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i

 Water systems in the 21st century have improved drastically 
compared to historical precedents due to the implementation of 
multi-stage treatment systems. In spite of such progress, issues with 
contamination still remain. Persistent contaminants, such as the 
herbicide atrazine, plague surface water systems well outside the 
bounds of American farming regions and have established a constant 
presence in raw and treated drinking water. Despite being monitored 
as a regulated contaminant by the US Environmental Protection 
Agency, ‘healthy’ exposure levels are still the subject of debate among 
water protection and health watchdog groups. This thesis utilizes a 
review of water system literature to identify a potential solution for 
atrazine contamination using phytoremediation treatment technology 
deployed in floating raft systems to reduce the impact on surface water. 
Extensive study of precedents, hydroponics, boat design, biomimicry, 
and human factors considerations informed a design process for the 
development of a raft system prototype. A study of the prototype was 
conducted using 30 novice users to identify areas of improvement 
in terms of human factors considerations, functional attributes, and 
subjective characteristics. Along with gathering primary research into 
a possible connector unit design, this study sought to evaluate the 
potential for project success using a comparative analysis against a 
leading market competitor. This thesis concludes that the project shows 
promise, but requires additional testing in a large-scale, longitudinal 
study to ensure future implementations are met with success.

Keywords: water quality, contamination, atrazine, public health, 
hydroponics, phytoremediation, rhizodegradation, industrial design, 
floating rafts

ABSTRACT





ii

 I would like to express my gratitude to the following individuals, 
without whom this project would not have come to fruition:

 My Thesis Chair, George K. Chow, for his support, encouragement, 
and unwavering confidence in my abilities, and for providing clarity 
and guidance in all aspects of my work.

 My Thesis Committee Members, Dr. Debora Rodrigues and Dr. 
Gordon Vos, for your invaluable expertise and your willingness to 
provide constructive critiques at every step.

 All the faculty and staff members of the Gerald D. Hines College 
of Architecture and Design Dean’s Office and Industrial Design 
department, whose services and thoughtful comments turned my idea 
into a successful thesis.

 My family and friends, for understanding and encouraging my 
commitment to my studies, and providing moral and emotional support 
when I needed it most.

 My father, Doug Lincoln, who provided the inspiration and 
financial support for not only this project, but my entire education, 
through his illness and subsequent passing. May he rest in peace and 
pride, knowing his sacrifice was not taken for granted. 

ACKNOWLEDGEMENTS





iii

 Ashley Rose Lincoln was born in Clifton, TX on the 22nd of May 
1992, and is the daughter of Doug and Susan Lincoln. After graduating 
from Salado High School in 2010, Ashley pursued a Bachelors of Fine 
Arts in Design from The University of Texas at Austin. While there, 
she earned certificates in the study of Business Foundations from 
the McCombs School of Business and Environmental Studies from 
the Bridging Disciplines Program. She has worked in many different 
fields prior to discovering industrial design, including sculptural 
fabrication, graphic design, organic gardening, and even served in an 
administrative capacity at Big Bend National Park. In 2015, Ashley 
entered the University of Houston to pursue a Master of Science 
Industrial Design and will be the fourth graduate of the program.
 Ashley hopes to pursue a fulfilling career in industrial design, 
wherever it may take her, and is excited to apply her expertise to the 
pursuits of sustainable and social impact design. 

VITA





Abstract
Acknowledgements
Vita

TABLE OF CONTENTS

1.1 Background
1.2 Conceptual Framework
 1.2.1 Research Methodology
 1.2.2 Problem Identification
 1.2.3 Research Questions
1.3 Significance of Study

CHAPTER 1: INTRODUCTION

2.1 Global Drinking Water System Guidelines
2.2 National Drinking Water System Guidelines in the United States
2.3 Texas Drinking Water System Guidelines
2.4 City of Houston Drinking Water System Design
2.5 At-Home Water Purification Options and Certifications
2.6 Phytoremediation and Surface Waters
2.7 Atrazine Contamination and Removal
2.8 Anatomy and Growth of Selected Plants
2.9 Hydroponic Gardening

CHAPTER 2: LITERATURE REVIEW

3.1 Precedents
3.2 Phase 1 Interviews
3.3 Environment
3.4 Opportunities

CHAPTER 3: DESIGN DEVELOPMENT

4.1 Concept
4.2 Considerations
4.2.1 Material Selection
4.2.2 Manufacturing
4.2.3 “The Pontoon Effect”

CHAPTER 4: DESIGN SOLUTION

i
ii
iii

1
2
2
2
3
3

5
7
11
12
13
15
17
21
24

27
38
39
40

41
42
45
46
46

41

27

5

1





5.1 Phase 2 User Testing
5.2 Analysis

CHAPTER 5: VALIDATION

6.1 Design Revisions
6.2 Value Proposition
6.3 Source of Innovation
6.4 Limitations of Study
6.5 Future Opportunities

CHAPTER 6: DISCUSSION

References
Appendix A: Research Materials
Appendix B: Prototype Development
Appendix C: Charts of User Testing Data

CHAPTER 7: CONCLUSION

47
48

63
65
65
66
67

71
85
89
91

69

63

47



1

CHAPTER 1: INTRODUCTION

 As early as prehistoric times, water contamination has been a 
source of concern for human civilization. In an extensive history 
of the subject, Baker quotes a translation of a Sanskrit text that 
instructed individuals to “keep water in copper vessels, to expose it to 
sunlight, and filter it through charcoal” (1949, p. 1). Thus, as early as 
approximately 2000 B.C., individuals sought to purify their water. At 
this time, the primary issues facing water consumers were bacterial 
and accidental heavy metal contamination. As civilization grew, the 
lack of water infrastructure became a huge problem, especially in 
overcrowded areas with a high water demand like London. Water 
delivery companies began to form, but still struggled to deliver a 
potable product to their customers. Tobias Smollett illustrates the 
issues clearly in his novel The Expedition of Humphry Clinker, “If 
I would drink water, I must quaff the mawkish contents of an open 
aquaduct, exposed to all manner of defilement, or swallow that 
which comes from the River Thames, impregnated with all the filth 
of London and Westminster. Human excrement is the least offensive 
part of the concrete, which is composed of all the drugs, minerals, 
and poisons used in mechanics and manufacture, enriched with the 
putrefying carcases of beasts and men, and mixed with the scourings 
of all the wash-tubs, kennels and common sewers within the bills of 
mortality” (Sedlak, 2014, p. 29). 
 Now in the 21st century, water infrastructure has improved 
drastically with the invention and implementation of multi-
stage treatment systems, but problems still remain. After the 
industrialization of society, water threats from chemical and 
radiological contamination emerged. These types of contamination 
are complex, and can be caused by natural sources, manufacturing 
processes, construction, poor waste management, and the water 
treatment process itself (World Health Organization, 2003). As 
evidenced by the impacts of contamination incidents at Camp 
Lejeune, NC (National Research Council, 2009), Hinkley, CA 
(Andrews & Walker, 2016), and most recently Flint, MI (Kennedy, 
2016), the severity and frequency of these threats are expanding to 
impact larger populations as water systems continue to grow to meet 
increasing demands without addressing existing treatment issues.
This thesis begins with a general overview of global water system 
design, legislation at the national level in the United States and 
local legislation in the state of Texas, and an overview of the City 
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of Houston’s water system. Building on this foundation, additional 
topics including at-home treatment options, surface water treatment 
via phytoremediation, and the impacts and areas of opportunities 
associated with a specific chemical contaminant, atrazine, are 
explored as a precursor to the development and initial testing of a 
product solution.

1.2 CONCEPTUAL FRAMEWORK

1.2.1 RESEARCH METHODOLOGY

 To best understand the problems and potential solutions associated 
with water contamination, the philosophical underpinnings of this 
study were heavily influenced by a pragmatic worldview. Creswell 
defines the pragmatic worldview as one that “arises out of actions, 
situations, and consequences rather than antecedent conditions. 
There is a concern with applications—what works—and solutions 
to problems…” (2014, p. 10). Rather than prescribing to a singular 
method of data collection, this study utilizes a variety of approaches 
to understand the problem in accordance with a mixed methods 
research design.

1.2.2 PROBLEM IDENTIFICATION

 Hundreds, if not thousands, of reports have been written on the 
health effects of water contamination. Effects range in severity from 
mild digestive upset and skin irritation, to permanent organ damage 
and cancer. Within the limitations of current municipal systems and 
the expertise of the author, this thesis focuses on the health impacts 
and prevalence of a single contaminant, atrazine, and seeks to support 
researchers, municipalities, and concerned citizens in their endeavors 
to remove the contaminant from waters and soils in which it does not 
belong using phytoremediation. 
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1.2.3 RESEARCH QUESTIONS

Understand
How are municipal water systems structured?

In what ways do state and city laws differ from the regulations 
outlined by the national authority?

Identify
In what ways does surface water contamination impact municipal 
water systems?

How have contaminants been remedied previously?

In what ways and environments has phytoremediation been 
implemented to address contamination issues?

How prevalent is atrazine in the natural environment?

What are the health impacts associated with this chemical?

What precedents, if any, exist in the following fields for a product 
solution? 

How might these precedents inform the development of a better 
solution?

 Hydroponics & aquaponics?

 Boat design & floating communities?

 Biomimicry?

 Wastewater and effluent treatment?

Solve
What problems can be identified with existing product precedents and 
addressed using a human-centered design approach?

How might human factors contribute to the improvement and usability 
of a design solution?

1.3 SIGNIFICANCE OF STUDY

 Phytoremediation has been practiced in varying degrees 
since the 1990s. Existing programs, however, depend heavily on 
phytoextraction and phytodegredation, or the removal and degradation 
of contaminants by plant roots to impact soil or ground water. With up 
to 77% of national water withdrawals originating from surface water 
sources, the targeted clean-up of soil and groundwater is no longer 
impacting the area of greatest need (The USGS Water Science School, 
2005). Precedents in wastewater and effluent treatment confirm the 
validity of floating treatment units for implementation in surface 
waters. Existing systems, however, have been implemented with little 
consideration for the human users of these solutions.
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CHAPTER 2: LITERATURE REVIEW

2.1 GLOBAL DRINKING WATER SYSTEM GUIDELINES

 This review can be categorized into three separate sections. The 
first section, 2.1-2.6, outlines the problem scope with a general overview 
of water system design, national and local legislation, an overview of 
the City of Houston’s water system, at-home treatment options, and 
source water treatment options. The second section, 2.7, identifies a 
specific problem within the impacts and prevalence of a single chemical 
contaminant, atrazine. The final section, 2.8-2.9, outlines a solution area 
with a discussion of a possible phytoremediation-based solution and an 
overview of hydroponic gardening.

 In 2003, the World Health Organization (WHO) released 
guidelines for the “development and implementation of risk 
management strategies that will ensure the safety of drinking water 
supplies through the control of hazardous constituents of water” 
(World Health Organization, 2003, p. 1). Rather than promote 
adherence to a global standard, the WHO recommends the adoption of 
national regulations that are customized to individual geographies. As 
a result, national authorities retain the flexibility to adopt a risk-benefit 
decision-making approach that minimizes risks to public health 
without wasting national resources.

Safety Standards

  “Safe” drinking water is defined as water that “does not represent 
any significant risk to health over a lifetime of consumption, including 
different sensitivities that may occur between life stages…[and] is 
suitable for all usual domestic purposes, including personal hygiene” 
(World Health Organization, 2003, p. 1). To ensure drinking water 
safety, the WHO recommends a multi-layer framework that includes 
set health-based targets, adequate and properly managed safety plans, 
and an independent surveillance body. 

 Health based targets. The purpose of setting health-based 
targets is to provide metrics by which drinking water systems may 
be monitored and improved. These targets also serve to outline what 
is a practical and appropriate use for the financial, technical, and 
institutional resources of a given locality. Health based targets may 
include goals for specified technologies, performance (microbial 
hazards), water quality (chemical hazards), and health outcomes. The 
WHO provides recommendations for 45 microbial hazards and 125 
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chemical and radiological hazards (World Health Organization, 2003, 
p. 37-47). 

 Water Safety Plans. Preventative management is the key 
to an effective water system. Management must “encompass all 
steps in water supply from catchment to consumer,” (World Health 
Organization, 2003, p. 48) and is referred to as a Water Safety 
Plan (WSP). WSPs are guided by health based targets, and include 
a holistic system assessment, operational monitoring of specific 
controls, and management plans for unexpected and normal 
conditions. Additionally, each aspect of a WSP must be validated by 
accurate and reliable technical information. 
 To ensure optimal function, the creator of a WSP should be a 
multidisciplinary team of experts (World Health Organization, 2003, 
p. 51). These individuals may come from a variety of industries and 
educational backgrounds, but together are invaluable evaluators 
of system-wide risks and capabilities. The team is responsible for 
assessing and prioritizing hazards, which determines the priority and 
severity of all control measures at each phase of water supply, and the 
potential for upgrades or improvements (World Health Organization, 
2003, p. 48-83).

Surveillance bodies. Complementary to the supplier and management 
team, surveillance bodies continuously and vigilantly assess the 
safety and acceptability of drinking water supplies and contribute 
“to the protection of public health by promoting improvement of the 
quality, quantity, accessibility, coverage, affordability and continuity 
of water supplies” (World Health Organization, 2003, p. 84). Although 
surveillance bodies work closely with suppliers and WSP teams, it 
is vital that surveillance bodies are distinctly separate entities with 
legal expertise to avoid corruption and ensure the protection of public 
health. Surveillance bodies may take either an audit-based or a direct 
assessment approach. Audit-based bodies empower the water supplier 
to monitor quality standards, while the surveillance body verifies 
compliance. Direct assessment bodies conduct independent, in-house 
water quality tests and are capable of generating analytical reports 
of their findings. In order for a surveillance body to be successful, 
it is vital that monitoring efforts are appropriate for variety of 
circumstances across the water region. Zoning is often an effective 
tool for identifying and addressing problem areas, especially in 
larger communities, while community level training or household 
monitoring may be more appropriate for smaller areas. Unlike WSPs, 
surveillance bodies should also be concerned with public health in 
general, and need to consider the broader issues of quality, quantity, 
accessibility, affordability, and continuity of water in the community 
as a whole.
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2.2 NATIONAL DRINKING WATER SYSTEM GUIDELINES IN 
THE UNITED STATES

 In the United States, the regulatory body for all health and 
environmental related risks is the Environmental Protection 
Agency (EPA). The EPA works continuously to develop and enforce 
legislation, provide research grants, study environmental issues, 
sponsor partnerships, teach, and publish information for public 
use. In addition to state and local governments, the EPA also works 
with major industries including transportation, agriculture, energy, 
and others to ensure policies provide enough protection without 
exhausting federal and privately owned resources. As a regulatory 
agency, drinking water is one of many natural resources the EPA 
works to protect (Environmental Protection Agency [EPA], 2017b). 

Safe Drinking Water Act

 As suggested in the WHO guidelines, the EPA created the Safe 
Drinking Water Act (SDWA), which provides regulations for certain 
drinking water contaminants (US Senate, 2002). These are divided 
into six categories: Non-organic and Organic chemicals, Disinfectants 
and Disinfection byproducts, Microorganisms, and Radionuclides.

