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Introduction

In 2013, Americans produced 254 million tons of waste, and of that waste only 87
million tons were recycled [1]. The rate of recycling and incentives to reclaim and
remanufacture consumer goods is on the rise, but even with this increase, everyday
consumer products (such as coffee makers and clothing) are bought, used, and discarded
of at the end of their useful life. All of the materials in these consumer products require
natural resources. Plastics require fossil fuel; metals require ore; and most materials
require large amounts of water to produce. There is a finite amount of all three of these
resources.

Not only are the resources required to make consumer products limited, but the processes
required to create, use, and dispose of consumer products produce a significant amount of
carbon dioxide (CO,). According to the Environmental Protection Agency (EPA), CO; is
the largest human contributor to greenhouse gas emissions [2], which is the leading cause
of climate change [3]-[6]. The average American household produces 48.5 tons of CO,
per year from travel, household electricity consumption, food, and consumer products

[7].

Consumer and business interest in sustainable design is increasing. In a survey conducted
on consumer interest 55% of consumers said they were willing to pay more for products
produced companies that have an emphasis on reducing their environmental impact [8].
Not only do consumers have an interest in sustainability but in a survey conducted on
practicing engineers 40% responded that they were ‘extremely interested’ in sustainable
causes [9].

With the combination of the continuing upward trend of population growth and
increasing affluence globally, the demand for consumer products will surge [10]-[12].
With decreasing resources and increasing demand for products on a global scale, we must
find a way to create consumer products that have a significantly reduced environmental
impact. The work that constitutes this thesis focuses on how to teach sustainability in
product design as part of an engineering curriculum, through the development of a
sustainable product design method taught in a graduate-level mechanical engineering
course. As such, the thesis statement this research seeks to prove is:

There is an opportunity to embed sustainability in engineering
education by advancing how graduate level mechanical engineering
students at Oregon State University learn about sustainability in
mechanical design, through adapting and combining material in
innovative product design and design for the environment during
concept generation.

For the purpose of this research sustainability is defined as “the development that meets
the needs of the present without compromising the ability of future generations to meet
their own needs” [10]. Sustainable products are defined as “products that provide



environmental, societal, and economic benefits while protecting social health and
welfare, and maintaining the environment over their full life cycle from raw materials,
extraction, and use, to eventual disposal and reuse” [13].

The following introductory material is divided into three sections: (1) Design Processes,
(2) Methods for Sustainable Design, and (3) Current State of Sustainable Product Design
at Oregon State.

(1) Design Processes

The product design process traditionally used and taught at Oregon State University is the
Ullman method for mechanical product design [14], which is outlined in Figure 1.

Product Discovery
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Project Planning

N

Product Definition
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Design

N

Product
Development
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Figure 1: Steps of Ullman Design Process [14]

The Ullman method is based on customer-centered design. The process starts with
product discovery and ends with product support. A list of customer requirements is
created, and from them, a measureable set of engineering specifications is generated. This
process can be adapted for most products but it is not specific to any type of design
method, such as design for manufacturing or design for sustainability.



Another product design method is in Cagan and Vogel’s book, Creating Breakthrough
Products [15]. This method is focused on creating innovative products that either create
new markets or redefine current markets; products that do this are considered to be high
value. High-value products are both high technology and high style [15], which is shown
on the positioning map of style versus technology in Figure 2.

High

STYLE

Q

Low High
TECHNOLOGY

Figure 2: Positioning Map of style versus technology. Cagan and Vogel believe that great products are value-driven
and driven toward the upper right corner of the map [15]

(2) Methods for Sustainable Design

There are tools to aid in sustainable product design. They range in their complexity, and
at what phase in the design process they can be used. Common sustainable design tools
are shown on the plot in Figure 3. The graph maps when in the design process each
sustainable design tool can be used, and how in-depth the method is.
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Figure 3: Graph of sustainable design tool complexity verses how defined the design must be in order to use the tool

[16]

