another alternative 

was explored. A “boom pipe” (pvc with small pattern holes drilled into it) was constructed and tested with 

satisfactory results (Figure 35).  Low flow rates were achievable as well as lower impact force of the water 

due to the small, gentle streams resulting from the hole sizing.  Moving forward, this boom pipe was used 

for the final prototype. 
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Figure 35: PVC water boom testing. 

8.2. System Testing 

8.2.1. Linear Motion Testing 

After testing individually, brackets were designed and machined to mount the linear motion assembly to 

the frame.  Testing with the watering boom mounted and across the two bearings revealed the necessity of 

a second motor-pulley-belt system to drive the linear bearing on the opposite rail and prevent binding in 

the system.  With both motors working in tandem the speed could be easily adjusted in the software code.  

As previously mentioned, the addition of the cable carrier and watering application head added weight that 

caused binding. 

8.2.2. Water and Fertilizing Testing 

Upon testing of the individual components, the watering and fertilizing system was assembled in full and 

tested. Two leaks were discovered near threaded fittings at the pipe tees and flow meters; these were fixed 

after rebuilding the system and using increased amounts of Teflon pipe tape. The system functioned as 

expected; the bypass line could be engaged and disengaged through the use of the solenoid valves, and the 

needle and solenoid valve combination at the end of the cable carrier allowed for flow increments of less 

than 0.05 gpm. The boom system watered as desired and was designed appropriately to minimize water 

spillage if the trays were out of position.   
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Unfortunately, one major issue was uncovered during water and fertilizer testing: the injector was not 

functioning properly. After some investigation, it appeared that the flow rate, when throttled down by the 

needle valve, was not sufficient to draw the concentrated solution through the injector. Calculations were 

done to model the pressure differentials required in the venturi injector (see Appendix E), which increases 

velocity in the injection portion of the tube by lowering the area. This increased velocity creates a pressure 

differential, and a basic flow analysis using Bernoulli’s equations showed that the pressure differential 

created at the low flow rates was about 3-5 PSI short of the required manufacturer specifications.  A small 

submersible pump was ordered in an attempt to compensate for this pressure differential; this was the only 

option within the team’s time and budget constraints. Testing with the submersible pump was unsuccessful; 

the pump was capable of overcoming roughly 3 PSI of the pressure differential so it’s likely that a more 

powerful (and significantly more expensive) pump would be able provide 6 or more PSI and overcome the 

pressure shortage in the current injector system.   

8.3. Full Assembly Testing 

Electrical integration of all components was the final step in the testing process. All components were wired 

to the appropriate circuit boards and all electronics stored in the electrical enclosure. Components were 

individually tested as they were re-wired to the circuit board to ensure they were functioning as before.  

Debugging of the software then took place; software code was rigorously tested to ensure that components 

in each system (watering/fertilizing and lighting) could be controlled reliably through the web-based user 

interface.  With software running, wires were rerouted for aesthetic purposes and the watering/growing 

cycles implemented. The team tested and was able to verify consistent flow rates for their calibrated system 

that provided 0.5 cups per tray per watering cycle; this value was ± 5% once calibrated. Light cycles were 

consistent, and the system was used to autonomously grow spinach for the final week and a half before 

senior design night. The plants continued to grow well under the automatic system; some spinach was 

harvested May 6 and was quite tasty.   

8.4. Future Design Work 

As with any project, there are many improvements that could be made that were not pursued due to time 

limitations. Adequate lighting from the grow lights was a concern for the team and posed a complex 

problem given budgetary limits. As mentioned, the team could not purchase any more grow lights, though 

this potentially could solve the issue. Reflectors made of tin foil were temporarily used to increase the 

lighting intensity by 30%, but a long-term solution would need to be developed that is compatible with tray 

removal. Alternatives solutions to the low light levels (roughly 7 klumens as opposed to the desired 10 
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klumens) include a raising and lowering system for the lights or a system of reflectors. Both would need to 

be designed while considering the limitations of the moving boom arm and must allow for easy access for 

tray removal. 

Improvements to the fertilizer system would be also be considered with more time and finances. The current 

injector system, as mentioned, has issues both with low flow rates and with precision fertilizer injection.  

Budget limitations prevented the purchase of a higher quality injector, but a future unit (or scaled system) 

would benefit greatly from more precise injection control into the water stream.  

Finally, one major system that could be designed to greatly lower capital cost would be a tray removal 

system. One of the large factors that affected economic feasibility of this system was the high cost of a 

Dematic Multishuttle system for warehouse inventory (or in our case, plant trays). With more time, Team 

20 would love to explore tray removal tooling tailored to the current vertiGrow system that would be 

compatible both with the modular units and the stacked vertiGrow system. 