 Non-organic and Organic Chemicals. The chemical 
contaminant rules set by the EPA include over 65 contaminants. These 
chemicals may fall under one of three classification categories, which 
include inorganic contaminants (IOCs), volatile organic contaminants 
(VOCs), and synthetic organic contaminants (SOCs). Inorganic 
contaminants include metals, minerals, and organometallic chemicals 
(American Chemical Society [ACS], 2017). Volatile and synthetic 
organic contaminants both pertain to carbon-containing compounds. 
Volatile compounds can easily become vapors or gases under 
normal conditions, while synthetic compounds are their man-made, 
less volatile counterparts (New Mexico Environment Department 
Drinking Water Bureau [DWB], 2017a; DWB, 2017b). Each chemical 
was selected for regulation based on their capacity for chronic and 
long term risks to public health, particularly in the form of cancers, 
organ damage, circulatory, nervous, and reproductive system 
disorders, and other chemical-specific health risks (EPA, 2017a).

 Disinfectants and Disinfection Byproducts. Drinking water 
requirements for disinfectants and disinfection byproducts are 
regulated under two rules, known as Stage 1 and Stage 2 within the 
EPA. Stage 1 dictates the regulation guidelines for three disinfection 
chemicals, including chloramines, chlorine, and chlorine dioxide. 
These chemicals are purposefully added into drinking water systems 
at treatment plants and intermittent distribution facilities along the 
water supply system to combat the formation of pathogens and viruses 
(EPA, 2017d). In 1974, Johannes Rook discovered chlorine-based 
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disinfectants frequently reacted with naturally occurring organic 
matter in the water system to produce disinfection byproducts (DBPs) 
(Rook, 1974). At this time, the EPA regulates eleven DBPs, which 
include four trihalomethanes (TTHMs), five haloacetic acids (HAA5), 
chlorite, and bromate. Research regarding the potential health effects 
of DBPs is ongoing, but these particular chemicals are proven to 
have carcinogenic and mutagenic effects, and have been linked to 
incidences of bladder cancer and other public health threats (EPA, 
2005; Madabhushi, 1999; Center for Disease Control [CDC], 2016).

 Microorganisms. Bacteria, viruses, parasites, pathogens, 
and indicators fall under the microorganism regulation category. 
Cryptosporidium, fecal coliforms and E. coli, giardia lamblia, and 
legionella are all regulated bacteria under this rule, along with the 
generalized category of enteric (orally-transmitted) viruses. Each 
of these contaminants has a target level of zero, because even low 
levels have been known to impact public health (Ashbolt, 2015; EPA 
2016e). Additionally, the EPA regulates turbidity and heterotrophic 
plate counts, neither of which have direct health effects, because 
high levels often indicate the presence of other potentially harmful 
microorganisms (EPA, 2009).

 Radionuclides. Updated in 2000, radionuclides are the newest 
addition to the EPA’s drinking water regulations. This rule dictates 
contamination levels for gross alpha and beta activity, radium 226 and 
228, and uranium. Like microbial contaminants, radionuclides have a 
target level of zero due to their carcinogenic and mutagenic properties 
in small quantities (EPA, 2017c). Alpha and beta particles can be 
either naturally occurring or created by man-made processes, and 
also serve as indicators for additional radioactive compounds (Water 
Research Foundation, 2014).

Regulation Development Process

 Also included within the SDWA is a multi-step process 
for contaminant regulation development. In addition to the 90 
contaminants that are already regulated, the EPA is required 
to maintain a list of unregulated contaminants and publish a 
Contaminant Candidate List (CCL) every five years. The most recent 
list was released in 2016, but the SDWA has not been formally 
amended since 1996 (EPA, 2016e). 

 Regulation history. The first version of the SDWA was adopted 
in 1977 and was created in response to an 18-month long study 
conducted by the National Academy of Sciences (NAS). The 1977 
version detailed regulatory procedures for microbial contaminants, ten 
inorganic chemicals, six organic pesticides, turbidity, and radiological 
contamination. Public water systems across the country were given 18 
months to comply or request additional time (EPA, 1977). Early CCLs 
were developed internally within the EPA based on technical reviews 
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and readily available scientific information in collaboration with the 
National Drinking Water Advisory Council (NDWAC). In 2009, 
NDWAC and NAS recommended the EPA include public nominations 
in their considerations for future CCLs in order to facilitate a more 
comprehensive effort (EPA, 2016a).

 Contaminant Candidate Lists. Once a contaminant has been 
added to a CCL, it is reviewed according to three criteria. First, the 
contaminant must have an adverse effect on public health. Second, 
the chances of the contaminant existing in public water supplies must 
be high and frequent enough to jeopardize public health. Third, at the 
discretion of the EPA Administrator, the contaminant must present 
a meaningful chance for health risk reduction. This decision making 
process is called Regulatory Determinations. Once a Regulatory 
Determination is made for at least five candidate contaminants, the 
SDWA is updated for all water systems (EPA, 2016a; EPA, 2016c).
 Draft contaminant lists contain all candidates from previous 
lists and also include additions solicited from public nominations. 
Once a list is compiled, the EPA evaluates new data for pre-existing 
nominees, and all data for new nominations, alongside comments 
from the public and the scientific community in order to begin the 
Regulatory Determination process (EPA, 2016h).

 Unregulated Contaminant Monitoring Rule (UCMR). Under 
the SWDA, the EPA is also required to maintain and monitor a list of 
up to 30 additional unregulated contaminants and storing occurrence 
information on a publicly accessible database. This program was 
created in conjunction with the CCL, and selected contaminants 
are often chosen from those that did not make it to the Regulatory 
Determination process. The information collected under this rule is 
used to monitor the frequency and/or threat of contaminant exposure 
to public health (EPA, 2016g).

State and Public Water System Requirements

 In addition to complying with these regulations, state and public 
water systems are also required to adhere to two Right-to-Know rules. 
These include the annual delivery of a Consumer Confidence Report 
to the individuals covered by a water system, and a Public Notification 
rule. 

 Consumer Confidence Report (CCR). A Consumer Confidence 
Report is a compilation of water quality data for a given water system 
within a year’s time. Every report is required to include the following 
information:

 The lake, river, aquifer, or other source of the drinking water;

 A brief summary of the risk of contamination of the local 
 drinking water source;

 The regulated contaminant found in local drinking water;
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 The potential health effects of any contaminant detected in 
 violation of an EPA health standard;

 An accounting of the system’s actions to restore safe drinking 
 water;

 An educational statement for vulnerable populations about 
 avoiding Cryptosporidium;

 Educational information on nitrate, arsenic, or lead in areas where 
 these contaminants may be a concern;

 Phone numbers of additional sources of information, including the 
 water system;

 EPA’s Safe Drinking Water Hotline number 1-800-426-4791 
 (EPA, 2016b).

Reports must be delivered to consumers no later than July 1 of each 
year, and must be available in print and online.

 Public Notification Rule. The final aspect of the SWDA is 
the Public Notification Rule for water suppliers. This rule ensures 
customers know if and when public health is at risk; there is a problem 
with their drinking water; if drinking water tests did not occur; if 
an EPA regulation was violated; and if the system has been granted 
variance or exemption for specific contaminants. Public notices have 
ten required components, which include; 

 A description of the violation that occurred, including the 
 contaminant(s) of concern, and the contaminant level(s);

 When the violation or situation occurred;

 The potential health effects (including standard required 
 language);

 The population at risk, including subpopulations vulnerable if 
 exposed to the contaminant in their drinking water;

 Whether alternate water supplies need to be used;

 What the water system is doing to correct the problem;

 Actions consumers can take;

 When the system expects a resolution to the problem;

 How to contact the water system for more information; 

 Language encouraging broader distribution of the notice (EPA, 
 2016i).

The rules dictating the time frame for notification delivery is split into 
three tiers. Tier 1 notifications must be delivered within 24 hours and 
include threats to health that have the potential for immediate impact. 
Tier 2 notifications must be delivered as soon as possible (within 30 
days) and are issued when contaminant levels are exceeded or when 
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improper treatment occurs, but the threat to health is not immediate. 
Tier 3 notifications must be delivered within a year, and encompass all 
other violations that do not have direct impacts on human health. 

Public Water Systems

 Public Water Systems are classified into three categories. 
Community Water Systems (CWS) provide water to the same 
population year-round. Non-Transient Non-Community Water 
Systems (NTNCWS) supplies water to at least 25 people for at least 
half a year consistently. NTNCWS’s often include schools, office 
buildings, and hospitals. Transient Non-Community Water Systems 
(TNCWS) provide water in places where individuals do not remain 
for long periods of time, such as gas stations and campgrounds (EPA, 
2016f).
 Public water distribution and treatment systems generally follow 
a similar structure. From the source, water flows through an intake 
pipe and is subjected to various purification processes before flowing 
out into a network of distribution pipes. Chemicals used for treatment 
vary depending on the nature of the source water, but all systems use 
either chlorine, chloramine, chlorine dioxide, ozone, or ultraviolet 
light to disinfect water. (AWWA Disinfection Systems Committee, 
2008) Depending on the size of the system, additional treatment 
processes may occur during the distribution process to ensure 
microbial contamination levels do not exceed maximum allowable 
thresholds (EPA, 2016d).

2.3 TEXAS DRINKING WATER SYSTEM GUIDELINES

 Long before President Richard Nixon signed the EPA into 
existence in the 1970s, individual states across the country were 
taking steps to protect water resources (EPA, 1992). In 1945, the 
state of Texas authorized the Texas Department of Health to enforce 
drinking water standards for public water systems, which later 
evolved into the Texas Water Quality Board in 1967. Eventually, this 
resource protection agency and several others were combined to form 
the Texas Commission on Environmental Quality (TCEQ), which is 
the environmental agency for the state today (Texas Commission on 
Environmental Quality, 2017).

Role of the Texas Commission on Environmental Quality (TCEQ)

 The TCEQ works to monitor, evaluate, and protect natural 
waters. It does this through regular monitoring, frequent assessments, 
permitting, and coordinating restoration efforts (TCEQ, 2016). These 
efforts are focused primarily on surface waters, but extend to ground, 
waste, storm, and drinking water as well. 
 In conjunction with public water systems, TCEQ also facilitates 
the collection of water system compliance and violation data with a 
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database called Drinking Water Watch (TCEQ, n.d.). With a water 
system number, which is included on all Consumer Confidence 
Reports required by the EPA, consumers can look up specific 
contaminant information about their water system. 

2.4 CITY OF HOUSTON DRINKING WATER SYSTEM DESIGN

 The city of Houston relies on a multi-step treatment process to 
provide drinking water to its citizens. Up to 80% of water is sourced 
from through four intake pipes located on the Trinity River, San 
Jacinto River, and at two separate locations on Lake Houston (Smyer, 
2016). From these intake pipes, water flows to one of four purification 
plants, which include the East Water Purification Plant, the Southeast 
Water Purification Plant, the Ground Water Treatment Plant, and 
the Northeast Purification Plant. While at these plants, raw water is 
subjected to several rounds of treatment. At the Northeast Purification 
Plant, the first step of the process introduces a ferric coagulant 
prior to entry into a settling basin. This serves to remove humic 
substances, the characteristically brown organic matter found in soil 
and other deposits (International Humic Substances Society, 2007), 
which are precursors to drinking water byproducts. From the settling 
basin, the pre-treated water is rapidly mixed and passed through a 
slow sand filtration system to remove suspended particulates and 
waterborne pathogens. The slow sand filter performs both mechanical 
and biological filtration, due to the size of sand particles and the 
adhesive properties of a naturally occurring, microbe-infested 
biofilm (Sedlak, 2014, p. 50-52). At this point, a transfer pump sends 
the water to an ultraviolet (UV) and chemical treatment unit. UV 
disinfection uses electromagnetic energy from a mercury arc lamp to 
destroy the reproductive capabilities of many microorganisms (EPA, 
1999). Chemical treatments include additives that regulate aesthetic 
properties, pH, and disinfection. Potassium permanganate, oxygen, 
and powdered activated carbon control aesthetic properties of the 
treated water, which include taste, color, and odor. To prevent the pH 
of the water from becoming too acidic or too basic, carbon dioxide, 
sodium hydroxide, and lime are added based on the results of various 
samples. Finally, sodium hypochloride, ammonium hydroxide, and 
chloramine are added as disinfectants to regulate any remaining 
biological contaminants. Chloramine is also added to the treated water 
while it travels through the distribution system to inhibit the growth 
of biological pathogens in the pipe network (Cooper, 2008).
 According to Julie Huerta, the engineer in charge of disinfection 
byproducts in Houston’s Public Works department, Houston chose 
to use chloramine (rather than chlorine) for longevity and stability. 
Because the majority of Houston’s drinking water is sourced from 
surface water it “has a greater potential to form byproducts between 
organics and chlorine. [As a result, the] Main system is disinfected 
with chloramines (chlorine and ammonia together), which is a very 
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stable compound and is less likely to react with any trace organics 
in the water. Chloramines also last longer, time-wise, than chlorine 
alone, which is a benefit for our very large system. Water travels long 
distances, and we need the disinfectant to remain at a level that keeps 
the water safe for customers” (J. Huerta, personal communication, 
February 28, 2017).

2.5 AT-HOME WATER PURIFICATION OPTIONS AND 
CERTIFICATIONS

 At-home water filtration products come in many forms and serve 
various functions. These products can be divided into two categories; 
whole-house (point-of-entry) and point-of-use. Whole-house filtration 
systems treat the water as it enters a residence and its effects are 
reflected in all areas where water is used. Treatment methods can 
vary from softening, particulate removal, to small-scale versions 
of processes used in municipal purification plants. These units are 
generally installed near the water meter, or wherever the water enters 
the property. Point-of-use filtration units treat water only where it 
is used, such as faucets, dispensers, and pitchers. Like whole-house 
systems, treatments are variable, but the size of these units may limit 
filter capabilities and lifespans. Point-of-use filters can be installed 
under the sink, in a refrigerator, or move around a residence in the 
form of a standalone water container (NSF International, 2017b).
 A survey of 1,200 American adults conducted by the Water 
Quality Association (WQA) (2015) revealed 56% of individuals are 
concerned or very concerned about the quality of their household 
water supply, and that 46% believe water filtration in the home 
is a necessity. Respondents revealed a combined usage of bottled 
water (77%), in-home filtration systems (43%), filtered refrigerator 
dispensers (45%), and water softeners (16%) to remedy poor taste 
or to remove suspected contaminants from their drinking water. A 
more recent Gallup poll surveying individual concern with water 
pollution (McCarthy, 2016) supported this notion, as the top two 
concerns of those surveyed were polluted drinking water, followed by 
contamination of surface and ground water supplies.
  
Third Party Certifications

 Like any other product on the market, at-home water filtration 
products use marketing and promotion strategies to drive sales. 
To ensure the validity of product claims, two independent testing 
entities, NSF International and the Water Quality Association, offer 
certifications for drinking water products. 