All of these design tools have their benefits and their setbacks. Environmentally-
Conscious Quality Function Deployment (ECQFD) and the sustainable design guidelines
help to implement sustainable design considerations early in the design process, but
neither lead to a quantitative analysis of the environmental impact of a product (lower left
quadrant). Environmentally Responsible Product Assessment (ERPA) and the Simplified
LCA (SLCA) are quantitative methods that can be used earlier in the design process and
provide a more in depth analysis (origin of graph) but still require many design decisions
to be made prior to use. ERPA uses matrices to look at the impact of individual phases of
a product [17]. SLCA is a less-expensive LCA method that requires less input
information [18], [19]. ReCiPe (in the software GaBi) and Solidworks Sustainability are
both commonly used methods for product lifecycle analyses. They both require all design
decisions to be made, and these methods provide quantitative metrics for a product (right
side of graph). SimaPro is commercial software that includes various life-cycle
assessment methods (including CML, ReCiPe, and BEES) that requires a fully developed
design (upper right quadrant).

The most common means of determining the impacts of a product is Life Cycle Analysis
(LCA). LCA is used to access the environmental impacts of a product from cradle to
grave [20]. It identifies the opportunities to improve on the environmental impact of a
product, helps industry to make decisions, and contributes to marketing. An LCA consists
of four phases; goal and scope definition, inventory analysis, impact assessment, and
interpretation. These methods are widely used and provide information on the
environmental impact of a product, but LCA is performed retrospectively, is not a design
method, can be time consuming, and is not generally used to address the social or



economic impacts of a product (upper right quadrant) [20], [21].

The EI-99 Manual [21] was developed specifically for product design. The tool turns
LCA results into comparable values by using previously-collected data for the most
common materials and process. These numbers represent the total environmental load of
a product or process throughout its life cycle. The Eco-indicator focuses on
environmental damage by focusing on human health, ecosystem quality, and resources.
There are five steps to the eco-indicator analysis method; establishing the purpose of the
analysis, defining the life cycle, quantify materials and processes, fill out tables, and
interpret the results. Unlike LCA, the Eco-indicator values were not intended for
marketing or to be used to set governmental standards, but instead it is meant to be a tool
that designers can use to look for more environmentally friendly alternatives.

From the graph in Figure 3, it is very clear that there is a large gap in the upper left
quadrant. There are no formalized design methods that allow designers to quantitatively
understand the environmental impact of potential design decisions early in the design
process, and there are no existing methods for designers that simultaneously encourage
the creation of both innovative and sustainable products.

(3) Sustainable Product Design at Oregon State MIME

At Oregon State University (OSU) [22], first-year mechanical engineering students have
the option to take the “Going Green” section of the Introduction to Mechanical,
Industrial, and Manufacturing Engineering course. Undergraduate students are also
exposed to sustainable design principles during their junior year Introduction to
Mechanical Design course, and during their senior year students have the option to do
sustainability-focused capstone design projects. Through these classes, students can learn
sustainable design principals, and while this content can help students to make
sustainable design choices, they do not provide a comprehensive process to create
innovative and sustainable products. For College of Engineering graduate students at
OSU, there is a class specifically focused on sustainable product design. In this thesis, the
redevelopment of this class is discussed, the goal of which is to create a process that
allows to students to create innovative and sustainable products.

The class went through its first iteration in 2015. The 2015 course primarily followed the
integrated product design method (from Creating Breakthrough Products) with
sustainability-related content inserted throughout. This was beneficial because the course
progression flowed well due to using the established method; however, students didn't
necessarily feel they were learning about sustainability but instead learning about product
design. For 2016, changes were made to the course to make it more oriented on
sustainability and to include more related content than the previous year. Additionally,
the course content was influenced by current lecturers at The University of California,
Berkeley (Human-Centered Sustainable Product Design), the Masters of Sustainable
Design at the Minnesota College of Art and Design (Green Product Design) and Stanford
University (Green Product Design).