9. Economic Analysis 

An economic analysis was performed on the vertiGrow system by doing a market comparison, performing 

a sensitivity analysis, and ultimately conducting a feasibility study. The market comparison looked at 

existing growers to determine if the proposed vertiGrow system would have a niche in the farming market. 

The sensitivity analysis looked at how changes in the components of the system (decision variables) 

affected the overall cost of the system. And finally, the feasibility study looked at payback periods to 

determine what components would be necessary to make the project economically viable. A fully annotated 

EES solution can be found in Appendix G of this report.  

9.1. Market Comparison 

In order to determine the economic viability of this project, Team 20 sought to first compare its indoor 

farming solution to its closest market competitor, a greenhouse. Based upon this research, Team 20 was 

able to determine necessary costs for the full-scale warehouse solution.  

The University of Florida did a study comparing the cost of heating an agricultural greenhouse to the cost 

of heating an insulated building of the same dimensions within the context of aquaculture. The greenhouse 

used in the study was made of plastic, not glass. However, these two structures have similar heat transfer 

properties. Plastic was used because it has a cheaper material cost, but glass would have a longer life 
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(Fowler 1). Fowler notes that the initial cost for an insulated building could be 4 to 6 times greater than a 

greenhouse of the same square footage; however, if the building is already existing, that cost can be 2 to 3 

times greater. The insulated building will have longer life with less annual maintenance costs. 

The study analyzed structures that were 30 feet wide, 100 feet long, and 10 feet high. “The amount of 

energy used to heat a building depends on the desired inside temperature, the surface area of the building, 

the thermal resistance of the material covering the building, and the outside weather conditions” (Fowler 

3). As mentioned previously, the surface areas of the buildings were all the same. Also, the internal 

temperature within both buildings was kept between 75°F and 80°F in the environment of central and south 

Florida, and the outside weather conditions were the same because the buildings were in close proximity.  

The independent variable in the study was the thermal resistivity (R) of the building. A greenhouse structure 

with one layer of polyurethane film has an R of 0.85, two layers of polyurethane film has an R of 1.25, and 

“a frame building covered with metal siding and metal roofing material with the walls and ceiling insulated 

with R-11 insulation” has an R of 11. The energy and cost results of this study are shown below (Table 4 

& Table 5). 

Table 4: Annual Energy Use (University of Florida) 

Building Type 
Thermal 

Resistance, R 

[ft2-°F-h/BTU] 

Annual Energy Use for 

Heating 

for 75°F Inside 

Temperature 

Annual Energy Use 

for Heating 

for 80°F Inside 

Temperature 

Greenhouse Covered with One  

Layer of Plastic Film 
0.85 388,000,000 560,000,000 

Greenhouse Covered with Two 

Layer of Plastic Film 
1.25 251,000,000 380,000,000 

Insulated Frame Building 11.00 28,000,000 43,000,000 

Table 5: Annual Energy Costs (University of Florida) 

Building Type 

Annual Energy Use for 

Heating 

for 75°F Inside Temperature 

Annual Energy Use for 

Heating 

for 80°F Inside Temperature 

Greenhouse Covered with One  

Layer of Plastic Film 
$8,100 $11,700 

Greenhouse Covered with Two 

Layer of Plastic Film 
$5,200 $7,900 

Insulated Frame Building $540 $900 

In addition, small scale farms in the southern California area were also analyzed (Tourte). The net return 

above total costs for organic spinach are shown below (Table 6). The costs for the farm include renting 
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land, operation costs, labor costs, harvesting costs, and other overhead costs. A more detailed list can be 

found in Appendix G of this report. 

 

Table 6. Net Return Above Total Costs for Organic Spinach [per Acre] (Tourte). 

PRICE 

($/lb) 
YIELD (lbs/acre) 

Organic 5000 5500 6000 6500 7000 7500 8000 

0.7 -3,330.00 -3,085.00 -2,826.00 -2,581.00 -2,335.00 -2,077.00 -1,831.00 

0.8 -2,830.00 -2,535.00 -2,226.00 -1,931.00 -1,635.00 -1,327.00 -1,031.00 

0.9 -2,330.00 -1,985.00 -1,626.00 -1,281.00 -935 -577 -231 

1 -1,830.00 -1,435.00 -1,026.00 -631 -235 173 569 

1.1 -1,330.00 -885 -426 19 465 923 1,369.00 

1.2 -830 -335 174 669 1,165.00 1,673.00 2,169.00 

1.3 -330 215 774 1,319.00 1,865.00 2,423.00 2,969.00 

 

9.2. Sensitivity 

In addition to component costs, several decision variables were adjusted during the sensitivity analysis of 

this report including area of the warehouse, column height, internal temperature, and price of spinach. 