NSF International. NSF International, formerly known as the 
National Sanitation Foundation, is the “leading global provider of 
public health and safety-based risk management solutions” and 
is accredited by the American National Standards Institute (NSF 
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International, 2017a). NSF International maintains comprehensive 
certification procedures, “[f]rom extensive product testing and 
material analyses to unannounced plant inspections, every aspect of 
a product’s development is thoroughly evaluated before it can earn 
our certification. Most importantly, NSF certification is not a one-
time event, but involves regular on-site inspections of manufacturing 
facilities and regular re-testing of products to ensure that they 
continue to meet the same high standards required to maintain 
certification over time. If for any reason a product fails to meet one 
or more certification criteria, NSF will take enforcement actions 
to protect you, including product recall, public notification or de-
certification” (NSF International, 2017d).
 NSF International provides certifications to ensure the safety and 
performance of drinking water components from the inside out. In 
1980, the Water Treatment and Distribution Systems Program was 
created to assist the EPA in improving drinking water standards. 
These guidelines cover all aspects of water distribution, including 
pipes, plumbing, and filters, and have since been adopted by the 
EPA as national requirements.  For consumer water treatment, NSF 
International developed the following eight standards:

 NSF/ANSI 42: Adsorption, Aesthetic Effects

 NSF/ANSI 53: Filtration, Health Effects

 NSF/ANSI 44: Softeners

 NSF/ANSI 55: Ultraviolet Treatment

 NSF/ANSI 58: Reverse Osmosis

 NSF/ANSI 62: Distillers

 NSF/ANSI 177: Shower Filters

 NSF/ANSI 401: Emerging Contaminants

These standards specify guidelines for individual contaminants and 
reduction levels that align with the Maximum Contaminant Levels set 
forth by the EPA (NSF International, 2017b; 2017c).

Water Quality Association’s Gold Seal. The WQA Certification 
program covers standards for drinking water treatment units, 
system components, treatment chemicals, lead compliance, and 
sustainability. The WQA uses the NSF standards outlined in the 
previous section for all of their certifications except sustainability. The 
WQA Sustainability Certification “verifies to retailers and consumers 
alike that a product has been manufactured according to industry 
standards for recognized best practices in the area of environmental 
sustainability and corporate social responsibility” (WQA, 2017). 
These standards include:

 WQA/ASPE/ANSI S-802: Sustainable Activated Carbon Media
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 WQA/ASPE/ANSI S-803: Sustainable Drinking Water Treatment 
 Systems

 WQA/ASPE/ANSI S-801: Sustainable (Facility) Management

 ISO 14001: Environmental Management

Systems may meet both the NSF and WQA Sustainability standards 
eventually, but at this time the sustainability standards are only 
designed for a few specific filtration technologies.

2.6 PHYTOREMEDIATION AND SURFACE WATERS

Phytoremediation is the clean-up of soil and water by plants 
that directly uptake “toxic chemical(s), followed by subsequent 
transformation, transport, and their accumulation in less toxic forms” 
(Chatterjee, Mitra, Datta, & Veer, 2013, p. 2). Phytoremediation 
includes several processes, such as phytostabilization, 
phytoextraction, phytovolatilization, rhizofiltration, phytodegradation, 
and phytostimulation, as illustrated in Figure 2.1. Strategies used 
in soil include phytostabilization and phytoextraction, while 
rhizofiltration is used in water (Chatterjee, Mitra, Datta, & Veer, 
2013). Traditionally, phytoremediation has been utilized for the 
clean-up of heavy metal and radionuclide contamination, however 
many new studies indicate plants may be just as effective at removing 
organic chemical contaminants as well (Dushenkov et al., 1997; Dietz 
& Schnoor, 2001).

Phytostabilization
Stabilizes the 
contaminant

Phytoextraction
Absorbs the 
contaminant

Phytovolatization
Transpires the 
contaminant

Phytodegradation
Breaks down the 

contaminant

Rhizofiltration
Removes the 

contaminant from 
water by the roots

Figure 2.1 Diagram of Phytoremediation Processes

The contaminant, represented by the blue color, exists in the natural environment. Each process, illustrated 
in red, determines the location and movement of the contaminant through the environment and the plant. 
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Rhizofiltration is the “use of aquatic plants, either floating 
or submerged, to absorb, concentrate, and remove hazardous 
compounds…from aqueous environments by their roots” 
(Chatterjee, Mitra, Datta, & Veer, 2013, p. 9). Some species, called 
hyperaccumulators, retain targeted contaminants in the root system, 
and must be harvested once saturated (Etim, 2012). Others are 
capable of phytodegredation, which is the uptake and transformation 
of contaminants using internal enzymatic and metabolic processes 
(Dietz & Schnoor, 2001). In this instance, chemicals are broken 
down into parent compounds, or simple molecules that are used 
by the plant (Etim, 2012). Several field studies have shown the 
enzymes secreted by phytodegrading plants are capable of breaking 
down TNT, dinitromonoaminotoluene, mononitrodiaminotoluene, 
triaminotoluene, nitroaromatic compounds, alkenes, bisphenol A, and 
synthetic dyes (Chatterjee, Mitra, Datta, & Veer, 2013, p. 11).

Phytoremediation in Practice

 Phytoremediation is classified as an ‘emerging technology’ by 
the EPA. In a resource guide compiled by the EPA and the Office of 
Research and Development (2000), nearly 200 pilot studies and field 
tests are provided as precedents for future system design. The long-term 
success of phytoremediation strategies is not yet known, but many of 
these short-term programs have shown promise, especially in sensitive 
applications such as Brownfields and Superfund cleanup sites. 
 For example, The Aberdeen Proving Grounds (APG) in Maryland 
began serving as a U.S. Army weapons testing facility in 1918. 
Military weapons testing and past disposal activities over the years 
have caused extensive pollution throughout the soil and groundwater. 
In an attempt to hydraulically contain 1,1,2,2-tetrachloroethane (1122-
TCA) and trichloroethylene (TCE) and treat the groundwater, the 
EPA planted 1 acre of hybrid poplar trees. The trees’ progress was 
monitored for two growing seasons, and were found to be absorbing 
the contaminants and transpiring parent compounds and degradation 
products (EPA & Office of Research and Development, 2000).
 In another study of radionuclide-contaminated waters near 
Chernobyl, researchers discovered hydroponically grown sunflower 
(Helianthus annuus L.) plants were capable of accumulating 
contaminants, approximately 8x more contaminants than other tests 
using timothy (Phleum pretense L.) or foxtail (Alopecurus pratensis 
L.). As a result, it is estimated that all radionuclide contamination 
from the 75 m2 pond could be concentrated into 55 kg dry weight 
of sunflower plants, which could then be properly disposed of at a 
radioactive waste processing facility (Dushenkov, 2003, p. 171).
 Finally, constructed wetlands have also been utilized to treat 
wastewater and industrial effluent. In 1993, city managers in 
Phoenix, AZ began construction of a constructed wetland to polish 
the city’s wastewater after learning upgrading their existing system 
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to remain in compliance would cost as much as $635 million (EPA 
& Office of Water, 2004). Thus, the Tres Rios Constructed Wetlands 
Demonstration Project was born. In this three-phase system, a 
combination of deep pools and marshes filled with cattails, bulrushes, 
and other native plants remove lingering contaminants. In addition 
to improving the quality of the city’s discharge, the wetland has also 
become home to an entire wetland ecosystem including birds, fish, 
and other species (Gelt, 1997).

2.7 ATRAZINE CONTAMINATION AND REMOVAL

 Atrazine is a selective triazine herbicide used to control broadleaf 
and grassy weeds in corn, sorghum, sugarcane, pineapple, Christmas 
trees and other crops, and in conifer reforestation plantings (Meister, 
1992). Atrazine is the second most commonly used herbicide in the 
United States’ agricultural sector as of 2012 (Atwood & Paisley-Jones, 
2017, p. 14) and has an estimated global market value of more than 
730 million USD (Orbis Research, 2017).
 As a photosynthesis disruptor, atrazine works best in the upper 
soil profile, or the first six inches. Atrazine is applied to soil in a 
uniform manner and followed by irrigation or rainfall to ensure 
proper placement (Baumann & Ketchersid, 1999). In soil, atrazine 
can last anywhere from 4 to 57 weeks depending on conditions, and 
is absorbed by plants through the roots. In extreme cases, atrazine has 
been reported to exist in soil up to four years post-application. Despite 
being only moderately water soluble, atrazine poses a significant 
risk to water supplies through surface water runoff and groundwater 
contamination (Lazorko-Connon & Achari, 2009, p. 200; Cornell 
University, Michigan State University, Oregon State University, & 
University of California at Davis, 1993). In water, atrazine remains 
quite stable and has the potential to persist at detectable levels for 
many years. Some estimates resulting from a study of Lake Michigan 
report a half-life of almost 14 years (Lazorko-Connon & Achari, 2009, 
p. 201).

Health Effects

 In 1992, atrazine was added to the US Environmental Protection 
Agency’s list of regulated drinking water contaminants with the 
adoption of the Phase II Rule of the Safe Drinking Water Act. 
Currently, the maximum contaminant level rule for atrazine is set at 3 
ppb in response to many short and long-term health effects (US EPA). 
The short-term health effects of atrazine exposure include congestion 
of heart, lungs, and kidneys, low blood pressure, muscle spasms, 
weight loss, and damage to the adrenal glands. Long-term health 
effects include potential weight loss, cardiovascular damage, retinal 
and muscular degeneration, and cancer over a lifetime of exposure 
(US EPA & Office of Water, 1995). 
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 Exposure to atrazine at levels found in drinking water has been 
linked to chromosomal damage in hamsters (Biradar & Rayburn, 
1995), hermaphroditism and demasculinization in amphibians, (Hayes 
et al., 2002) irregular menstrual cycles, (Cragin et al., 2011) and 
preterm births (Rinsky, Hopenhayn, Golla, Browning, & Bush, 2012), 
in women in farming regions. Prenatal exposure via drinking water 
has also been significantly associated with birth defects including 
cleft lip, polydactyly, Down syndrome, and abdominal wall defects 
(Brender & Weyer, 2016). Furthermore, activist groups such as the 
National Resource Defense Council have proposed the argument that 
agrochemicals such as atrazine pose greater seasonal threats, due to 
the increased frequencies and quantities used during growing seasons. 
“The annual maximum contaminant level effectively averages out 
dangerously high levels exceeding 3 ppb in the spring and summer 
(when most atrazine contamination occurs) could be averaged with 
low readings from the winter and fall and this average would then 
hide levels of atrazine that should be of concern to the agency” (Wu, 
Quirindongo, Sass, & Wetzler, 2009, p. 17).

Regulatory Controversy

 In early 2000, agrochemicals became the subject of regulatory 
controversy with the implementation of the Data Quality Act (DQA). 
This act mandated that regulatory agencies “create administrative 
mechanisms by which ‘affected persons could seek and obtain 
correction of information’ that is alleged not to comply with various 
data-quality related guidelines” (Hornstein, 2007, p. 1568). At the 
time this addition was implemented, the EPA enforced a mandatory 
10-X margin of safety for pesticide tolerances unless reliable data 
indicated a lower guideline would cause no harm (Hornstein, 2007, 
p. 1562). With the DQA, however, “the pesticide industry had 
successfully pressured (the) EPA in the name of “good science” 
into abandoning (a) blanket application of the precautionary 10-X 
factor and then resisted EPA’s attempts to require unconditionally 
(the) developmental neurotoxicity tests that EPA scientists had 
recommended. The combined effect of these two campaigns meant 
that EPA would become more dependent on information produced 
by third parties (especially academic researchers) about pesticides’ 
safety-and the DQA gave the pesticide industry a newfound leverage 
point to “seek and obtain correction of” scientific evidence with 
which they disagreed” (Hornstein, 2007, p. 1569). In the case of 
atrazine, a November 2000 report released by the EPA’s Safety Factor 
Committee recommended the full 10-X margin of safety because 
of evidence indicating atrazine could be linked to neuroendocrine 
and reproductive disruptions. From 2002-2003, Syngenta (one of 
the primary manufacturers of atrazine), the Kansas Corn Growers 
Association, and the Triazine Network, utilized the DQA to pressure 
the EPA to relax the margin of safety down to 3-X, citing results of 



19

new studies sponsored by Syngenta. The EPA’s Scientific Advisory 
Panel met to reevaluate the safety of atrazine in response to the 
regulatory reduction, and found that sufficient evidence existed to 
warrant concern but did not seek to re-raise the margin of safety. 
Instead, the panel chose to postpone additional evaluations until 2007, 
but later budget cuts ensured that the margin of safety for atrazine 
remained unaltered (Hornstein, 2007, p. 1570-1573).

Removing Atrazine from Drinking Water

 Atrazine is one of the most frequently detected environmental 
contaminants in the world (Jablonowski, Schäffer, & Burauel, 2011). 
In a study of drinking water treatment plants (DWTP) conducted 
by Benotti et al. (2009), atrazine was detected in the source and 
finished water of almost all surveyed facilities, even those far 
removed from agricultural areas. As such, its removal is a significant 
concern for DWTPs. 
 In a simulation of traditional DWTP processes, atrazine and 
48 other endocrine disrupting compounds were subjected to 
chemical precipitation, chlorination, ozonation, and flocculation and 
sedimentation using a powdered activated carbon (PAC) slurry. Each 
test was applied to spiked sample waters from four different sources, 
three from actual DWTP influents and one model water. Chemical 
precipitation processes using lime, alum, and iron did not remove a 
statistically significant amount of atrazine, greater than 20%, from 
any sample. Both chlorine and ozone oxidative processes returned 
poor results, at roughly 20% and 50% respectively. Finally, the only 
process that managed to remove a significant amount of atrazine was 
PAC. PAC tests were simulated at 1, 5, and 20 mg/L for four hours. 
Only treatments of 20 mg/L or greater managed to remove >90% 
of atrazine. Despite such significant removals, there is no standard 
PAC implementation to ensure maximum removal at all DWTPs. 
Traditional PAC process typically utilize concentrations of 1 to 2 
mg/L for taste and odor control, with contact periods ranging from 0.5 
to 5 hours. Furthermore, additional studies have shown that the PAC 
removal efficiency is dependent on other source water characteristics, 
such as organic content and pH (Westerhoff, Yoon, Snyder, & Wert, 
2005; Lazorko-Connon & Achari, 2009).
 Alternative atrazine removal methods include nanofiltration, 
reverse osmosis, advanced oxidation, and organo-zeolites. Several 
studies of membrane-based nanofiltration processes have shown 
positive results for atrazine removal, with reductions as low as the 
EU standard of 1 μg/L. In the case of reverse osmosis, the success of 
the process was highly dependent on the type of membrane used and 
source water concentration of atrazine. Individual studies of advanced 
oxidation processes and removal via organo-zeolites also showed 
positive results, however these studies have yet to be replicated at the 
municipal level due to cost (Lazorko-Connon & Achari, 2009).
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Phytoremediation of Atrazine

 The following plants are capable of degrading, stabilizing, or 
removing atrazine.