To do this, the course was restructured to focus on concept generation. While in the
previous class concept generation was accelerated, the 2016 class centers around three
weeks of concept generation through six different lenses. The six lenses are materials,
manufacturing, energy use, biomimicry, upcycling/remanufacturing, and systems-level
Sustainability. After each lens the students generated new concepts, allowing them to
focus on particular aspects of sustainable design, with the overarching goal of developing
concepts that are sustainable on a systems level. If successful, this method developed for
this class will enable the consideration of product environmental impact in the
preliminary design phase—prior to and during concept generation—providing a
quantitative analysis of the effects of design decisions, and potentially leading to a new
paradigm of environmental impact reduction in the design of new consumer products.



Methodology

The goal of this thesis project is to develop a second iteration of a product design method
that will incorporate sustainable design thinking throughout an open-ended product
design process. This method will be applied to the second iteration of Sustainable Product
Design (SPD), a graduate level course taught at Oregon State University (OSU).

The first iteration was in spring of 2015. The course used integrated product design
(IPD), an overarching design method, and inserted sustainable design tools into the
process. The basic structure of the process is show in Figure 4.

Product Concept \
Product Scope Concept Manufacturing
To reonen. /0 Plng© g

Sustainable Case GREEn Eco-Indicator ~ Solidworks EIO-LCA
Design Studies Quiz 99 Sustainability
Guidelines

Figure 4. Integrated product development process with incorporated sustainable design principles

In the course, students were divided amongst three teams. The goal of the course is to
create patent-ready systems-level sustainable products and for students to reach the
following educational objectives based on Bloom’s Taxonomy [23]

1. Identify factors that lead to sustainable products

2. [Illustrate design intent through technical reports and presentations

3. Operate in a professional multidisciplinary design team

4. Employ the integrated product design method in the design of a sustainable
product

5. Create a product that is patent ready and sustainable on a systems level

6. Asses the environmental impact of a product using commercially available
software

To achieve this goal, students are taught an integrated design process that incorporates
sustainable design tools, such as LCA and the GREEn Quiz [22]. The 2015 course
schedule is shown in Figure 5.
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Week 5

User-Based Research and Field Research
Value Opportunity Analysis (VOA)

Field Research

v Product Constraints
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Product Conceptualization from VOA
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Information Synthesis
Market Analysis

Pugh Chart
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Product Plan
Concept Refinement
Concept Selection

Week 10

Figure 5: 2015 Sustainable Product Design course schedule. Highlighted in Orange is the integrated product design
method and in green is the sustainability tools inserted into the course

In 2015 each student was instructed to generate ten concepts individually with no
guidance on brainstorming methods.

For the 2016 Sustainable Product Design course, we sought to change this process. The
goal was to streamline the design method and have the focus even more honed in on
sustainability. When researching improvements for the 2016 SPD course the concept
generation process seemed the most obvious area for improvement. It has been found that
there is a correlation between the time spent on concept generation, the amount of
concepts generated, and the quality of the outputted design [24]. Significant changes were



made to the 2016 course based on this research. The 2016 schedule can be seen in Figure
6.

Week 1

Introduction to Sustainabiliti

Week 2
SET Factors
Inovation Spheres

Week 3
Product Opportunity Gaps (POGS)

Week 4

Value Opportunity Analysis (VOA) |
Stakeholder Analysis

Week 5
Value Opportunity Analysis (VOA) Il

Week6

Week 7

Week 9
Design Convergence

Week 10
Marketability

Figure 6: 2016 Sustainable Product Design course schedule. Highlighted in orange is the integrated product design
method, in green are the sustainable design tools used in the course, and in blue is the concept generation process

The process expands concept generation from one slide of one lecture in 2015 to three
weeks of the course and introduces sustainability on the first day of the course in 2016.
The method employed in the 2015 course is compared to the method employed in the
2016 course in Figure 7.
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Figure 7: 2015 Sustainable Product Design course schedule (right). 2016 Sustainable Product Design course schedule
(left). Highlighted in orange is the integrated product design method, in green are the sustainable design tools used in
the course, and in blue is concept generation

For the 2016 course both sustainable design and LCA are introduced in the first week, the
IPD method is condensed into four weeks, three weeks are spent on guided concept
generation, and the last two weeks of the course finish the IPD method.
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Faludi [25] suggests that methods focused on idea generation could lead to more
sustainable products. With this in mind, sustainable products were surveyed and it was
found that sustainable products are