However, the most interesting variable was the thermal resistivity of the walls (Figure 36). 

The R = 4900 𝑚2 𝐾

𝑘𝑊
 line shows walls with a thermal resistance of R-30. These walls would be similar to 

the thermal resistance of the walls on a residential home. For R = 2000 𝑚2 𝐾

𝑘𝑊
, the walls would have the 

thermal resistance of a pole barn with some insulation. As you can see by comparing these two lines, with 

less thermal resistance, the outside temperature has a much greater impact on the daily operating costs. EES 

was used to optimize this thermal resistance to minimize cost at the average annual temperature in Grand 

Rapids (49.1°F). The R value was approximately 3175 𝑚2 𝐾

𝑘𝑊
. 
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Figure 36. Daily Estimated Operating Costs for Each Day of the Year in Grand Rapids, Michigan. 

9.3. Feasibility 

As the system was initially designed (assuming a 30,000 𝑓𝑡2 warehouse, with stackable units five columns 

high, and optimum thermal resistivity of walls and internal temperature in Grand Rapids Michigan) the 

system would not be feasible. The payback period was estimated at twenty-eight years assuming spinach 

can be sold at $4.00 per pound.  The price of spinach (Figure 37) and area of the warehouse (Figure 38) 

were adjusted to see if and when this operation would become feasible. The price of spinach would need to 

rise to about $8.00 per pound to get a reasonable payback period of less than ten years. Even tripling the 

size of the warehouse would not give a reasonable payback.  

The major cost associated with this dramatic increase in price is the $6-million-dollar retrieval system that 

was quoted by Dematic Corporation. If this operation could be replaced with fork lifts, the capital costs 

would decrease by over 50%. However, the daily operations costs would increase due to the fact an operator 

would be needed to constantly work a fork lift. Nevertheless, without the retrieval system, the payback 

period would be cut in half to fourteen years (at $4.00 per pound). Again, the cost of spinach and area of 

the warehouse were adjusted (Figure 37 & Figure 38).  
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Figure 37. Payback Period vs. Price of Spinach. 

 

 

 

Figure 38. Payback Period vs Area of Warehouse. 

These figures show much more reasonable paybacks at higher spinach prices and with larger warehouses. 

As a result, the team concluded that the system could be a good growing option if it did not have the quoted 

retrieval system and was located in areas where water is scarce.  
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10. Conclusion 

After extensive testing and analysis, Team 20 believes their modular unit has all the components necessary 

to carry on extended, automated plant growth. A few modifications would be suggested, namely injector 

and lighting upgrades, but the concept is undoubtedly viable and the prototype functions as anticipated.  

Removal or replacement of the retrieval system will be necessary when considering a scaled warehouse 

system. Though the project is currently not economically feasible on a large scale, future design work could 

lower the capital cost and make this project a commercial success.   
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Appendix A 

Lighting Calculations 

LED Calculations: 

Item Calculations Description 

Daily Light Interval for Spinach 17
𝑚𝑜𝑙

𝑠∙𝑚2  

 

(determined from  

Brechner, et al) 

 

Necessary PAR =
𝐷𝐿𝐼∙106

60𝑠𝑒𝑐∙60𝑚𝑖𝑛∙(𝑡ℎ𝑜𝑢𝑟𝑠__𝑜𝑛)
   

 

(where PAR means 

“Photosynthetically Active 
Radiation,” and where DLI is in 

units of 
𝑚𝑜𝑙

𝑠∙𝑚2, 𝑡ℎ𝑜𝑢𝑟𝑠__𝑜𝑛 is in 

units of hours, and PAR is in 

units of 
𝜇𝑚𝑜𝑙

𝑠∙𝑚2 .) 

 

Necessary Light Time 
𝑡ℎ𝑜𝑢𝑟𝑠__𝑜𝑛 = 18 ℎ𝑜𝑢𝑟𝑠 

 

In conversations with Dan, the 

team determined that 18 hours 

of lighting allows for maximum 

plant growth. 