Table 2.1 
Plant Species Status Method of 

Phytoremediation 
Source 

Lolium multiflorum 
Ryegrass 

Introduced: 
Lower 48 & Alaska 

Phytodegradation 
(Soil) 

Merini, Bobillo, 
Cuadrado, Corach, & 
Giulietti, 2009 

Iris pseudacorus 
Pale Yellow Iris 
 

Introduced: 
Lower 48 

Phytodegradation 
(Water) 

Wang, Zhang, Li, & 
Xiao, 2012 
McKinlay, & Kasperek, 
1998 

Lythrum salicara 
Purple Loosestrife 
 

Introduced: 
Lower 48 

Phytodegradation 
(Water) 

Wang, Zhang, Li, & 
Xiao, 2012 

Acorus calamus 
Sweet Flag 
 

Introduced: 
Lower 48 

Phytodegradation 
(Water) 

Wang, Zhang, Li, & 
Xiao, 2012 

Juncus effuses 
Common Rush 
 
 

Native: 
Lower 48 & Alaska 

Rhizofiltration 
(Water) 

Bouldin, Farris, Moore, 
Smith, & Cooper, 2006 

Ceratophyllum 
demersum 
Hornwort 

Native: 
Lower 48 & Alaska 

Phytodegradation  
(Water) 

Rice, Anderson, & 
Coats, 1997 
Rupassara, Larson, 
Sims, & Marley, 2002 

Elodea Canadensis 
Canadian Waterweed 

Native:  
Lower 48 
Introduced: 
Alaska 

Phytodegradation  
(Water) 

Rice, Anderson, & 
Coats, 1997 

Panicum virgatum 
Switchgrass 
 
 
 
 

Native: 
Lower 48 

Phytodegradation 
(Soil, Water) 

Murphy, & Coats, 2011 
Khrunyk, Schiewer, 
Carstens, Hu, & Coats, 
2017 

Andropogon gerardii 
Big Bluestem 
 
 

Native: 
Lower 48 

Rhizofiltration 
(Water) 

Khrunyk, Schiewer, 
Carstens, Hu, & Coats, 
2017 

Fesuca 
Fescue 
 

Native & Introduced: 
Lower 48 & Alaska 

Phytoextraction 
(Soil) 
 
 

Willey, 2007 

Typha latifolia 
Cattail 
 

Native: 
Lower 48 & Alaska 
Introduced: Hawaii 

Rhizodegradation 
(Water) 

McKinlay, & Kasperek, 
1998 
Moore, Tyler, & Locke, 
2013 

Typha latifolia 
Cattail 
 

Native: 
Lower 48 & Alaska 
Introduced: Hawaii 

Rhizodegradation 
(Water) 

McKinlay, & Kasperek, 
1998 
Moore, Tyler, & Locke, 
2013 
Moore, Locke, & 
Kröger, 2017 

Phragmites australis 
Common Reed 
 

Native & Introduced: 
Lower 48 
Introduced: Alaska 

Rhizodegradation 
(Water) 

McKinlay, & Kasperek, 
1998 

Populus [deltoides × 
nigra] 
Poplar hybrid 

Native: 
Lower 48 

Phytodegradation 
(Soil) 

Burkin & Schnoor, 
1997 

Leersia oryzoides 
Cutgrass 

Native: 
Lower 48 

Rhizofiltration 
(Water) 

Moore, Tyler, & Locke, 
2013 
Moore, Locke, & 
Kröger, 2017 

 
 Many other plant species are tolerant of atrazine, and in some 
cases capable of degradation. However, plants that were classified as 
invasive or frequently used as a food source were excluded from this 
review. Plant residency status was determined using the United States 
Department of Agriculture Natural Resources Conservation Service 
Plants Database (USDA).
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2.8 ANATOMY AND GROWTH OF SELECTED PLANTS

 Plants chosen for use in this study are listed below in Table 2, and 
were chosen based on availability in the state of Texas, growth cycle, 
maximum height, root depth, and atrazine removal rates. The removal 
rates were calculated from the results of the studies cited in Table 1. 
All growth estimates were sourced from Department of Agriculture 
Natural Resources Conservation Service Plants Database (USDA).

Table 2.2 
Plant Species Growth Cycle Atrazine Removal 

(per day) 
Maximum Height 

(estimated) 
Root Depth 
(estimated) 

Lolium 
multiflorum 
Ryegrass 

Perennial 2.86% 3’ 6’ 

Acorus 
calamus 
Sweet Flag 
 

Perennial 3.09% 4’ 4” 

Panicum 
virgatum 
Switchgrass 
 

Perennial 14.14% 4’ 4’ 

Typha latifolia 
Cattail 
 

Perennial 5% 10’ 3’ 

Leersia 
oryzoides 
Cutgrass 

Perennial 6.43% 5’ 6” 

 

Italian Ryegrass, Lolium multiflorum 

 Italian ryegrass is a highly adaptable perennial grass that grows 
across the United States. The plants have a bunchy form, with 
numerous long, narrow, stiff leaves near the base of the plant. The 
under surfaces of leaves are bright, glossy, and smooth. Flowering 
stems are nearly naked, and the seeds have bristles.
 This species prefers milder climates with dark rich soils, and can 
tolerate fairly wet soils. Mature plants can grow up to 2-3’ in height, 
with roots reaching as deep as 6’. Germinating from seeds, plants 
grow in bunches, and can tolerate medium planting densities. (25 lbs  
per acre) (USDA Natural Resources Conservation Service, 2002a

Figure 2.2 Lolium multiflorum
(Douglas, Straley, Meidinger, & 
Pojar, 1998a, p. 197)
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Sweet Flag, Acorus calamus

 Sweet flag, also known as calamus, is a perennial marshland 
herb. The erect, sharp-pointed, sword-shaped leaves fan-out from a 
pinkish base and grow to 5 feet in length. The flower stem, or scape, 
arises from the base of the outer leaves. Sweet flag has thick, creeping 
rhizomes with brownish exteriors and white, fleshy interiors that do 
not extend more than 6” deep. 
 This species prefers full sun and wet soils and/or shallow waters. 
Although capable of propagation by root, seed, or plant, new plants 
prefer spacing of at least 12” apart. (USDA Natural Resources 
Conservation Service, 2002b)

Figure 2.3 Acorus americanus
(Douglas, Straley, Meidinger, & 
Pojar, 1998b, p. 6)

Switchgrass, Panicum virgatum

 Switchgrass is a perennial grass native to all of the United States 
except California. Growing to heights from 3-5’, switchgrass can be 
distinguished from other warm-season grasses, even when plants are 
young, by the white patch of hair at the point where the leaf attaches 
to the stem. The stem is round and usually has a reddish tint, and the 
roots can grow as deep as 4’ depending on the soil profile. 
 Switchgrass is capable of growth in a variety of environments, 
shallow or deep soils, dry to poorly drained, and sandy to clay earth. 
Germinating from seeds, switchgrass tolerates light to medium 
planting densities. (10 lbs per acre) (USDA Natural Resources 
Conservation Service, 2002c)

Figure 2.4 Panicum virgatum
(Warrick, n.d.)
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Cattail, Typha latifolia

 Also known as bulrushes or cat o’nine tails, cattails are a 
perennial marshland herb. With long, slender green stalks topped 
with brown, fluffy, sausage-shaped flowering heads, cattails can grow 
to 10’ in height. The spike is green when fresh, becoming brown as 
it matures. These plants are rhizomatous and colonial, with roots 
extending 3’ into the ground.
 Cattails are always found in or near water, and can tolerate 
fluctuating water levels during flood cycles. New plants germinate 
from seeds or bare rootstocks, but a preferred planting density is not 
known. (USDA Natural Resources Conservation Service, 2002d)

Figure 2.5 Typha latifolia
(Douglas, Straley, Meidinger, & 
Pojar, 1998a, p. 323)

Rice Cutgrass, Leersia oryzoides

 Also known as sickle grass, rice cutgrass is a perennial cool 
season grass. Spreading by scaly, shallow underground roots (<1’) 
rice cutgrass often forms dense colonies. The stalks are upright to 
sprawling, velvety at the nodes (joints), and can reach heights of 5’. 
Leaf blades are yellow-green in color, with a coarse or rough upper 
surface lined with tiny teeth. The seed hull is covered with minute 
bristles that readily cling to clothing or fur for dispersal.
 Rice cutgrass can be found in areas ranging from full sun to 
shade, but prefer to grow along streams, ponds, and marshes. Capable 
of growing in standing water, rice cutgrass prefers high levels of 
moisture and can tolerate seasonal flooding. When germinated from 
seeds, rice cutgrass prefers a lighter planting density of 1 lb per acre.
(USDA Natural Resources Conservation Service, 2002e)

Figure 2.6 Leersia oryzoides
(Douglas, Straley, Meidinger, & 
Pojar, 1998a, p. 189)
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2.9 HYDROPONIC GARDENING

 Hydroponics, or the technique of growing plants without soil 
(Jones, 2005, p. 2), has been around for centuries. Even with the 
earliest examples dating back to the Hanging Gardens of Babylon 
(~600 BC), hydroponics was not officially explored as a horticultural 
science until the mid 19th century, with studies performed by Jean 
Boussingault, F. Salm-Horstmar, Julius von Sachs, and W. Knop 
(Sholto, 1976, p. 24-25). After WWII, in which hydroponically 
grown vegetables were used to supplement soldiers diets in the 
western Pacific, the practice of hydroponic gardening steadily grew 
to commercial levels as it was recognized as a valuable venture for 
the growth of crops and flowers (Jones, 2005, p. 3). With its growing 
popularity, the practice of hydroponics expanded to include several 
different growing techniques. 

Methods of Hydroponic Gardening

 In traditional hydroponic systems, all variables are closely 
monitored for the purpose of producing high crop yields. At a general 
level, plants of various sizes are placed into containers, with or 
without a soilless growing media, such as gravel, sand, perlite, peat 
moss, coir, or sawdust, and exposed to a nutrient solution. In an ‘open’ 
system, nutrient solution flows past the container and is discarded, 
whereas a ‘closed’ system reuses unabsorbed solution. Depending on 
the bed design and the experience of the grower, sensors and pumps 
may be incorporated into the system to automatically regulate the 
flow and composition of nutrients (Jones, 2005, p. 117-121). Within 
hydroponics, there are four different system cultures that include 
water or solution, sand, aggregate, and miscellaneous. Each varies in 
suitability according to climate and geography (Sholto, 1976, p. 45).

 Water or Solution Culture. Within water/solution culture, there 
are six different approaches to growing. These include jar, continuous 
flow, drip, Swiss, wicks, and Gericke methods. No matter the method, 
all water/solution cultures require water or solution, air space 
between the plant and water/solution, a soilless support substrate, 
and a container. Water or solution can be used in this application. 
Solution contains nutrients pre-mixed into water, while water culture 
requires supplementation. The jar and continuous flow methods 
both utilize vessels filled with water or solution, and require regular 
forced aeration. These methods submerge all but the top portions of 
plant roots. Drip and wick methods provide continuous moisture to 
the plant, but these systems do not require aeration, as the roots are 
not completely submerged in water/solution. The Swiss and Gericke 
methods are both modified versions of the jar. The Swiss method 
uses an egg-shaped vessel and a wire mesh grid house and support 
the plant. The vessel allows the plant to grow through the top of the 
removable lid, while the roots descend through the wire grid into the 
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water/solution. The Gericke method is generally used at a larger scale, 
requiring basins or tanks outfitted with wire mesh. The plants are 
supported by the wire, which is covered by several inches of soilless 
substrate to prevent light from reaching the water/solution. Aeration is 
controlled by adjusting the water/solution level to leave sufficient air 
space between the surface and the wire support, or by artificial means 
(pumps) (Sholto, 1976, p. 45-48).

 Sand culture. In many ways, sand culture is very similar to 
water/solution culture. Instead of being constantly exposed to water 
or solution, plants are supported by or grown directly in sand. These 
methods include surface watering, New Jersey, wick, drip, continuous 
flow, modified slop, and dry. The wick, drip, and continuous flow 
methods are nearly identical to those described previously, except 
water or solution is introduced to the sand media rather than the plant 
roots. The surface watering method utilizes beds or pots containing 
sand, with water or solution application occurring several times a 
day directly to the surface of the sand. Free drainage is permitted, 
therefore making this approach best for outdoor installations. The 
New Jersey method mirrors surface watering, except all drainage 
is collected and the containers are fitted with clear lids to prevent 
influence from natural elements. The modified slop method is 
similar to both the surface watering and New Jersey methods, except 
water/solution is regularly pumped through the sand substrate. This 
method has the most free liquid of all the approaches. Finally, the 
dry application method entails the sprinkling of dry nutrient media 
directly to the sand beds, followed by watering to ensure saturation 
(Sholto, 1976, p. 48-50).

 Aggregate culture. Aggregate culture has proved to be 
advantageous for commercial ventures, and was the method of choice 
for the US Armed Forces pilot mentioned earlier. Aggregate may 
include gravel, cinders, broken bricks, plastics, vermiculite, and 
more. Methods include sub-irrigation, flume, bucket and gravity-feed, 
compressed air, Bengal, and vermiculite. The sub-irrigation method 
utilizes large troughs filled with aggregate that are periodically 
flooded and drained. In this method, containers may cascade or tilt 
so that solution or water flows across and through the substrate. The 
movement of solution or water in this manner provides sufficient 
aeration for the plants because of the natural ebb and flow of the 
liquid. The flume method relies on the same principle as sub-
irrigation, except water or solution travels down a flume and branches 
off to reach several containers at once. The bucket and feed method 
operates identically to the drip method mentioned earlier, except at a 
larger scale. A bucket of water or solution is filled and raised above 
the bed, connected by a hose. Once empty, the same bucket is lowered 
below the bed to allow drainage from the same hose. The compressed 
air design utilizes air compressors to drive water or solution up from 
large containers into plant beds, with drainage occurring via gravity. 
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The Bengal method is a large scale, automated version of the dry 
application method, utilizing pumps to flush long lasting dry nutrients 
and salts into the aggregate bed. Lastly, the vermiculite method 
utilizes its moisture-retention properties to provide long lasting 
moisture to systems in arid regions, and can be paired with either sub-
irrigation or slop culture methods depending on climate (Sholto, 1976, 
p. 50-52).

 Miscellaneous techniques. In addition to the growing techniques 
already outlined, several additional methods exist for specific growth 
goals, plants, and environments. A few of these methods include 
germination nets, hanging baskets, floating rafts, sprouting cabinets, 
grass incubators, bags, nutrient films, and aeroponics. Germination 
nets utilize paraffin wax-coated mosquito netting to sprout seeds 
without substrate. The seeds rest on the wax surface, which allows 
exposure to both the water/solution container below and air. The 
hanging basket method, which is thought to be the method preferred 
by the Babylonians, uses hanging baskets filled with substrate that 
are periodically dipped into water/solution and allowed to drain 
by gravity. The floating raft method uses some sort of inflatable or 
buoyant material to float a bed over a large body over water. The 
raft is perforated to allow plant roots to grow into the water, while 
a suitable growing medium is spread over the top for support and 
nutrient retention. Sprouting cabinets act as large scale germination 
nets, except rows of trays filled with newspaper or matting are kept 
constantly moist in order to propagate enough sprouts to meet larger 
demands. Grass incubators operate similarly, except all functions 
are automated to maximize crop yield. The bag method is similar 
to surface watering, except a bag is used in place of a rigid-walled 
container. The nutrient film technique uses a synthetic sheeting called 
butylite. The butylite is folded to create a tube, with pockets for roots 
to feed from. Water/solution moves along the material and is recycled, 
creating a zero-waste system that requires no substrate or containers. 
The aeroponic method utilizes vaporized water /solution to support 
plant growth. Vapor passes through tubing, in which holes are cut to 
support plants. In this method, stems protrude normally, allowing for 
easy harvest (Sholto, 1976, p. 52-57).
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CHAPTER 3: DESIGN DEVELOPMENT

Hydroponic and Aquaponic System Design

 As outlined in the previous chapter, hydroponic and aquaponic 
system designs share a similar structure. A container houses plants, 
either in water or in a soilless media, through which a nutrient solution 
is circulated. All external variables, including temperature, humidity, 
and lighting may be controlled by the gardener. 
 In the context of this study, deep water culture (DWC) is 
especially pertinent. DWC designs vary according to reservoir size, 
but the largest utilize expanded polystyrene foam sheets with slots for 
multiple small plants (Table 3). These ‘rafts,’ as they are called in the 
industry, are susceptible to compression and crumbling with age and 
use, and often act as breeding grounds for mold and algae.