* designed with materials that have low environmental impact

* designed with manufacturing processes that have low environmental impact
e designed to reduce their energy use

* designed to be remanufactured

¢ designed to be upcycled or are made with upcycled materials

* designed for efficiency using biomimetic principles

* designed knowing how they will impact the system in which they function in

Using these findings the sustainable design process was changed to focus on concept

generation through a series of six lenses that are focused on these principles. Figure 8
shows the 2016 iteration of the sustainable product design method.
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SUSTAINABLE DESIGN PROCESS

Introduction to Sustainability/ Life
Cycle Assessment

¥

SET Factors/ Inovation Spheres

v
Product Opportunity Gaps

|

Stakeholder Analysis

;

Value Opportunity Analysis (VOA)

v

Lenses

Materials Manufacturing Energy Use Biomimicry Upcycling/ Systems
Remanufacturing Level
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Figure 8: 2016 Sustainable Product Design Process

The method is centered around the six lenses: 1) Materials, 2) Manufacturing, 3) Energy
Use, 4) Biomimicry, 5) Upcycling/Remanufacturing, and 6) Systems Level. The goal is
for students to be presented with different foci and then use a different brainstorming
method after each lens to generate concepts. These lenses will expose students to
information that affects the sustainability of products they are designing. This will
encourage students to continue to think creatively and to not get fixated in one design
space. Because they are exposed to varied information, students are more likely to make
design choices that lead to more sustainable products. The following sections will
describe each design lens in detail.
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Materials Lens

The goal of this lens is for students to understand that material choice has a large impact
on a product’s sustainability. The students are asked to meet function first (determine the
functions necessary for their product concept to operate) and then figure out how to make
their product sustainable through informed material choices. The information presented
in this lens focuses on the materials engineers most commonly use, including plastics,
bioplastics, steel, aluminum, copper, glass, wood, leather, wool, plant fibers, and
composites. All materials lens lecture material can be found in Appendix A The students
use the information in the lecture and the table in Appendix B to generate three different
fully formed concepts through traditional individual brainstorming.

Manufacturing Lens

The goal of the manufacturing lens was for students to understand how available
manufacturing processes affect design choices, and in turn affect the environmental
impact of a product. The focus of this lens was on forming, the most common of the four
manufacturing processes engineers use: forming, cutting, joining, and finishing. The
students used the information provided in lecture, which can be found in Appendix C
along with the tables in Appendix D to generate concepts using the 5-3-5 method.

The 5-3-5 method allowed all five (the first “5” of “5-3-5") team members to participate
equally. Each team member had a clean piece of paper and divided it into three columns
(the “3” of “5-3-5”). Each team member then started one idea in the first column and
worked on it for five minutes (the last “5” of “5-3-5). Once time was up, the piece of
paper was passed to the next team member and they added to the previous team
member’s idea, and this process was repeated such that three team members were all
contributing to the development of a single concept.

Energy Use Lens

The goal of this lens is to have students understand that the amount of energy consumed
throughout the life of a product has a very large effect on the product’s sustainability.
According to the U.S. Energy Information Administration [27] residential energy use
accounts for about 10% of total U.S. energy consumption, including heating and cooling,
travel, and household appliance use. Through this lens we wanted to highlight that if a
product consumes energy during its use phase, this is likely to be the largest impact on
the embedded energy of the product.

Students are exposed to different examples of products highlighted in Widermann’s
Product Design for the Sustainable Era [26] that are focused on reducing their energy
impact. The product were the Homegrown Project: Remade Nokia First Phone/Nokia
Zero Waste Charger, Recompute, Inlet-Outlet, Leaf, RITI Printer, and GEnX Engine and
are shown in Figure 9. The lecture material for the energy use lens can be found in
Appendix E.
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Figure 9: Products designed for reduced energy impact: (a) Inlet-Outlet (b) Leaf (c) RITI Printer (d) Recompute (e)
Homegrown Project: Remade Nokia First Phone/Nokia Zero Waste Charger (f) GEnX Engine [26]

The students then work through concept generation using the Brainball method. For this
method each team was given a ball. The person with the ball would come up with a
solution for the given problem and then throw the ball to one of their teammates who
would come up with another solution to the given problem. This process continued for a
given amount of time. The goal of the Brainball method is to think of new solutions
quickly, without filtering, and to build on solutions presented by teammates.