 

Necessary PAR 

 

=
17 ∙ 106

60𝑠𝑒𝑐 ∙ 60𝑚𝑖𝑛 ∙ (18)
 

= 262
𝜇𝑚𝑜𝑙

𝑠 ∙ 𝑚2 

 

 

Necessary Lux 

 

= 𝑁𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑃𝐴𝑅
∗ 𝑆𝑢𝑛 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 

= 262
𝜇𝑚𝑜𝑙

𝑠 ∙ 𝑚2 ∗ 54 

= 14148
𝑙𝑢𝑚𝑒𝑛𝑠

𝑚2  

 
 

Sun Intensity Estimation Value 

determined from the literature. 

Key Results:  

Based upon these calculations, the team selected industrial grow lights that would provide the necessary 

light intensity for plant growth. 
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Appendix B 

Electronics and Control Calculations 

TIP120 Transistor Control Calculations 

 
Figure 39: TIP 120 Transistor Control Circuit 

Key Equations: 

Equations Variables Description 

𝑉 = 𝐼𝑅 

V = voltage 

I = current 

R = resistance 

Ohm’s Law 

𝑉𝑜𝑢𝑡 =
𝑍2

𝑍1 + 𝑍2
∙ 𝑉𝑖𝑛 

𝑉𝑜𝑢𝑡 = output voltage 

𝑉𝑖𝑛 = input voltage 

𝑍1 = 1st impedance 

𝑍2 = 2nd impedance 

Voltage Divider Formula 

𝐼𝐶 = 𝛽𝐼𝐵  

𝐼𝐶  = transistor collector current 

𝛽 = transistor current gain 

𝐼𝐵 = transistor base current 

Transistor Collector Current 

Formula 
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Key Assumptions:  

• It is assumed that all resistor values are as nominally stated. 

• It is assumed that all transistor variables are accurately reported and the values from the 

datasheets are used in these calculations. 

• The TIP 120 Darlington transistors have a transistor current gain of 1000 at a 𝑉𝐶𝐸 = 3𝑉 for most 

𝐼𝐶  𝑣𝑎𝑙𝑢𝑒𝑠. 

• The maximum current draw for a Raspberry Pi GPIO pin at 3.3V is approximately 5 mA. 

• The powered current draw for the solenoids controlled by these transistors never goes higher than 

the transistor’s maximum collector current of 5A. This has been verified by experimental 

observation. 

Key Results:  

 

Item Value 

𝑽𝒐𝒖𝒕 (voltage divider output voltage) 1.115 V 

𝑰𝑩 (transistor base current) 𝐼𝐵 =
𝑉

𝑅
=

1.115𝑉

470Ω
=2.37 mA 

𝑰𝑪 (transistor collector current, max) 𝐼𝐶 = 1000(2.37𝑚𝐴) = 2.37𝐴 

The collector current achieved from using a TIP 120 transistor to switch solenoid valves is sufficient for 

the chosen solenoids. 
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2N3904 Transistor Control Calculations 

 

Figure 40: 2N3904 Transistor Control Circuit 

Key Equations: 

Equations Variables Description 

𝑉 = 𝐼𝑅 

V = voltage 

I = current 

R = resistance 

Ohm’s Law 

𝐼𝐶 = 𝛽𝐼𝐵  

𝐼𝐶  = transistor collector current 

𝛽 = transistor current gain 

𝐼𝐵 = transistor base current 

Transistor Collector Current 

Formula 

Key Assumptions:  

• It is assumed that all resistor values are as nominally stated. 

• It is assumed that all transistor variables are accurately reported and the values from the 

datasheets are used in these calculations. 

• The 2N3904 transistors have a transistor current gain of 100 at a 𝑉𝐶𝐸 = 1𝑉 for most 𝐼𝐶 = 10 𝑚𝐴.  

• The maximum current draw for a Raspberry Pi GPIO pin at 3.3V is approximately 5 mA. 

• The powered current draw for the solenoids controlled by these transistors never goes higher than 

the transistor’s maximum collector current of 200 mA. This has been verified by experimental 

observation. 

Key Results:  

Item Value 

𝑰𝑩 (transistor base current) 𝐼𝐵 =
𝑉

𝑅
=

3.3𝑉

1𝑘Ω
=3.3 mA 

𝑰𝑪 (transistor collector current, max) 𝐼𝐶 = 100(3.3𝑚𝐴) = 0.33 𝐴 

The collector current achieved from using an 2N3094 transistor to switch a 5V relay is sufficient for the 

relay selected to control the lighting of the system. 
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Appendix C 

Frame Calculations 

Frame Deflection Calculations 

Key Equations: 

Loading Scenario Equation Description 

 

𝑣𝑚𝑎𝑥 = −
5𝑤𝐿4

384𝐸𝐼𝑦
 

Distributed Weight Beam 

Deflection Formula 

Key Assumptions:  

• The Frame is modeled as a simply supported beam. 