   
 

3.1 PRECEDENTS

Figure 3.1. Beaver Plastics Figure 3.2. Perpetual Food Co

Figure 3.5. GLFURN

Figure 3.3. Greenlife Aquaponics

Figure 3.6. The “DIYFigure 3.4. Greenlife Aquaponics
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Table 3.1 

Product Weight Dimensions Cost Material 

Figure 1 

Beaver Plastics 

Deep Water Culture Raft 

1.2 lbs 25” x 49” x 2” $21.95 EPS; 

Food-safe 

Figure 2 

Perpetual Food Co. 

Floats 

Unknown 2’ x 2’ or 

2’ x 4’ 

$18 EPS; 

Food-safe 

Figure 3 

Greenlife Aquaponics 

Raft 

4 lbs 2’ x 4’ x 1”, 

¾” plugs 

$30 EPS; 

Food-safe 

Figure 4 

Greenlife Aquaponics 

Floating Seedling Tray 

2 lbs Unknown $22 EPS; 

Food-safe 

Figure 5 

GLFURN  

Aquaponic Interlocking 

Raft System 

Unknown 500 mm x 500 

mm 

$25 Unknown 

Figure 6 

The “DIY” 

2.7– 7.55 lbs 4’ x 8’, 

variable 

thickness 

$12.58 – 

$36.73 

Extruded 

Polystyrene 

Rigid Foam 

 
 The majority of these rafts are made from expanded polystyrene 
foam (EPF), a white thermoset plastic that traps air within its volume. 
EPF is produced when polystyrene pellets are expanded using a high 
temperature steam chamber, which allows trapped pentane gas to 
escape and air to inflate the pellets up to 40x larger than the original 
size. The inflated beads are deposited in a mold and steam-fused into 
shape. The beads may be molded into a specific shape, or formed into 
a stock that is further processed to create a final form. The density of 
the final product is determined by the amount of beads in the mold; 
more beads produces a denser foam and vice versa (Hoss, 2003). 
Foam insulation board, which is used in the “DIY” method, is also 
made of polystyrene, but is extruded to produce a closed cell foam 
with material properties better suited for insulating purposes (Oz, 
LLC, 2013).
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Existing Floating Raft Designs

 In the practice of wastewater and effluent remediation, there are 
many floating raft product precedents. These rafts are manufactured 
out of a variety of materials, including closed cell foams, recycled 
and raw plastic waste, molded virgin plastics, natural plant substrates, 
meshes or grates, and in some cases plastic pipes. 

XPS Insulation Foam

 Inspired by small-scale research studies, some rafts are made 
from XPS foam sheets. While this material is suitable in the context 
of a highly controlled laboratory environment, it is prone to crumbling 
and cracking when left outdoors. 

Cost: $12.58 – $36.73 depending on thickness

Figure 3.7. Owens Corning 
Foamular Sheet

BioHaven Matrix

Produced from filament generated from PET bottle waste, the 
BioHaven Matrix promotes maximized surface area for microbial 
support. PET, however, is not naturally buoyant or UV resistant, so 
the entire matrix requires a secondary urethane coating to increase 
longevity.

Cost: ~$29 per sq. foot

Figures 3.8 and 3.9. BioHaven 
Matrix Detail & Installation
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PhytoLinks

 Molded from HDPE, PhytoLinks are UV resistant and 
environmentally inert. The form is designed to hold sheets of sod or 
compressed natural substrate to support plant growth, but requires 
supplemental foam pieces to be lashed underneath each unit to 
provide buoyancy.

Cost: Unknown

Figures 3.10 and 3.11. 
PhytoLinks Raft & Pilot

BeeMats

 Unlike other rafts, BeeMats are manufactured from sheets of 
EVA foam. This material has buoyant properties, but is incapable of 
sustaining large quantities weight due to its flexible nature. To connect 
mats together, the jigsaw-like pattern around the edges assists users in 
aligning pieces, but requires rigid plastic parts to ensure a longlasting 
connection.  

Cost: Unknown

Figures 3.12 and 3.13. BeeMats 
Unit & Install
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Aqua BioFilter

 Specific construction information regarding the materials used 
for Aqua BioFilter rafts could not be located, however the company 
states coconut coir is the primary substrate used. Analysis of various 
product images clearly show this material, along with pipe-like 
material around the perimeter and/or foam sheets in the interior to 
provide buoyancy.

Cost: Unknown 

Figures 3.14 and 3.15. Aqua 
BioFilter Rafts 

F.I. Australasia

 Floating islands from F.I. Australasia utilize a plastic lumber 
frame that supports a fabric mesh. This mesh contains EPS beads, 
natural substrates, and plant nutrient beads to facilitate plant growth. 
While the beads are extremely buoyant, their inevitable release into 
the environment over time is harmful to the native fish, fowl, and 
other wildlife that may be present in an aquatic ecosystem.

Cost: Unknown. Figure 3.16. Small Raft

The “DIY”

While the “do-it-yourself” versions of the floating raft precedents 
are the most versatile, these designs are prone to be defective and 
less durable than their manufactured counterparts. Materials used 
range from plastic bottle waste, as shown, to lashed PVC pipe topped 
with mulch and plants. Generally, these designs require increased 
maintenance and monitoring to ensure degradation does not occur 
prematurely.

Cost: Variable.   

Figure 3.17. Upcycled Bottle 
Island
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Human Factors Analysis of Existing Raft Design

 The previous review of existing raft designs covered seven 
different products and materials. In the study of existing treatment 
pilots, however, BioHaven Matrix stood at the forefront as the market 
leader. Thus, their rafts will be used for the following analysis of 
human factors considerations.
 Using a pilot study as an example, such as the Education Village 
Floating Raft project in Clearlake, TX, three rafts were installed in 
a Clear Creek Independent School District storm water detention 
basin by a team of 72 student volunteers. Each raft covered 80 ft2, 
with dimensions of approximately 7.5’ W x 10.7’ L x 8” H. Based 
on product specifications provided by BioHaven, each raft weighed 
approximately 160 lbs and featured roughly 160 planting holes with 4” 
diameters each (Edwards, M, 2013a, b; Martin Ecosystems, 2017).
From a human factors perspective, the utilization of any raft system 
follows a similar workload pattern. The initial installation period 
requires the most amount of work, and as the system ages the amount 
of work decreases to regular maintenance. As a result, the installation 
period is the primary focus of this study because it presents the 
highest workload and stress potential. Due to the modular nature 
of raft system solutions and the similarities between traditional 
gardening activities, areas of stress can be identified, studied, and 
mitigated with future designs. These stressors include repetitive 
motion, posture, weight (load), and time (Kelly-Begazo, 2013).
 A review of footage and a photo album of the Clearlake pilot 
installation revealed a task analysis that included carrying, planting, 
deploying, and anchoring (Figures 3.18-3.21) (AgriLifeVideo, 
2014; Texas Coastal Watershed Program, 2013). Each raft weights 
approximately 160 lbs, and was carried by at least 5 volunteers. 
A survey of the installation area using Google Maps showed an 
approximate carrying distance of 325 feet, from trailer to the bank of 
the basin. It is not known how long it took the volunteers to carry the 
unit, but the task was repeated three times (once for each raft unit). 
Planting generally required 6 volunteers per raft. Each raft unit has 
approximately 160 holes for plants, and it took each person roughly 5 
seconds to plant a single plant. To fully plant the raft, each volunteer 
would be planting for 2 minutes and 10 seconds without stopping, 
and assuming all plants were in the reachable vicinity of all the 
volunteers. Deploying required four volunteers to push the raft unit, 
while four additional volunteers maneuvered two canoes with tethers 
to transport the rafts to the middle of the basin. It is not known how 
long it took the volunteers to successfully deploy the raft, nor how 
much weight was added to each unit after the addition of plants, but 
the rafts travelled approximately 10-20 feet according to Google Maps 
data. Finally, the canoe teams and two additional volunteers wearing 
waders anchored the rafts in the center of the basin. Very little 
information was available regarding the anchoring process. 
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Figure 3.18 Carrying Figure 3.19 Planting 

 

  

Figure 3.20 Deploying Figure 3.21 Anchoring 

Figures 3.18-3.21 Volunteers Performing the Tasks of Installation 

  Without any subjective workload information, such as NASA 
Task Load Index or Borg Rating of Perceived Exertion Scale values, 
precise workload impacts cannot be calculated. Instead, the objective 
data collected from this review will serve as a baseline for ergonomic 
improvement for later chapters.
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Biomimicry

 In nature, many precedents exist for flotation. A review of 
biological strategies revealed flotation occurs as a result of trapped air 
or through the use of hydrophobic substances such as fat or oil. 
Figure 3.22 illustrates one example of the trapped air mechanism, as 
utilized by bull kelp to enhance photosynthesis. These floats, called 
pneumatocysts, may form intermittently throughout the plant mass, 
or the plant may generate one larger float near the center of the plant. 
The gas trapped within the bulb is often a mixture of oxygen, carbon 
dioxide, and nitrogen. (Ralevski, 2013)
 In Figure 3.23, the violet snail combines both flotation 
mechanisms in the creation of its bubble raft. The snail uses its mobile 
foot to generate air bubbles, which are trapped inside secreted mucus, 
to keep it near the water’s surface while it hunts for its prey. (Ask 
Nature Team, 2016a) 

Figure 3.22. Bull kelp uses 
gas-filled floats to stay near the 
surface. (Handler, n.d., Image 
borrowed from Getty Images 
under Fair Use.)

Figure 3.23. Violet snails create 
rafts with air bubbles.
(Riek, n.d., Image borrowed 
from National Geographic under 
Fair Use.)

 While floating, many animals have adopted methods to remain 
connected to their companions despite wind, waves, or currents in the 
water body. As shown in Figure 3.24, adult otters will link paws when 
floating on their backs to prevent separation when they fall asleep 
(Carmichael, 2012). Humans who engage in recreational river floating 
in inner tubes have exhibited a similar behavior to ensure all members 
of a party stay together. 
 Fire ants employ a mechanical connection, mandible-to-leg, to 
create ‘rafts’ during major flood events (Tovey, 2017). The ‘raft’ floats 
due to the hydrophobicity created by air trapped between the ants, 
similar to how the microscopic hairs of water striders and mosquitos 
allow them to use surface tension to remain on top of water (Turpin, 
1998).
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Figure 3.24. Otters hold hands 
when sleeping. (Eckert, 2003, 
Image borrowed from Flickr 
under Fair Use.)

Figure 3.25. Fire ants form 
large rafts during flood events. 
(Ratchford, 2012, Image 
borrowed from Flickr under 
Fair Use.)

Figure 3.26. Bees regularly 
construct hexagonal honeycomb 
matrices for honey storage and 
larval growth. (Bound, 2010, 
Image borrowed from Associated 
Press under Fair Use.)

Figure 3.27. The shape of uterine 
muscle fibers allow for expansion 
and contraction. (Jpogi, 2007, 
Image borrowed from Wikimedia 
under Fair Use.)

 Finally, there are many natural precedents for the maximization 
and expansion of surface area. Bees figured out long ago that 
hexagonal shapes “tile(s) a plane with minimal boundaries,” 
(Chamberland, 2015) thus maximizing the use of an area while 
remaining resource conservative. This concept has already been 
adopted by the packaging and shipping industries to maximize 
product shipment efficiencies, and by architects and designers alike in 
the creation of modular products. 
 The uterus of most mammals is capable of ten-fold expansion, 
courtesy of a layer of spiral-shaped muscle fibers located in the middle 
of three muscle layers. This allows the organ to expand in response to 
a growing fetus without bursting, and makes it possible for the muscle 
to return to a similar size after birth (Ask Nature Team, 2016b).
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Watercraft Design

 Boats and other watercraft are designed for the flotation and 
transport of individuals and cargo across bodies of water. While the 
reason behind the use of water-based transport can vary from personal 
to professional, all watercraft are designed with directional movement, 
speed, and weight in mind. 
 All boats utilize Archimedes’ principle to float, as it is the 
physical law of buoyancy. It states, “any body completely or partially 
submerged in a fluid (gas or liquid) at rest is acted upon by an upward, 
or buoyant, force the magnitude of which is equal to the weight of 
the fluid displaced by the body. The volume of displaced fluid is 
equivalent to the volume of an object fully immersed in a fluid or to 
that fraction of the volume below the surface for an object partially 
submerged in a liquid…if the weight of an object is less than that 
of the displaced fluid, the object rises… an object heavier than the 
amount of the fluid it displaces, though it sinks when released, has 
an apparent weight loss equal to the weight of the fluid displaced… 
the buoyant force, which always opposes gravity, is nevertheless 
caused by gravity. Fluid pressure increases with depth because of 
the (gravitational) weight of the fluid above. This increasing pressure 
applies a force on a submerged object that increases with depth. The 
result is buoyancy” (The Editors of Encyclopædia Britannica, n.d.). 
 The bottom of a boat is referred to as the hull. The shape of the 
hull determines stability, maneuverability, and smoothness of ride. As 
a result of these factors, hull type and shape varies according to the 
primary function of the designed vessel. 

 Boats with a planing hull, which is more triangular when sliced 
cross-sectionally, are designed to glide on the water’s surface at high 
speeds. Pontoon hulls create lift and stability using voids of trapped 
air that are equally distributed beneath a platform. Displacement hulls 
are designed to maximize the amount of water that is displaced when 
the boat is in motion, and is often used on larger boats. 
 Hulls with round bottom shapes, like canoes, are generally less 
stable and tend to ‘roll’ with waves. (See the Displacement Hull 
Illustration) This tendency makes them difficult to load, enter, and 
exit without great care. Flat bottom hull shapes are more commonly 
seen on boats that operate in smooth, slow waters, as they become 
increasingly unstable as water roughness increases. Deep ‘V’ bottom 
shapes combine the desirable traits of the two previous shapes, 
higher travelling speeds in rough waters and greater ride smoothness. 
Finally, a multi-chine hull shape, commonly used for catamarans, are 
the most stable of the hull shapes but are also difficult to maneuver 
(BOATsmart!, n.d.).