Biomimicry Lens

Biomimicry is being inspired by nature. It is using the design principles found in nature
and applying them to the design at hand [28]. The purpose of this lens is for students to
come to the conclusion that although “biomimetic” does not inherently mean
“sustainable”, by mimicking how nature solves its problems we can be lead to more

14



sustainable design choices. Students are presented with examples of biomimetic
principles that have been used to create products that humans use. Such product ideas
come from capillary action in plants, the principles of how gecko feet can stick to
anything as an inspiration for adhesives, the hook and loop attaching system found on the
burdock plant as an inspiration for Velcro, birds wing shape for how we make plane
wings, baleen as an inspiration for water filtration systems, and coral CO, absorption.
The lecture material for the biomimicry lens can be seen in Appendix F. After the lecture
students generate three concepts each using the website AskNature [29] to explore natural
solutions for product functions.

Upcycling/Remanufacturing Lens

Upcycling is the process of converting a discarded product into something new and
useable [30]. Remanufacturing is the process of returning a used product to its original
state [31].

Figure 10: Challenges associated with remanufacturing [31]

As show in Figure 10, there are many challenges associated with remanufacturing, and
the field that has purview over accommodating these challenges is product design. The
goal of this lens is for students to understand that in order for a product to be
remanufactured it must be designed to be remanufactured. This includes designing
products for disassembly with components that can be easily replaced and tested. The
lecture material for the upcycling/ remanufacturing lens can be seen in Appendix G. After

15



the lecture, students use mind maps and the UpcycleThat [32] website to generate unique
concepts.

Systems Level

For a product to be truly sustainable it must be sustainable at a systems level. For
example, instead of designing a more sustainable car (starting with the design and
function of a traditional car), the designer creates a way to travel that eliminates the need
for personal vehicles. Systems-level sustainability is challenging to teach because it is
abstract, but the goal of this lens is to have students combine the knowledge they have
gained over the course and think about sustainability on a larger scale. The lecture
material can be seen in Appendix H. After the lecture, students use the gallery method to
generate concepts. In this method, each team member writes an idea to solve a given
problem statement on a piece of paper. Those ideas are then pinned around the room. The
students walk around the room and look at the ideas and then return to their own work to
build off their own or others ideas.

After students generate concepts through the information presented in each lens, they
converge on one design, and create a marketing plan, CAD models, a presentation, and a
report for the chosen design. At the time of writing, students have not yet completed
design convergence for the 2016 course.

16



Results and Discussion

The following sections discuss comparisons between the 2015 course and the 2016
course, and the results of the students work from both the 2015 course and the 2016
course.

(1)2015 versus 2016 Course Comparisons

The 2015 SPD course used an integrated product design (IPD) method with sustainability
tools inserted throughout the process. The majority of the effort in the course was focused
on the front end of the design process and systems-level sustainability was not discussed
at all during the course.

The 2016 SPD course compressed the IPD method from the 2015 course into the four
weeks of the class (weeks 2-5) and focused three weeks on concept generation. Concept
generation was conducted in a studio format, by introducing the lenses and giving
students prescribed brainstorming methods that were then worked through in class.
Students were given a lecture in basic drawing techniques and concept generation, and
were required to develop a digital design notebook to compile their team’s 55 designs.

The course overall was more guided than the previous year. Students were told what to

focus on during concept generation and how to brainstorm ideas, whereas during the
2015 course students were not given specific direction during concept generation.

(2) Student Product Results from the 2015 Course

One team’s solution from the 2015 course for the design scope “Getting to Campus” was
a regenerative braking system for a bicycle [33]. The original concept can be seen in
Figure 11. This design was chosen during the concept selection section of the course.
Other designs generated by this team can be seen in Appendix I.
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Figure 11: Original concept for the bicycle regenerative braking system [33]

After the design was selected and refined, the team conducted an LCA on their product.
They used the Eco-indicator 99 and Solidworks Sustainability to conduct the analysis.
The results from the Eco-indicator assessment can be seen in Table 1. The team’s

proposed spring-based product can harvest around 40% of the braking energy while
biking [34].