• Properties for wood, steel, and aluminum collected from https://www.engineeringtoolbox.com/. 

• A safety factor of 3 was applied to the determined soil load, 213.2 lbf, on the frame. 

• This Aluminum Deflection Calculation lead to the additional support which would cut the soil 

load and the length of the beam in half. This lead to a -0.005 in deflection in the final product. 

Key Results:  

Table 7: 1-in t-slotted aluminum deflections 

Contributor 
vmax 
[in] 

4 x 4 Wood Beam -0.077 
2 x 2 Steel Tubing -0.003 

1 x 1 Aluminum Tubing -0.782 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Frame 

 

 

 

 

 

 

 

 

https://8020.net/
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Frame Column Buckling 

Key Equations: 

Loading Scenario Equations Description 

 
https://www.engineeringtoolbox.com 

𝑃𝑎𝑙𝑙 =
𝜋2𝐸𝐼𝑦

𝐿′2   

𝐿′ = 𝐿/2 

Allowable Load Before 

Column Will Buckle 

Key Assumptions:  

• The Frame is modeled as a column fixed at both ends. 

• Properties for wood, steel, and aluminum collected from https://www.engineeringtoolbox.com/. 

• A safety factor of 3 was applied to the allowable load. 

• Since Units will not be stacked in a warehouse setting, FEA images were not included in this 

report. 

Key Results:  

Table 8: 1-in t-slotted aluminum deflections 

Contributor 
Pall 

[lbf] 

4 x 4 Wood Beam 44750 

2 x 2 Steel Tubing 1361000 

1 x 1 Aluminum Tubing 4685 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Frame 

  

https://www.engineeringtoolbox.com/
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Beam Deflection FEA 

 

Figure 41. Wood Beam Deflection in Solidworks 

 

 

Figure 42. Steel Beam Deflection in Solidworks. 
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Figure 43. Aluminum Beam Deflection in Solidworks. 
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Appendix D 

Linear Motion Calculations 

Deflection Calculations 

Key Equations: 

Loading Scenario Equation Description 

 

𝑣𝑚𝑎𝑥 = −
𝑃𝐿3

48𝐸𝐼𝑦
 

Point Load Beam Deflection 

Formula 

 

𝑣𝑚𝑎𝑥 = −
5𝑤𝐿4

384𝐸𝐼𝑦
 

Distributed Weight Beam 

Deflection Formula 

Key Assumptions:  

• The gantry span is modeled as a simply supported beam. 

• 80/20 T-slotted aluminum area moment of inertias collected from https://8020.net/. 

• The determined load on the gantry span is 4.75 lbf. 

• Loading conditions add by superposition. 

• Aluminum rail weighs 0.536 lbf/ft. 

 Key Results:  

Table 9: 1-in t-slotted aluminum deflections 

Contributor 
vmax 
[in] 

T-slotted aluminum -0.025 

Weight at bearing -0.064 

 Total: -0.088 

 

https://8020.net/
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Figure 44. Gantry Span Deflection Curve. 

Parameters: L = 67-in, E = 10,200-ksi, ly = 0.046-in4. Estimates: Bearing Load = 4.75 lbs.  

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Linear Motion 
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Motor Pull Force 

Model: 

 

Figure 45: Motor evaluation model. 

Key Equations: 

Equations Variables Description 

𝑃𝐷 =
𝑝𝑖𝑡𝑐ℎ ∙ 𝑁𝑡𝑒𝑒𝑡ℎ

𝜋
 

PD = Belt pitch diameter 

pitch = Timing pulley pitch 
Pitch diameter calculation. 

𝐹𝑃 =
2𝑇

𝑃𝐷
 

T = Motor torque 

FP = Pull force 
Belt pull force. 

Key Assumptions:  

• The pulleys are GT2 20 teeth timing pulleys. 

• Motor specs were given through distributor, Amazon.  The specification sheet was found at 

https://images-na.ssl-images-amazon.com/images/I/81rKW7OedjL.pdf. 

• GT2 pulleys have a pitch of 2 mm. 

• Motors work in tandem to double pull able weight. 

• Kinetic coefficient of friction is 0.257. 

Key Results:  

The timing pulley wheels have a pitch diameter of 0.529 inches (PD = 0.529 in). 

Table 10: Single motor calculations. 

Running Torque 
[lbf-in] 

Fp 
[lbf] 

Pullable Weight 
[lbf] 

1.26 5.02 19.54 
1.52 6.06 23.58 

1.48 5.89 22.91 

1.30 5.19 20.21 

1.04 4.16 16.17 
0.74 2.94 11.45 

0.67 2.68 10.44 



 

 

A-12 

 

 

Figure 46: Stepper motor pull force. 