37

   

   

Figures 3.28-3.33. Different hull types and shapes determine stability, maneuverability, and ride 

smoothness. 

(BOATsmart!, n.d., Images borrowed from BOATsmart! under Fair Use.) 

 

 In the context of designing a floating raft for plants, pontoon 
hull boat designs are the most relevant precedent as the air voids are 
independent from the primary platform. This allows the platform to 
be perforated without compromising the buoyancy of the watercraft. 
Furthermore, the volume of the air trapped within each pontoon 
can be customized to support variable weights and increase overall 
stability. 
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 Interviews with 10 hydroponics and/or aquaponics practitioners 
were conducted to reveal general design preferences, identify common 
mistakes and challenges, determine necessary components, discover 
similar projects, and speculate where potential problems may arise. 
The participants in this phase ranged in experience from four months 
to nearly thirty years, and included both hobbyists and hydroponics 
and/or aquaponics supply shop owners. 
 In terms of general design preferences, half of these individuals 
recommended indoor systems for areas with higher average humidity 
such as Houston, coupled with a dehumidifier for greater control. 
Two out of the ten participants did not specify a system location, but 
recommended the implementation of a system design that utilized 
less water, such as drip, wick, or flood and drain. The remaining 
participants indicated they did not know, or that the choice of crop 
had more of an influence on system design rather than environmental 
conditions.
 When asked to identify common mistakes with any system 
design, all participants listed multiple issues. The most mentioned 
mistake was the failure to plan out their system design in a way that 
facilitates easy operations and allows for eventual system expansion. 
Maintaining the correct pH levels, nutrient concentrations, and overall 
cleanliness were tied for the second most mentioned mistake. Finally, 
failure to insulate the system from light and heat, which are precursors 
to algal growth, were also tied equally for third most mentioned. Not 
surprisingly, these participants identified similar challenges in the 
design of a floating garden. Algae prevention and overall cleanliness 
was the most discussed challenge, followed by establishing adequate 
water circulation in the reservoir. Planning for growth/plant size, 
light pollution prevention, maintaining pH balance, and temperature 
regulation were the next most significant challenges, while root rot 
and overall system cost were listed as the lowest ranking challenges. 
 Surprisingly, each participant interpreted the request to identify 
‘necessary’ system components in a different way. For a floating 
system, the only product that had anything close to a consensus from 
all participants was a container or bucket to hold the water. The next 
most important components included an air pump or airstone and 
nutrient solutions. All other components, such as timers, pH meter/
calibrator, TDS meter, sensors, substrate media, enzymes, sanitizer, 
lights, fans, dehumidifiers, and even plants and water, were only listed 
by one or two participants. 
 When asked to recall similar projects in installed outdoors, 
for remediation purposes, and/or for commercial use, nearly 
all participants were familiar with outdoor system designs and 
commercial production models. Seven out of ten participants stated 
that any system design could be installed outdoors, but that certain 
variables would be harder to control. Additionally, at least half of the 

3.2 PHASE 1 INTERVIEWS
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respondents had personal work experience with commercial models, 
either for food crop or marijuana production. Only two out of ten 
respondents were aware of systems used specifically for pollution 
cleanup, and both stated the programs they were familiar with 
targeted soil, not water. In spite of these responses, however, the same 
participants also suggested the Principal Investigator to look into at 
least four different water-centered phytoremediation programs as 
precedents for a design solution. 
 Finally, when asked to speculate where potential problems might 
arise with a system dependent entirely on a natural, surface water 
source, nearly half of the participants could not identify a specific 
concern, but rather expressed a general uncertainty for the project 
as a whole. Two out of ten participants expressed concerns that 
sufficient nutrients would not be present, or would be variable, and 
that contaminants and/or native wildlife would damage the system. 
One respondent suggested that some plants may suffer as a result of 
overexposure to natural light or inadequate aeration, while another 
stated the design solution itself could be damaging to the natural 
environment because of supplemental nutrients or enzymes. 

 When designing for the installation of a floating raft system in 
a surface water body, several variables must be considered. First, 
outdoor conditions, and the inherent variability of this environment, 
will have a significant impact on the plants chosen for a raft system. 
These units will be placed in areas that vary from full sun to partial 
shade, with average wind speeds that range from zero to twenty-five 
miles per hour. The surface water bodies will vary in depth, anywhere 
from one foot to forty feet deep or greater, and may have a current of 
varying intensity depending on the flow of the water. The rate of flow, 
also known as hydraulic retention time, within the water body will 
also have an impact on the effectiveness of the floating raft solution 
overall. 
 The conditions of each specific environment will need to 
be rigorously studied to determine if a floating raft system is an 
appropriate solution for contaminant removal. Furthermore, the design 
of the system should take every step to ensure no damage is caused by 
the solution. Potential examples of this may include; obstructing too 
much of the water’s surface and choking out the natural ecosystem, 
introducing an invasive or noxious plant into an environment in 
which it does not belong, or using materials that release additional 
contaminants into the water system as a result of exposure to foreign 
elements or UV light. 

3.3 ENVIRONMENT
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 After extensively reviewing the aforementioned precedents, the 
following areas of opportunity have been identified;

 Improve the usability of a raft system through the consideration of 
 human factors variables.

 Identify stress and/or strain associated with installation and 
 maintenance through a careful task analysis.

 Reduce the amount of required labor to a level that is manageable 
 by one to two people. 

 Maximize manufacturing efficiencies in terms of material 
 selection, cost, and shipping.

 Enhance raft features to incorporate an integrated connector.

 Design out the need for a supportive, soilless substrate.

 Utilize product features to discourage destructive behaviors from 
 native wildlife.

 Develop a solution that supports a variety of plant life. 

3.4 OPPORTUNITIES
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CHAPTER 4: DESIGN SOLUTION

Figure 4.1 Single Raft Unit Prototype with Cattail and Switchgrass Plants

4.1 CONCEPT
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 The goal of this project was to develop a design solution that 
combined key aspects of boat design, biomimicry, and human 
factors considerations with hydroponic growing. As such, the design 
considerations for this solution are loosely categorized into four areas.

 Hull shape and hydroponics. From the boat design research 
mentioned in Chapter 3, it is clear that the unpredictable nature of 
the outdoor environment requires the raft to have a hull shape that is 
stable, maneuverable, and resistant to flipping. In order for the plants 
to grow, however, the raft itself must be perforated to facilitate direct 
interaction with the water. With these considerations in mind, the 
hybrid pontoon-multi-chine hull was created. As shown in Figure 
4.2, a section view of the raft reveals an undulating surface caused 
by the areas of trapped air within the unit. This shape combines the 
functional appearances of flat bottom, multi-chine, and pontoon 
style hulls to provide stability and maneuverability without limiting 
buoyancy. 

4.2 CONSIDERATIONS

Figure 4.2. Section View of Raft Concept
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 Buoyancy, pontoons, and support media. A rough estimation 

of plant growth over the course of 10-15 years indicated that each raft 

should be capable of supporting 60 lbs of weight without sinking. 

Based on the buoyancy calculations discussed in later chapters, this 

numeric restriction determines exactly how much trapped air the 

pontoons should contain. To prevent tipping or listing in the event 

of pontoon damage, multiple pontoons of equal size were utilized 

in this design, along with a hollow bumper around the perimeter of 

the unit. The proximity and configuration of the pontoons, however, 
was intended to eliminate the need for supportive substrates. These 

substrates, which are commonly used in hydroponic growing, 

would contribute a significant amount of weight to the units, and 
would become unnecessary as the plants grew over time. (See 

Figure 4.1) Finally, the shape of each pontoon was designed to 

reduce stress during the manufacturing process. After discussing 

prototyping strategies with Barry of Thermo-Mold in Houston, TX, 

it was revealed that pontoons that were smaller in size and closer 

together would place significant strain on the plastic during forming. 
Additionally, biomimetic research into structure and strength revealed 

the oblate shape, utilized by sea urchins, distributes stress evenly 

over the surface and therefore reduces the likelihood of cracking or 

breaking. (Ask Nature Team, 2014) Thus, the larger, flatter dome-like 
protrusion was developed.

Figure 4.3 Top View of Raft Concept
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 Raft shape, connection areas, and configurations. To support 
installation in surface water bodies of all shapes and sizes, the 
raft shape, connection points, and potential configurations were 
carefully considered. Initial biomimicry research indicated that 
hexagonal forms would utilize a surface area most efficiently, thus 
inspiring the creation of a diamond-shaped raft with two connection 
points. (Three diamonds create a hexagon.) This was later found to 
be disadvantageous, as preventing sunlight from reaching a large 
portion of the water’s surface created ‘dead zones,’ where existing 
aquatic life and vegetation would find it difficult to grow. Instead, 
the ‘true’ diamond shape was modified into an oblong form to 
purposefully introduce gaps to preserve the natural ecosystem. 
This form introduced other biomimetic properties, such as strength, 
without compromising the original intention for connections and 
configurations. By only providing connections at two points, users 
aren’t required to think as much about the strategic arrangement of the 
rafts prior to install. Two connection points facilitates configurations 
such as chains, clusters, and flowers, but reduces the need for 
additional connectors and the overall risk of mechanical malfunction.

Figure 4.4 Connection Configuration Examples

 Human factors considerations. Each of these design decisions 
were also made with careful consideration of human factors. The 
overall raft size was limited to 2’ x 4’ in order to be manageable 
by a single person, and has an empty weight of roughly 10 lbs. The 
pontoon arrangement and bumper profile work together to provide a 
myriad of comfortable gripping options for individuals of all sizes, 
while the hull shape provides a stable, slightly elevated planting 
surface that slides easily into the water. Finally, the connection zones 
and bumper profile create a perimeter that is easy to manage during 
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Figure 4.5 Raft Form Supports Comfortable Interaction

the connection and anchoring processes. 
 Compared to the original human factors guidelines outlined in 
Chapter 3, this raft design is lighter than the BioHaven Matrix by 0.41 
lbs/ft2, is manageable by one person, and 2x greater planting capacity 
of roughly 4 plants per square foot (compared to BioHaven’s 2 plants 
per square foot). User testing in Chapter 5 will discuss the workloads 
associated with the tasks outlined in the original review.

 To survive in the outdoor environment for approximately 10-
15 years, the material of this raft must be durable and long lasting. 
For these reasons, High Density Polyethylene (HDPE) with a UV 
inhibitor was chosen to produce this product. HDPE is a non-toxic 
thermoplastic with excellent impact resistance and high tensile 
strength. HDPE is best suited for applications where low moisture 
absorption and chemical and corrosion resistance properties are 
required (M, 2013).
 While the use of a bioplastic or other eco-material would closer 
align with the values of this researcher and the approach of the 
project, HDPE was chosen due to its ability to be recycled in the 
current waste management system. At this time, waste processing 
infrastructure is not equipped to process alternative plastics, 
many of which require industrial composting to degrade, and as 
a result, the products that utilize them end up incinerated or in a 
landfill. Currently, manufacturer organized collection programs, or 

4.2.1 MATERIAL SELECTION
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 To produce a product containing trapped air, rotational molding 
was chosen as the manufacturing process. Rotational molding, “also 
known as rotomolding or rotocast, is a thermoplastic process for 
producing hollow parts by placing powder or liquid resin into a hollow 
mold and then rotating that tool bi-axially in an oven until the resin 
melts and coats the inside of the mold cavity” (Plastic Professionals, 
2017). Rotationally molded parts can range in size from small 
children’s toys to large agricultural storage tanks. Compared to other 
thermoforming techniques, rotational molding is low cost, suitable 
for low production runs, produces minimal waste, and generates 
parts with a uniform wall thickness (Equistar, 1999). Common 
rotomolded materials include polyethylene, polyvinylchloride, nylon, 
polycarbonate, and polypropylene (Association of Rotational Molders 
International, 2010).

4.2.2 MANUFACTURING

 In order to ensure this design would not sink, buoyancy 
calculations and “The Pontoon Effect” were heavily considered. 
Buoyancy is the upward force exerted on an object by a fluid, in this 
case, water. The two variables that are linked to buoyancy are volume 
and displacement force of the object, in this case, the raft. This 
relationship is illustrated below:

 When the displacement force is equal to or greater than the mass 
of the raft and the load it carries, the raft will float. If the displacement 
force is less than the mass of the raft and its load, the entire unit 
will sink. “The Pontoon Effect” adds additional considerations into 
these calculations, as it details what happens when a vessel shifts and 
places the entire mass of the vessel across a single, or few pontoons. 
A single pontoon is incapable of supporting the entire mass of the 
vessel, resulting in capsizing. To combat this effect, pontoons must 
be designed so that each one supports the majority of the mass of the 
vessel, or distributed across the vessel in a way that no single pontoon 
is ever required to support the mass independently of the other 
pontoons (Hall, 2013). The latter of these approaches is the method 
of choice for this concept, as the volume of trapped air is distributed 
evenly across the body of the vessel. In the current configuration, this 
concept is capable of sustaining up to 60 lbs per unit total weight, as 
an individual unit contains 0.96 ft3 of trapped air in accordance with 
the formula illustrated above.

4.2.3 “THE PONTOON EFFECT”

Volume (of trapped air) X Fluid Density (Fresh water is 62.428 lbs/ft3) = Displacement

extremely passionate consumers, are the only way a biodegradable 
material might be properly processed. For this reason, the researcher 
purposefully chose not to utilize a bioplastic or eco-material, until 
such time when waste processing infrastructure can properly handle 
environmentally friendly materials (Szaky, 2017).
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 In order to validate the solution developed in Chapter 4, a short 
study was conducted. During this test, 30 participants were asked 
to complete a two-part test with raft prototypes in an outdoor, pond 
environment and answer questions about workload, ease of use, and 
security. Each subject was video-recorded for the duration of the test 
to ensure adequate observational data collection. Subjects participated 
in the test one at a time for 20-45 minutes, and provided consent prior 
to participating. To facilitate testing, the Principal Investigator created 
6 rafts, 2 full size and 4 ¼ size, from extruded polystyrene foam using 
a CNC mill, paint, and pond-safe sealant. Permission was acquired 
from the University of Houston Director of Facilities, Jerry Bogna, to 
use the Meditation Pond adjacent to the Gerald D. Hines College of 
Architecture and Design for the duration of the test. 
 The first portion of the test required participants to complete a 
series of activities identified previously to be important steps in a task 
analysis. These tasks included carrying a raft for a short distance, 
planting a raft with two types of plants, and deploying the planted 
raft in a body of water. After each task, participants were asked to 
answer six questions using the NASA Task Load Index (NASA TLX) 
application for iPads. (Appendix B) NASA TLX measures the degree 
to which the following six factors contribute to the overall workload 
of a specific task:

 Mental Demand: How mentally demanding was the task?

 Physical Demand: How physically demanding was the task?

 Temporal Demand: How hurried or rushed was the pace of the 
 task?

 Performance: How successful were you in accomplishing what 
 you were asked to do?

 Effort: How hard did you have to work to accomplish your level of 
 performance?

 Frustration: How insecure, discouraged, irritated, stressed, and 
 annoyed were you?