18



Table 1: Eco-Indicator for Spring Based Regenerative Breaking [34]

Production
Material Amount Indicator (millipoint) Value
Steel low alloy 4.6 kg 110 506
Machining 0.5 800 400
Production Total 906
Use
Material Amount Indicator (millipoint) Value
0
0
Use Total 0
Disposal
Material Amount Indicator (millipoint) Value
Recycle Steel 4.6 kg -70 -322
0
Disposal Total -322
Total 584

Use of the LCA method Solidworks Sustainability requires the creation of a Solidworks
CAD model. From that model, the program takes the geometry information and
determines the environmental impact of the products from four categories: air pollution,
carbon emission, water pollution, and energy use. The team chose to view the impact
difference from using a polypropylene spring housing verses a steel spring housing. The
results from using polypropylene can be seen in Figure 12 and the results from using steel
housing can be seen in Figure 13.

Component Environmental Impact
Top Ten Components Contributing Most to the Four Areas of Environmental Impact

Component Carbon Water Air Energy

tover ToveSupport 55 [N 2oc >N oo+ BN <o N
Cover Outer Side 17 14E3 0.011 21

Gear Box

24teeth Sprocket

2299K320 1 3I 1.0E-3 . 8.0E-3 l 15 l

Figure 12: Solidworks Sustainability Results for Polypropylene Spring Housing [34]
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Component Environmental Impact
Top Ten Components Contributing Most to the Four Areas of Environmental Impact

Component Carbon Water Air Energy

Lower Tube Support 45 [ oc- [ oo -
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Figure 13: Solidworks Sustainability Results for an All Steel Design [33]

From these results, it became clear that the largest impact was from the steel spring. The
team chose to use an all steel part because it was easier for the user to recycle and easier
to manufacture the part if it was made from just one material [34].

(3) Student Product Results from the 2016 Course

Each student individually generated concepts based on five of the six proposed lenses.
The upcycling/remanufacturing lens covered briefly during the systems level lens lecture
but did not not have a dedicated lecture and no concepts were generated based on that
lens. A sample of “The Best Part of Waking Up” team’s concepts can be seen in Figure
14-18 [35]. More of the concepts developed by this team can be seen in Appendix J.

Figure 14 shows one of the team’s concepts for the materials lens. The concept is a coffee
filter made out of sustainable plant material.
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Figure 14: (Materials lens concept) Coffee filter made of plant material [35]
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Figure 15 depicts a concept generated during the manufacturing lens. When doing
research, it was found that toothbrushes are disposed of when their bristles wear out. The
bristles are the easiest and least energy intensive part of the toothbrush to make. The
concept is a tooth brush where the handle is made out of a durable material such as
stainless steel and the bristles are a separate piece that can be bought and replaced
separately form the rest of the toothbrush.

< ol = | =¥
Keusable 'w
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/
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1 27
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7 Bl To elese bristles

Figure 15: (Manufacturing lens concept) Reusable toothbrush with replaceable head [35]

Figure 16 shows a concept generated during the energy use lens. This bathroom sink
concept uses an inline heater to reduce the need for hot and cold piping (huge energy
loss) between the bathroom and the hot water heater and feeds grey water form the sink
into the toilet.
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Figure 16: (Energy use lens) stone sink with stamped spout. The sinks provides hot water by using an inline heater [35]

Figure 17 shows a concept that was generated during the biomimicry lens. The concept is
a comb modeled after the Darling Beetle. The beetle collects water from fog on its skin

and it drains into its mouth for the beetle to drink. The comb uses the same principle; it
moves the water away from the user’s hair in turn drying it.
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Figure 17: (Biomimicry lens concept) comb that dries hair by drawing water away from the hair. The water removal
mechanism is based on the Darkling Beetle [35]