Force was calculated from manufacturer provided spec sheet which provided running torque values.  The max pull 

force was calculated with a GT2 20 tooth pulley, pitch diameter of 0.501 in.  Force calculations follow the 

governing moment equation, 𝐹𝑃 =
2𝑇

𝑃𝐷
. 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Linear Motion 

0
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0 0.5 1 1.5 2 2.5

F
P

 [
lb

f]

Step Speed [steps/time]
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Motor Mount Bracket FEA 

 

Figure 47. Von Mises Stress FEA of Motor Bracket. 

 

Figure 48. Motor bracket displacement FEA results. 
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Return Pulley Bracket FEA 

 

Figure 49: Return pulley bracket FEA. 

 

Figure 50: Return pulley bracket FEA. 
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Appendix E 

Flow and Pipe Calculations and Troubleshooting 

Head Loss Calculations for Modular Unit 

Key Equations: 

1

√𝑓
= −2.0 (

𝜖

3.7𝐷
+

2.51

𝑅𝑒√𝑓
) 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
 

ℎ𝐿,𝑚𝑎𝑗𝑜𝑟 = 𝑓
𝐿

𝐷

𝑣2

2𝑔
 

ℎ𝐿,𝑚𝑖𝑛𝑜𝑟 = ∑ 𝐾𝐿 ∗
𝑣2

2𝑔
 

Key Assumptions:  

• Steady velocity throughout the system 

• Water at room temperature and pressure; all fluids (including fertilizers) assumed similar 

properties throughout system 

• Plastic pipe surface has negligible roughness 

• All loss coefficients taken from Fundamentals of Thermal-Fluid Sciences 4th Edition by Cengel, 

Cimbala, and Turner (Engineering 319 Textbook) page 563-564. 

Key Results:  

Table 11: Flow Rate and Pressure Losses 

Flow Rate (gpm) Head Loss (feet) Pressure Drop (psi) 

0.5 0.29 0.99 

1 1.07 1.33 

2 4.04 2.61 

3 9.02 4.77 
4 15.7 7.65 

5 24.1 11.3 

6 34.3 15.7 

7 46.2 20.9 

 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Water-Fertilizer 

   

Colebrook Formula 

Reynolds Number 

 

Major Head Loss 

 

Minor Head Loss 
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Head Loss Calculations for One Stack 

Key Equations: 

1

√𝑓
= −2.0 (

𝜖

3.7𝐷
+

2.51

𝑅𝑒√𝑓
) 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
 

ℎ𝐿,𝑚𝑎𝑗𝑜𝑟 = 𝑓
𝐿

𝐷

𝑣2

2𝑔
 

ℎ𝐿,𝑚𝑖𝑛𝑜𝑟 = ∑ 𝐾𝐿 ∗
𝑣2

2𝑔
 

Key Assumptions:  

• Steady velocity throughout the system 

• Water at room temperature and pressure; all fluids (including fertilizers) assumed similar 

properties throughout system 

• Plastic pipe surface has negligible roughness 

• All loss coefficients taken from Fundamentals of Thermal-Fluid Sciences 4th Edition by Cengel, 

Cimbala, and Turner (Engineering 319 Textbook) page 563-564. 

• Elevation gain is factored into the pressure drop due to the nature of 5 stacks 

• Pipe sizes for the vertical units are 2” in diameter and for the ground portion they are 3”  

Key Results:  

Table 12: Stacked Flow Rates and Head Loss 

Flow Rate (gpm) Head Loss (feet) Pressure Drop (psi) 

0.5 ~0 10.83 

1 0.003 10.83 
2 0.011 10.83 

3 0.025 10.84 

4 0.044 10.84 

5 0.067 10.85 
6 0.095 10.87 

7 0.127 10.88 

10 0.253 10.93 
15 0.556 11.07 

20 0.972 11.25 

 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Water-Fertilizer 

 

  

Reynolds Number 

 

Major Head Loss 

 

Colebrook Formula 

Minor Head Loss 
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Injector Trouble-Shooting 

Key Equations: 

𝑣 = �̇�/𝐴 

𝑃1 +
1

2
𝜌𝑣1

2 = 𝑃2 +
1

2
𝜌𝑣2

2 

Key Assumptions:  

• Water at room temperature and pressure; all fluids (including fertilizers) assumed similar 

properties throughout system 

• Pressure assumed at 50 psi (mildly conservative estimate based on standard city water supply) 

• Negligible change in elevation 

• Steady volumetric flow rate (none lost through mixing valve) 

• Specifications from manufacturer are accurate (though we don’t entirely trust this company) 

Key Results:  

The venturi injector works by creating a pressure differential that draws the concentrated fertilizer into the 

main water stream.  It creates this pressure differential by increasing the velocity and lowering the pressure 

in a smaller tube in the middle of the injector.   