 The second portion of the test required participants to join 
together multiple rafts into different configurations using three 
different styles of connectors. Connector A was a double-ended 
steel carabiner, Connector B was a rubber-coated industrial twist-

CHAPTER 5: VALIDATION

5.1 PHASE 2 USER TESTING
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tie, and Connector C was a 72” polyester strap with a backpack clip 
on each end, as shown in Figure 5.1. After establishing connections 
with each type of connector, participants were asked to complete a 
morphological study form that included questions targeting ease of 
use, security, intuition, and strain using Google Forms on an iPad. 

   

Connector A Connector B Connector C 

Figure 5.1 Image of Connector Styles used in User Testing (Not to scale) 

(The Home Depot, n.d. a & b, Images borrowed from HomeDepot.com under Fair Use.) 

  The goals of this test were to identify areas where participants 
experienced difficulty in completing tasks (Physical Load), uncertainty 
regarding execution (Mental Load), and to compare participant 
comments against the amount of time taken to complete tasks and the 
observations of the Principal Investigator. With this information, the 
Principal Investigator sought to improve the individual raft so that 
implementation of an entire system at a large scale would be efficient 
and place minimal loads on the user, especially when compared to the 
raft precedent discussed in Chapter 3. 

 The first portion of testing targeted carrying, planting, and 
deploying. Participants were asked to complete each task and answer 
six NASA Task Load Index questions.

Carrying 

Of all the tasks performed, participants across the board identified 
carrying (and deploying) as the easiest task they were asked to 
complete. On average, participants took 17 seconds to assess the 
model, pick it up, and carry it approximately 50’ across a grassy area. 
In terms of grip, 19 participants chose to grab the raft on the bumper, 

5.2 ANALYSIS
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9 chose to grab on the connection point(s), and the remaining 2 
grabbed using a combination of the two. In the commentary recorded 
by the Principal Investigator, the participants who grabbed using 
the connection points described the areas as ‘handles,’ and thus felt 
compelled to use them as gripping areas.

Figure 5.2 Grip Confusion Diagram
Blue represents connection zones, which were confused as handles. 
Red represents the intended gripping area.
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Bumper Style 1: Platter Bumper Style 2: 

Briefcase 

 

Bumper Style 3: Lateral Bumper Style 4: Platter, 

Sideways 

   

Bumper Style 5: Vertical Bumper Style 6: Surfboard 

 

Bumper Style 7: Briefcase,  

Two-Handed 

 

    

“Handle” Style 1: Platter “Handle” Style 2: Drag “Handle” Style 3: 

Vertical 

“Handle” Style 4: Lateral 

Figure 5.3 Styles of Carrying, Listed by Location and Frequency 

 

 Throughout the testing period, the 30 participants adopted 11 
distinct styles of carrying, as illustrated in the images below.
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Planting 

 By far, planting was the longest portion of the test. Participants 
spent an average of 3 minutes and 5 seconds to plant the raft to 
varying degrees of fullness, with the longest participant using just 
over 9 minutes to execute the task. Commentary pertaining to this 
task was all very similar, as the majority of participants expressed 
uncertainty regarding the correct way to install the plants. Eight out 
of thirty participants attempted to thread the individual roots of each 
plant through the perforation holes of the raft so that the plants might 
reach the water. In all but four instances, participants quickly realized 
the intended method of planting by interacting with the model, and 
were able to complete the task relatively quickly. One participant 
chose to deploy the empty raft and plant while the unit was floating, 
while the remaining 29 planted on land. During the planting process, 
16 participants remained stationary and adjusted the raft to reach 
empty areas, while the other 14 participants repositioned themselves 
around the raft in order to reach. In terms of posture, the majority 
of participants adopted a kneeling position (20 participants), while 
the others chose to squat (7 participants) or bend over at the hip (3 
participants), as shown below. 

   

Posture 1: Kneel Posture 2: Squat Posture 3: Bent Over 

Figure 5.4 Postures of Planting 

 

Deploying 

 As mentioned earlier, deploying was frequently described as 
one of the easiest tasks in the test. On average, participants took 9 
seconds to position themselves and deploy the raft into the pond. 
Due to the restrictions of use for the Meditation Pond, the deployed 
raft was connected to a safety anchor on the bank at all times. This 
precaution, combined with the generally calm nature of the pond 
environment, limited the raft’s ability to travel to less than 5 feet 
from the site of launch. 
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 To execute the task, participants adopted a combination of 
postures and behaviors. The three primary postures used included 
squatting (11 participants), kneeling (14 participants), and bending 
over at the hip (5 participants). As shown in the images below, six 
distinct methods of deployment were utilized.

NASA TLX Scores

 Quantitative data associated with each task reveals the weighted 
value of six factors on the overall load of each task. The weight 
of each factor was established through a pairwise comparison 
of Mental Demand, Physical Demand, Temporal Demand, 
Performance, Effort, and Frustration, and was used to adjust the 
user-reported value after the completion of each task. Thus, the 
factors deemed most important in the creation of the workload value 
are given more weight in the calculation of the overall workload 
score. In Appendix D, scatterplots of the values of each weighted 
factor, as reported by the thirty participants can be found for 
referential purposes, while the average weighted values shown in 
Figure 5.6 will be used throughout this analysis. 

   

Method 1: Slide Method 2: Pick Up and Place Method 3: Slide and Push 

Combination 

   

Method 4: Pick Up, Place, and 

Slide Combination 

Method 5: Throw Method 6: Push 

 
Figure 5.5 Methods of Deployment, Listed in Order of Frequency 
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Figure 5.6 Overall and Average Workload Scores for Carrying, 
Planting, and Deploying



54

 The assessment of workload of each of the three tasks revealed 
relatively low scores. Carrying was rated an overall load score 
of 14/100, with Physical Demand, Effort, and Temporal Demand 
being the highest weighted values at 5, 4, and 3 points (out of 15) 
respectively. Planting was rated an overall load score of 32/100, with 
a similar value ranking of Physical Demand, Effort, and Performance 
weighted at 5, 4, and 2 respectively. Finally, Deploying was rated an 
overall score of 13/100, with Physical Demand, Effort, and Frustration 
weighted at 5, 4, and 3 respectively.
 Carrying presented the second highest Physical Demand, with 
a weighted score of 90 points. This value can be attributed to the 
participant’s perception of the task as being physically demanding, 
as it required the individual to pick up and maintain a stable hold on 
a raft unit while walking across a natural surface. Effort returned a 
weighted score of 51 points, which is the lowest value for this factor 
out of the three tasks. In this instance, Effort was verbally described 
as easy by many participants, however the duration of the task 
itself may contribute to the higher score, as evidenced by Temporal 
Demand. With a weighted score of 40 points, Temporal Demand was 
rated the second highest factor of the three tasks. Even though the 
participants completed the task in approximately 17 seconds, each 
individual may have felt pressured to traverse the distance between 
the starting and ending points as quickly as possible, which would 
account for the increased value of this factor. It is worth noting that 
Performance returned a weighted score of zero for this task due to 
the individual valuation of the factor’s importance in the comparative 
portion of the survey. This may be attributed to the instructions 
administered by the Principal Investigator at the beginning of the 
study, which encouraged each individuals to interact with the model 
in whatever way was intuitive to them and that there was no ‘right’ or 
‘wrong’ way to execute the tasks. 
 Planting presented the highest weighted value for Physical 
Demand with a score of 157. While the task itself was not overly 
complex, the physical act of placing each plant into a secure position 
was a slower process (comparatively) for most users. Furthermore, as 
the plants began to show signs of stress over the course of this study 
(wilting, discoloration, and physical damage), later participants had to 
spend slightly more time to secure each plant. Effort also returned the 
highest weighted value out of the three tasks with a score of 131. This 
can be attributed to the combination of physical and mental demand 
associated with the task of figuring out and executing an unfamiliar 
behavior with minimal instruction. Finally, Performance also returned 
the highest weighted value of the study with a score of 69. Described 
by NASA as perceived success or failure at the task, this rating is 
directly connected to the participants’ general feeling of uncertainty 
regarding the correct use of the raft and/or the physical act of planting 
itself.
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 Deploying presented the lowest weighted value for Physical 
Demand out of all the tasks with a score of 79. A significant influence 
on this rating may be the average time for completion, which clocked 
in at only 9 seconds for this task. Additionally, the lack of supportive 
substrate significantly reduced the weight of the planted raft unit, 
making it easier to slide into the water with minimal exertion. Effort 
returned the second highest weighted value of the study with a score 
of 57. Like Carrying, Deploying was described in the participant 
commentary as being ‘very easy,’ however many participants 
expressed verbal concern regarding unintentional damage caused 
to the plants and the model, while others adopted a physical posture 
and facial expression that indicated the task was being executed with 
great concentration and care. Finally, Frustration was ranked at the 
second highest weighted value for this test with a score of 28. While 
still a relatively low value, this score may be attributed to participant 
insecurity or stress due to the unknown buoyancy of the prototype 
and a lack of confidence in the security of the plants. 
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Table 5.1 Functional Attributes of Connectors 

Connector Material Connection 

Type 

Length Flexibility Dexterity Possible 

Configurations 

A Stainless Steel Clip 4.5” Rigid One-handed 

Operation 

1-1; 

Chain 

Cluster 

Flower 

B Rubber-coated 

Metal Wire 

Twist-

tension 

18” Semi-Rigid Two-handed 

Operation 

1-1; 1-1-1; 

Chain 

Cluster 

Flower 

C Nylon 

Strapping 

Parachute 

Buckle 

72” Strap, 

2” Buckle 

Pliable Two-handed 

Operation 

Up to 6 at a 

time; 

Cluster 

Flower 

 The second portion of testing experimented with the process of 
identifying and executing interlocking configurations of multiple 
rafts. Participants were asked to utilize 2-6 raft units to create the 
configuration that seemed most intuitive to them using three different 
styles of connector. While each connector (Figure 5.1) is already 
a functional, designed object, the Principal Investigator sought to 
utilize the feedback from a morphological survey and participant 
commentary to identify the desirable functional attributes, outlined 
in Table 5.1, that would facilitate easy connection, deployment, and 
maintenance at a larger scale.

 

Figure 5.8 Configuration Arrangements Executed by Participants 
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Figure 5.7 Borg Rating of Perceived Exertion Scale Diagram 

(US Department of Health and Human Services, n.d., Image screenshotted from CDC.gov under 

Fair Use.) 

 The morphological study sought to identify participant perception 
of Ease of Use, Perceived Strength, Intuition, and Overall Level 
of Exertion using the Borg Rating of Perceived Exertion scale. 
Participants rated the first three qualities on a scale of 1 to 5, with 
1 representing easy and 5 as hard for Ease of Use and Intuition. For 
Perceived Strength, 1 represented low confidence and 5 represented 
high confidence in the connection. The Borg scale uses a numerical 
range of 6 to 20, as described in the diagram below.
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Connector A 

 The stainless steel carabiner was most frequently described as 
the first choice pick of the participant population. The morphological 
survey (Appendix B) revealed an average Ease of Use rating of 
1.47, Perceived Strength rating of 4.37, and an Intuition rating of 
1.8, making it the ‘easiest,’ ‘strongest,’ and ‘most intuitive’ of all the 
connectors in the test. On the Borg scale, participants rated their 
overall exertion at an average level of 8.55, which is slightly less 
than Very Light, or less strenuous than walking at your desired pace. 
When asked why Connector A was perceived as superior, participants 
cited the functional attributes of the clip connection type, stainless 
steel material, the length, rigidity, and the ability to operate with one 
hand. In terms of subjective characteristics, this connector was also 
frequently described as “familiar” and “fun.” 
 In spite of these rankings, preference for Connector A was not 
unanimous. Some participants ranked this connector as their second 
or last choice pick, citing high costs, too much freedom of movement, 
limited workspace and creativity, and high potential environmental 
impact caused by a lost unit. 
 The observational data collected by the Principal Investigator 
revealed that on average, participants utilized 5 units to complete 
this portion of the test, and used roughly 1 minute and 45 seconds to 
mentally plan, execute, and deploy their configurations into the pond. 
Participants were not given any instruction regarding this portion of 
the test, other than to at least connect to the unit they had previously 
planted and deployed. With this guideline, 4 participants chose to 
execute the connection process on the water, 14 chose to use land, 
and 12 used a combination of land and water to complete the task. 
For configurations, participants utilized three of the arrangements 
illustrated in Figure 5.8; Modified Chain, Chain, and Cluster. From 
the Principal Investigator’s perspective, those who executed a 
Modified Chain on land only seemed to have the most difficult time 
with deployment. 

Connector B 

 The rubber-coated twist tie was met with polarized feedback 
from the participants. Individuals either absolutely hated or loved the 
functional attributes of this style. The morphological survey revealed 
the lowest scores across the board, with an average Ease of Use rating 
of 3, Perceived Strength rating of 2.7, and an Intuition rating of 2.87. 
On the Borg scale, participants rated their overall exertion at 10.5, 
the second highest ranking, which falls right in the middle of Very 
Light and Light exertion values. For those that preferred Connector 
B, participants reported the twist-tension connection type, semi-rigid 
flexibility, and rubberized coating material as desirable attributes. In 
terms of subjective characteristics, this connector was described as 
highly conducive to creativity. 
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 Participants who disliked Connector B felt this style was 
unsecure, vulnerable to human error and laziness, difficult to 
shape, and contributed to raft overlap. Many commented that each 
connection was executed differently as a result of the malleability of 
the internal wire, and that the overall length of the connector made the 
connection process tedious when repeated multiple times.  
 The observational data collected by the Principal Investigator 
revealed that on average, participants also utilized 5 units to complete 
this portion of the test, and used roughly 2 minutes and 18 seconds 
to mentally plan, execute, and deploy their configurations into the 
pond. During execution, 4 participants worked on the water, 17 chose 
land, and 9 used a combination of land and water to complete the 
task. For configurations, participants utilized five of the arrangements 
illustrated in Figure 5.8; Modified Chain, Chain, Cluster, Flower, 
and Forced Sides. Forced Sides was a unique outcome specific to 
Connector B, as participants threaded the connector through the 
perforation holes of the raft to create configurations using areas 
other than the connection points. During deployment, the Principal 
Investigator observed that individuals who utilized the malleability of 
the connector to eliminate all freedom of movement at the connection 
point had an easier time deploying a group of rafts into the water. 