Figure 18 show a concept generated through the systems level lens. This concept
addresses the time it takes for people to get dressed in the morning and gives the solution
that everyone should wear uniforms. This would reduce the time needed to get ready in
the morning, the time and energy spent on shopping, and make it easier to manufacture
and repair clothing.
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Figure 18: (Systems level lens) systems level solution to make getting ready in the morning more efficient and the
clothing industry more sustainable [35]

From the generated concepts shown, it is clear that the students are generating a wider
variety of innovative and sustainable solutions by virtue of brainstorming through the
different lenses. While the course is still ongoing at the time of publication of this thesis,
the teams will converge on one design and then make solid models, a marketing plan, and
determine the life cycle environmental impact of the chosen design.
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Conclusion

The following section will cover future changes to the SPD course, how to test the design
process and the success of the course, and general impressions from both the 2015 and
2016 Sustainable Product Design Course,

(1) General impressions of the 2015 and 2016 Sustainable Product Design
course

The following section is the general impressions and thoughts of how the both the 2015
and 2016 SPD course went. The impressions are those of Bryony DuPont, PhD. and
Christopher Sharp, M.S. DuPont is an Assistant Professor of Mechanical Engineering at
Oregon State University and she designed and has taught both the 2015 and 2016 course.
Sharp is a PhD. Candidate at Oregon State University. He took the 2015 course, has
helped with the design of the 2016 course, and has taught four of the 2016 course
lectures.

Overall the 2015 design process flowed well, and by spending the majority of the course
on the integrated product design (IPD) method, it made the students feel more creative
during the concept generation process. However, the class did not feel focused on
sustainability but instead the sustainability aspects of the course felt “forced”. Because
systems-level sustainability was not discussed it seemed very easy for students not
consider systems-level sustainability in their final designs.

The 2016 course sought to improve integration of sustainable design thinking by focusing
less on the integrated product design process and more on sustainable concept generation.
Overall, this version of the class did not seem to flow as well as the previous year, but it
did feel as though this setup—the 4 weeks of IPD and three weeks of Sustainable Design
Methods—was more effective. By streamlining the IPD process and going through this
content in fewer weeks, it left more time to focus on sustainable design. The structure of
the 2016 course seemed to make the course less overwhelming for students and led to
concept generation that was influenced by IPD but was focused on sustainability. The
most significant improvement of the 2016 course is the way concept generation is
performed, but it is yet unclear if it the most effective way to create sustainable and
innovative products.

(2) Testing the success of the product design method

For future courses, the goal is to have more quantitative data on the effectiveness of the
proposed design process. The effectiveness of the course on students learning will be
assessed based on the specified educational objectives. One possible way to do this is to
have students complete a survey at the beginning of the course and then complete the
same survey at the end of the course and compare the results. This survey should be
focused on the course objectives outlined in the syllabus. If students are able to correctly
respond to the survey it could be concluded that the course objects were clearly
communicated throughout the course and the students have successfully learned the
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objectives [23]. Alumni can also be surveyed to see if they are implementing the
sustainable design practices they learned at OSU in their current work. Although all
products are different, LCAs can be done on all products produced by the class. These
results can be compared year to year to give an idea of the environmental impact of the
created products, to gauge relative improvement in environmental sustainability as the
course is improved.

(3) Possible Future Changes

In future versions of the course, there are plans to incorporate more high-tech methods
and computational methods for sustainable product design. One example of this is the
GREEn Quiz [22] which is an online survey that was created to help novice designers
make sustainable design decisions. This method would be would be used as part of down-
scoping before the lens lectures would begin. Research on sustainable design is still new
and it is important as more information becomes available that it is integrated into design
processes.

26



References

[T  US Environmental Protection Agency, “Advancing Sustainable Materials
Management: Facts and Figures,” 2016. [Online]. Available:
https://www.epa.gov/smm/advancing-sustainable-materials-management-facts-
and-figures. [Accessed: 09-May-2016].

[2]  US Environmental Protection Agency, “Overview of Greenhouse Gases,” 2016. .

[3] M. Meinshausen, “Greenhouse gas emission warming to 2C.”