 

 

Pressure Differential from required flow rate: 7.09 psi 

Pressure Differential from actual flow rate: 0.07 psi 

*It appears that at low flow rates the injector is not capable of creating the pressure differential required.  

As given by manufacturer specs, required flow rate is roughly 5 gal/min. 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Water-Fertilizer 

 

  

Velocity 

Simplified Bernoulli 

http://www.wassertec.co.za/mazzei-venturi-injectors/ 
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Submersible Pump Testing 

Key Equations: 

1

√𝑓
= −2.0 (

𝜖

3.7𝐷
+

2.51

𝑅𝑒√𝑓
) 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
 

ℎ𝐿 = 𝑓
𝐿

𝐷

𝑣2

2𝑔
 

Key Assumptions:  

• Steady velocity throughout the system 

• Water at room temperature and pressure; all fluids (including fertilizers) assumed similar 

properties throughout system 

• Plastic pipe surface has negligible roughness 

Key Results:  

Head Loss estimate: 0.65 feet 

Pressure Drop estimate: 0.232 psi  

 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Water-Fertilizer 

  

Colebrook Formula 

Reynolds Number 

 

Head Loss 
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Appendix F 

Drawings & Schematics 

Full Electrical System Schematic 

 
Figure 51: Electrical System Schematic 
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Full Water System Schematic 

 
Figure 52: Watering Schematic. 
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System Drawings 

The modular unit assembly drawing in Figure 53.  All related assembly and component drawings can be 

found at S:\Engineering\Teams\Team20\Spring Semester\Appendices\Drawings. 

 

Figure 53: Modular unit assembly drawing. 
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Appendix G 

Economics 

General Economic Results 

Key Assumptions:  

• Manufacturers will get a 30% discount from what we paid for mass production. 

• Average ambient air temperature in Grand Rapids, Michigan is 49.1 °F. 

• When the system is automated, one operator and one maintenance man are required. 

• Without the automated retrieval system, an extra operator is required to work a forklift. 

Key Results:  

• Operations Costs: $870.00 / day & $318,000 / yr 

• Scaled Capitol Costs: $10,077,000 

• Manufacturing Cost Per Unit (Material and Labor): $1390 

• Manufacturer’s Profit Per Unit: $200 

• Approximate Selling Price of Spinach: $4.00 / lb 

Capital Cost Estimates 

Frame Cost/Unit Qty Total 

1" x 1" x 1/8"thk Square Tubing [in]  $          0.07  590.38  $        38.43  

2" x 2" x 1/8" Angle Iron  $          0.11  452.5  $        50.20  

2" x 1/4" Bar [in]  $          0.09  89.75  $          7.85  

Tarp  $          2.06  1  $          2.06  

Labor Costs $50/hr      $      100.00  

        

PPU (Price Per Unit)      $      198.55  

 

Warehouse Racks Cost/Unit Qty Total 

Structural Beam  $        46.00  10  $      460.00  

Structural Upright (2 legs)  $        94.00  2  $      188.00  

Spreading Bars  $          8.00  10  $        80.00  

        

PPR (Price Per Rack)      $      728.00  

        

PPU (Price Per Unit)      $        72.80  
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Piping and Injector Costs Cost/Unit Qty Total 

Fertilizer System       

Injectors  $168,000.00  1  $168,000.00  

Mixing System  $  10,000.00  1  $  10,000.00  

        

Piping System       

Vertical Piping      $  10,264.13  

Vertical Pipe Tees      $   1,905.12  

Vertical Pipe Plugs      $      524.16  

Ground Piping      $  17,590.44  

Ground Pipe Tees      $   3,917.76  

Pumps      $100,000.00  

        

PPU (Price Per Unit)      $      185.83  

 