Connector C 

 The nylon strap with a parachute buckle also garnered a variety of 
feedback. Some individuals believed it to be equivalent to Connector 
A in terms of the surveyed qualities, while others felt it was superior 
or inferior for different reasons. The morphological survey revealed 
median scores, with an average Ease of Use rating of 2.37, Perceived 
Strength rating of 3.77, and an Intuition rating of 2.57. Surprisingly, 
participants rated their overall exertion on the Borg scale at the 
highest reported level of 10.68, which leans in the direction of a Light 
exertion value. For those that preferred Connector C, participants 
reported the pliable flexibility level, efficiency in the execution of 
different configurations, adjustability of the parachute buckle, and 
nylon strapping material as desirable attributes. In terms of subjective 
characteristics, this connector was described as “beautiful” and “fast.” 
 Participants who disliked Connector C felt this style stifled 
creativity in developing configurations, caused overlap among the raft 
units, and had too much freedom of movement. Many commented that 
while the connector was easy to attach to the raft units, deploying a 
larger configuration from land was extremely difficult. Additionally, 
participants that used 6 units in their configuration reported difficulty 
with reaching the center of the configuration as the number of units 
increased, unless they stood in the center void and physically jumped 
out upon completion. 
  The observational data collected by the Principal Investigator 
revealed that on average, participants also utilized all 6 units to 
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complete this portion of the test, and used roughly 1 minute and 31 
seconds to mentally plan, execute, and deploy their configurations 
into the pond. During execution, 5 participants worked on the 
water, 18 chose land, and 7 used a combination of land and water to 
complete the task. For configurations, participants utilized two of the 
arrangements illustrated in Figure 5.7; Cluster and Flower. From the 
Principal Investigator’s perspective, participants who executed their 
configuration on the water by deploying and connecting rafts one 
at a time were more effective at the task. These individuals utilized 
Connector C as both the connector and as a secondary anchor, which 
they would hold on to with one hand while deploying individual rafts 
with the other. Similar in nature to beading, individuals who utilized 
this method more frequently produced a configuration that was not 
tangled or contained overlapping units. 

Summary

 The data collected from the first portion of the test revealed 
the raft prototype has a relatively low workload score, but can be 
improved in some areas. From analysis of the carrying task, it was 
clear that there was some confusion among participants regarding the 
intended function of the connection point as either a connection point, 
a handle, or both. This led to several participants gripping the model 
in ways that were not reported as comfortable, and were observed to 
cause unnecessary twisting of the spine and hyperextension of the 
elbow in many instances. To remedy this, the second iteration of this 
design should clearly designate the connection zones as such in order 
to encourage future users to interact with the raft in ways that are less 
demanding. (See Figure 5.2) From analysis of the planting task data, 
many users expressed uncertainty regarding the intended method 
of plant installation. To reduce the effort and increase the perceived 
performance associated with this task, the second raft iteration should 
incorporate a few modifications. First, to reduce the impacts on effort 
and performance, the planting zones between the pontoons should 
be slightly recessed or cup shaped to indicate placement and better 
support the existing plant roots. The shape of the perforation holes 
should be changed from circular to a more linear, dash-like form to 
inhibit threading of the roots. Finally, creating variation in the heights 
of the pontoons to encourage a certain planting order may reduce the 
frustration, physical demand, and temporal demand associated with 
planting and re-planting areas due to accidental dislocation of plants. 
From analysis of the deploying task, it was clear that many users 
were frustrated or concerned that the plants were unable to reach the 
water upon deployment. To reduce this load contributor and increase 
perceived performance, the buoyancy of the second raft iteration 
should be adjusted so that the planted zones reside in the water at all 
times. This would be further supported by the previously mentioned 
modifications of the planting zones. 
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 The data collected from the second portion of the test revealed a 
connector designed for this application should possess a combination 
of the functional attributes of Connectors A, B, and C. Like A, the 
connection function should be familiar and facilitate use with one 
hand. The final connector design should also minimize movement 
at the connection point and possess adjustable length characteristics 
like B. Additionally, the connector design should quickly integrate 
with the connection point on the raft and facilitate a variety of 
configurations like C. 
 Surprisingly, none of the participants commented on the buoyancy 
of the individual connector units, although the Principal Investigator 
believes this to be an important functional attribute for water-related 
products. Finally, the final connector design should also encompass 
the subjective characteristics of perceived security, familiarity, and 
creativity in configuration. 



62



63

 The pontoon shape was modified to provide greater plant support, 
while the bumper was adjusted so that the plants could more easily 
reach the water. Small indentions mark each planting zone to reduce 
uncertainty regarding installation.

CHAPTER 6: DISCUSSION

6.1 DESIGN REVISIONS

Figure 6.1 Comparative Diagram of Original Versus Revised Raft Design 

Original Design Revised Design 

  

 

  

  The perforation holes were reduced in size and transformed from 
a circular to a capsule profile to prevent users from attempting to 
thread plant roots through the raft unit.
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  The connection point-handle confusion was determined to be not 
entirely detrimental. To support less awkward postures and grips, 
however, an additional raised “grip” was added on the long sides of 
the raft to encourage diversified carrying behavior.

Figure 6.2 Rendering of a Flower Configuration of the Revised Raft in Context.

Revised Concept
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6.3 SOURCE OF INNOVATION

 For this project, multiple innovations were adopted and 
implemented as a result of carefully considered research. A review of 
existing products revealed manufacturing methods that produced end-
products that are heavy, oversized, and/or require extensive assembly. 
By utilizing rotational molding at a smaller scale, the rafts provide a 
solution that is manageable by one person, capable of supporting 60 
lbs, and does not require a traditional soilless media. 
 Of all the thermoplastic processes used for manufacturing, 
rotational molding is one of the lower cost methods used for creating 
hollow parts (Fibertech, Inc, 2017). Calculations of material cost 
estimated $12 per unit ($1.95/ft2), using Chevron Phillips Marlex® 
HMN TR-945G HDPE. Unlike the BioHaven Matrix precedent 
discussed in Chapter 3, this HDPE is UV resistant, recyclable, and 
supports integrated buoyancy through encapsulated air pockets rather 
than a secondary material application. 

6.2 VALUE PROPOSITION

 In the absence of financial market data, a comparative feature 
analysis of this raft design versus the precedent BioHaven Matrix is 
featured below in Table 6.1.

Table 6.1 

Product Weight 

(lb/ft2) 

Volume Installers 

Needed  

Material  Planting 

Density 

Substrate 

Needed? 

Thesis Raft 1.6 24” x 48” x 5” 

Single Unit 

1 person UV Resistant 

HDPE 

4 plants/ft2 No 

Biohaven 

Matrix 

2 90” x 128” x 8” 

Clearlake Unit 

4-5 people PET filament 

w/Polyurethane 

Foam Coating 

2 plants/ft2 Yes 

 

 In terms of transportation efficiency, the BioHaven Matrix 
requires the use of a large freight truck due to a fixed internal skeleton 
installed by the company. As a result, a standard 40’ freight trailer 
can contain 33 BioHaven Matrix units versus 486 of the proposed 
rafts. This translates to a potential treatment surface area of 2640 ft2 
(Biohaven) versus 3052 ft2 (Thesis Raft) in a single shipment.
 This thesis serves to provide insight into the further development 
and manufacturing of biomimetic solutions for large-scale 
implementation. By integrating user-centric testing procedures 
into the product development phase, treatments like floating 
phytoremediation raft systems are transformed from simply being 
effective remedies to desirable solutions. 
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6.4 LIMITATIONS OF STUDY

 The limitations of this study are loosely categorized into issues 
with study design and gaps in knowledge. Due to the duration 
and time of this study, sample sizes, plant health, and prototype 
development were all affected. The study sample size was limited 
to 30 individuals of varying backgrounds to interact with the 
product prototype. Of these individuals, the majority of the recruited 
participants were students of the Gerald D. Hines College of 
Architecture and Design. This can be attributed to the Principal 
Investigator’s relationship to the college as a graduate industrial 
design student, and the proximity of the school to the study test site. 
Furthermore, unexpected setbacks in the execution schedule for the 
study prevented the recruitment of a larger body of test subjects. 
 At the time the study was being prepared and conducted, seasonal 
weather changes were frequent and fluctuating in the Houston area, 
which sent the Cattail and Switchgrass plants into winter dormancy. 
While this is a normal part of the plant growth cycle, especially 
for perennials, the plants themselves acquired a brown, crinkly 
appearance typical of plants that have died. Additionally, the repeated 
transplanting from the pond test site to soil-filled containers by the 
30 participants caused significant stress to the plants themselves that 
altered their appearance and overall health over the course of the 
study. 
 To develop a prototype with which to conduct the study, the 
Principal Investigator isolated primary and secondary design 
considerations from an extensive review of product precedents. The 
primary design considerations addressed in this study were raft 
design, stability, use of substrate, size and maneuverability, weight, 
and packing efficiency. These considerations were extensively 
discussed in Section 4.2. The secondary design considerations for this 
prototype were the physical appearance and functionality of the raft-
to-raft connector and anchoring system. As explored and proposed as 
a result of the morphological study, a connector should be developed 
that is unique to this context. Time limitations, however, prevented the 
first round of development from occurring prior to completion of the 
project. Due to limitations of use set forth by the administrator of the 
study site, anchoring was not explored. A continuation of this study 
might install rafts in a variety of settings in order to develop both 
features in ways that would be most useful to users. 
 To execute the study, the Principal Investigator produced 6 models 
out of extruded polystyrene foam, rather than HDPE. The six models 
included two full size rafts for use in the first portion of testing, 
and four ¼ size rafts to supplement during the second. As a result 
of prototyping decisions, the weight and thickness of the prototype 
differs from the actual model. Additionally, the ¼ rafts were meant to 
be representative of full size units by providing additional connection 
options with which to conduct the test. Many users found the 
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instructions to treat the ¼ size units as though they were full size to 
be too difficult. Furthermore, the ¼ units did not behave similarly to 
the full size units, which may have influenced test results.
 In terms of knowledge gaps, the Principal Investigator chose 
to utilize the collective knowledge of the industrial design faculty 
to make the manufacturing determination of rotational molding. 
Lacking industry experience, the Principal Investigator sought to gain 
experience with plastics manufacturing through the development of 
this design project. To validate the collective knowledge of the faculty 
and gain insight from manufacturing professionals, the Principal 
Investigator also sought out informal interviews and speculative 
project quotes from thermoplastic processing facilities. 
 As identified in previous sections, the primary stages of a raft 
system lifespan include installation and maintenance. Projects of this 
nature are estimated to last at least 10-15 years, and will undoubtedly 
require regular maintenance. The short nature of the study timeline 
prevented the gathering of any insight into this stage of operational 
life. In the future, a longer study should be executed to study the 
tasks, strategies, and frequency of maintenance associated with 
system upkeep. Furthermore, all the case studies reviewed by the 
Principal Investigator utilized juvenile plants in the raft systems. 
While the Principal Investigator sought to reduce the workload 
associated with this task in a variety of ways, including eliminating 
the need for substrate, questions have been raised regarding the 
feasibility of deploying rafts impregnated with seeds. No precedent 
exists for a solution of this nature, and this study was not long enough 
to test this notion, as many of the plants used require several years 
to germinate. Within the design of the longitudinal study, provisions 
should be made to assess the validity of this approach as well.  
 In spite of these limitations, this study has contributed to 
the development of further biomimetic technologies by setting a 
precedent for considered human interaction and improved solution 
design through the use of established manufacturing methods.

6.5 FUTURE OPPORTUNITIES

 The potential for future opportunities for a project of this nature 
is large. As reviewed in the previous chapters, cities, private and 
public land stewards, and concerned citizens are all making efforts 
to clean up contaminated waters. Those that are able to implement 
phytoremediation programs, with the support of horticultural 
advisors, may introduce this raft system to address a multitude of 
surface water contaminants, not just atrazine. Such a project would 
have the potential to slightly alleviate the burden of treatment from 
municipalities, revitalize damaged ecosystems, restore habitats for 
native wildlife, and improve undesirable and/or unusable areas. 
 In areas plagued with persistent surface water contaminants, 
either in industrialized societies or under-developed countries, raft-
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based phytoremediation treatment systems offer a low cost solution to 
improve water quality and reduce public health risk over time.
 More immediately, however, efforts should be made to address 
the limitations identified in this study. The raft, connector, and 
anchor concepts should all be further developed through additional 
rounds of iteration and testing. Furthermore, a longitudinal study 
should be conducted to determine if the plants are capable of growing 
and flourishing in the raft units without soil, and to what extent 
they are capable of removing atrazine in the uncontrolled, outdoor 
environment.
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 Although the field is ripe with opportunity for further research, this 
thesis concludes with a review of research and practice. To understand 
the issue of the water contamination, one must first understand the 
design, implementation, and difficulties facing water systems today. 
As global, national, and local precedents indicate, no single solution 
will adequately remedy America’s contaminated waters. Outside of the 
established system of treatment and distribution, opportunity presents 
itself in the consumer market for pre- and post-treatment solutions. Due 
to an existing interest in biology and ecosystem health, the Principal 
Investigator sought to contribute to the improvement of source waters 
with a low impact solution. 
 Phytoremediation presented itself as a biological solution to an 
industrial problem. To varying degrees, plant species have adapted 
to absorb, transform, and otherwise stabilize or remove foreign 
contaminants, like atrazine, from the environment. Many studies have 
been conducted by municipalities, Superfund site administrators, 
and the EPA to assess the viability of phytoremediation as a passive 
treatment technology, and found it to be effective in a variety of 
applications. To impact drinking water, the Principal Investigator 
extensively analyzed floating garden precedents in wastewater 
remediation to inform the development and improvement of a raft-
based solution. 

 As a result of this study, the Principal Investigator identified 
primary and secondary design considerations to improve human 
interaction with floating phytoremediation solutions. These 
considerations generated a human-centered solution that is low cost, 
requires minimal maintenance, can be managed by one person, 
and incorporates key influences from boat design, biomimicry, and 
hydroponic gardening.
 To validate this solution, the Principal Investigator engaged in 
user testing to identify areas of stress, strain, and confusion among 
a diverse pool of potential users. This experiment revealed several 
areas for future improvement in the raft concept, and provided a solid 
foundation on which to develop a unique connector concept during 
later development. 
 Upon completion of additional testing to address the limitations of 
this study, this floating raft concept may provide an effective solution 
in the improvement and maintenance of the quality of surface water. 
In the long term, the passive purification of what is increasingly 

CHAPTER 7: CONCLUSION
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becoming society’s primary source for drinking water would serve to 
decrease health impacts associated with incidences of contamination 
and support the preservation of natural resources, one system at a 
time.
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APPENDIX A: RESEARCH MATERIALS

Phase 1 Interview Questions

Name:

Years Experience with Hydroponics/Aquaponics:

Place of Work (if applicable):

Email or Phone Number:

1. Of all the hydroponic garden designs you are knowledgeable of, 
which would you deem most suitable for the climate of Houston? 
Why?

2. What are some common mistakes people make when designing a 
hydroponic system?

3. Are you familiar with any hydroponic designs intended for

- Outdoor use?

- Clean up of polluted waters or soils?

- Municipal or commercial use?

4. What are some of the challenges associated with designing a deep 
water culture (floating garden)?

5. What existing products do you believe would be necessary for 
individuals designing a floating system?

6. Of the chosen products, which do you believe work best and why? 
Feel free to include specific brands!

7. Do you believe it is possible to maintain a deep water culture 
(floating garden) using a natural water source, such as a river or pond? 
Please explain your thoughts with consideration for nutrient balance, 
aeration, and impact of exposure to natural elements.
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Phase 2 Task Load Index Screenshots
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Phase 2 Morphological Study

(Repeat 3x for Connectors A, B, and C)
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APPENDIX B: PROTOTYPE DEVELOPMENT
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APPENDIX C: CHARTS OF USER TESTING DATA

NASA TLX Scatterplots for Load Factors of Carrying
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NASA TLX Scatterplots for Load Factors of Planting
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NASA TLX Scatterplots for Load Factors of Deploying

   

   

 