Modular Unit Watering and Fertilizing 

Cost Cost/Unit Qty Total 

90° Barbed Hose Fitting  $          2.54  3  $          7.62  

Hose*  $          1.34  10  $        13.40  

Barbed Hose Fitting*  $          5.30  1  $          5.30  

PVC Fittings Various (Estimate)  $          4.00  1  $          4.00  

PVC Adapter  $          0.35  4  $          1.40  

PVC Pipe  $          2.88  1  $          2.88  

PVC Inline Tee Adapter  $          0.50  3  $          1.50  

PVC Cap  $          0.27  1  $          0.27  

PVC Elbow  $          0.30  1  $          0.30  

PVC Elbow Adapters*  $          0.38  4  $          1.52  

Flow Meter  $          9.99  2  $        19.98  

Cable Carrier*  $        60.50  1  $        60.50  

Check Valve  $        12.14  1  $        12.14  

Solenoid Valve  $          6.99  3  $        20.97  

Boom + Machining  $        17.88  1  $        17.88  

Brackets + Assembly Time  $        45.00  1  $        45.00  

PPU (Price Per Unit)      $      150.26  

 

Boom System Cost/Unit Qty Total 

Timing Belt  $        14.98  1  $        10.49  

Timing Pulleys (5)  $          9.98  0.5  $          3.49  

Linear Bearing (2)  $        36.50  2  $        51.10  

T-Slot Aluminum (2)  $        17.82  2  $        24.95  

Mounting Brackets  $        15.00  4  $        42.00  

Hardware  $          3.00  1  $          2.10  

Plastics  $          7.50  4  $        21.00  

Pulley Adapter  $        15.00  1  $        10.50  

        

PPU (Price Per Unit)      $      165.63  
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Electrical Cost/Unit Qty Total 

Arduino UNO  $        24.99  1  $        24.99  

Arduino Motor Controller  $        19.99  1  $        19.99  

9V 1A Arduino Power Supply  $          6.95  1  $          6.95  

Raspberry Pi B+  $        29.99  1  $        29.99  

12V 10A Power Supply  $        14.99  1  $        14.99  

Red/Blue LED Lighting (3)  $      190.00  3  $      570.00  

5V Controllable 120VAC Relay (3)  $          6.00  1  $          6.00  

NEMA17 0.4A Stepper Motor (2)  $        10.99  2  $        21.98  

Solenoid Control Circuit Components   $          0.50  4  $          2.00  

Electrical Outlets/Boxes  $          3.99  2  $          7.98  

Enclosure  $          4.99  1  $          4.99  

        

PPU (Price Per Unit)      $      493.41  

 

Warehouse Startup Cost/Unit Qty Total 

Forklifts  $  20,000.00  2  $  40,000.00  

        

PPU (Price Per Unit)      $        23.81  

 

Assembly Cost/Unit Qty Total 

Labor Costs $50/hr      $      100.00  

        

Number of units      $   1,680.00  

        

Total - (SUM of PPU)      $   1,390.29  

 

Calculation File: 

S:\Engineering\Teams\Team20\Spring Semester\Appendices\Economics 
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Appendix H 

Budgeting and Schedule 

Below is the final budget for Team 20.  The team ended about $100 over budget but Professor Nielsen, the 

team’s adviser, approved this.  The main contribution that put the team over budget was the purchase of a 

third LED lighting module; this was necessary for plant growth despite the high cost, it just wasn’t 

anticipated until late in the semester.   

Table 13: Team Budget 

Date Associated Part Description Debit Credit Balance 

9/8/16 Calvin College Beginning Balance  500.00 500.00 

1/9/17 Calvin College Eric De Groot Scholarship  885.00 1,385.00 

2/2/17 Toby Dalla Santa 

Initial Parts Order: Nozzles, 

Timing Belt/Motor, T-slotted 

aluminum, fittings, trays 

273.24  1,111.76 

2/17/17 Toby Dalla Santa Nozzle and Electronics Order 35.24  1,076.52 

3/6/17 Toby Dalla Santa Boom System and 80/20 Order 112.90  963.62 

3/8/17 Jonathan Manni LED Lighting Modules and Cables 390.90  572.72 

3/14/17 Toby Dalla Santa 
Trays, 80/20 bearing, and venturi 

injector 
124.13  448.59 

3/16/17 Toby Dalla Santa 3D Printed Parts 10.63  437.96 

3/17/17 Toby Dalla Santa Igus Cable Carrier 61.33  376.63 

3/31/17 Toby Dalla Santa 

Amazon (fan, flow meters, tarp), 

McMaster (Flow Components), 

Adafruit (shield, solenoids) 

166.11  210.52 

3/31/17 Toby Dalla Santa 3D Printed Parts 19.01  191.51 

4/6/17 Jonathan Manni LED Lighting Module 197.93  -6.42 

4/12/17 Toby Dalla Santa Pump to balance venturi 16.99  -23.41 

4/25/17 Jonathan Manni 
Lowe's and Alger Hardware 

Reimbursement 
72.86  -96.27 

      

      

  Total Balance   -96.27 
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