[4] S. Solomon, G.-K. Plattner, R. Knutti, and P. Friedlingstein, “Irreversible climate
change due to carbon dioxide emissions.,” Proc. Natl. Acad. Sci. U. S. A., vol. 106,
no. 6, pp. 1704-9, 2009.

[5] C. Change, Advancing the Science of Climate Change. 2010.

[6] J. M. Melillo, T. C. Richmond, and G. W. Yohe, “Climate Change Impacts in the
United States: The Third National Climate Assessment,” 2014.

[7] R.& A.L. Energy, “CoolClimate Network,” UC Berkeley. .

[8] Nielsen, “Doing Well By Doing Good,” no. June, pp. 1-17, 2014.

[9] American Society of Mechanical Engineers and Autodesk, “Survey Results
Overview - Sustainable Design Trend Watch Survey,” 2012.

[10] G. H. Brundtland, “Our Common Future: Report of the World Commission on
Environment and Development,” Med. Confl. Surviv., vol. 4, no. 1, p. 300, 1987.

[11] C. M. Carter, “Sustainable Consumption & Sustainable Design: moving
sustainability theory towards design practice,” pp. 1-138, 2013.

[12] T. Tang and T. a. Bhamra, “Understanding Consumer Behaviour to Reduce
Environmental Impacts through Sustainable Product Design,” Undisciplined! Des.
Res. Soc. Conf., pp. 183/1 — 183/15, 2008.

[13] “The Institute for Market Transformation to Sustainability (MTS).” [Online].
Available: http://mts.sustainableproducts.com/. [Accessed: 14-May-2016].

[14] D. Ullman, The mechanical design process. 1992.

[15] J.Cagan and C. M. Vogel, Creating Breakthrough Products, Second. Upper
Saddle River: Pearson Education, Inc., 2013.

[16] K. Otto and K. Wood, Product Design: Techniques in Reverse Engineering and
New Product Development, 1st ed. Pearson, 2000.

[17] B.R. Allenby, T. J. Gilmartin, and T. E. Graedel, “The Policy Implications of
Industrial Ecology,” vol. II.

[18] K. Ramani, D. Ramanujan, W. Z. Bernstein, F. Zhao, J. Sutherland, C.
Handwerker, J.-K. Choi, H. Kim, and D. Thurston, “Integrated Sustainable Life
Cycle Design: A Review,” J. Mech. Des., vol. 132, no. 9, p. 091004, 2010.

[19] R.P.Mcnamara and A. S. Services, “A New Era of Sustainability UN Global
Compact-Accenture CEO Study 2010 US Environmental Protection Agency —
Product to Service Transition The UN Global Compact-Accenture CEO Study
2010 encompasses one-to-one interviews with 50 CEOs , and a survey of a fur,”
2011.

[20] The International Standards Organisation, “Environmental management — Life
cycle assessment — Principles and framework,” Iso 14040, vol. 2006, pp. 1-28,
2006.

[21] P. Consultants, “Eco-indicator 99 Manual for Designers,” Minist. Housing, Spat.

27



[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]
[30]

[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]

Plan. Environ., no. October, 2000.

B. DuPont and A. Wisthoff, “Exploring the Retention of Sustainable Design
Principles in Engineering Practice through Design Education,” ASME Int. Des.
Eng. Tech. Conf. Comput. Inf. Eng. Conf., vol. §, pp. 1-4, 2015.

C. Fallahi and F. LaMonaca, “The Evolution of Educational Objectives: Bloom’s
Taxonomy and Beyond,” J. Excell. Coll. Teach., pp. 71-86, 2009.

M. C. Yang, “Observations on concept generation and sketching in engineering
design,” Res. Eng. Des., vol. 20, no. 1, pp. 1-11, 2009.

A. Chakrabarti, “ICoRD’15 — Research into Design Across Boundaries Volume 2:
Creativity, Sustainability, DfX, Enabling Technologies, Management and
Applications,” Smart Innov. Syst. Technol., vol. 35, pp. 201-212, 2015.

D. Reis, Product Design in the Sustainable Era. Taschen, 210AD.
“RESIDENTIAL ENERGY CONSUMPTION SURVEY (RECS),” U.S. Energy
Information Administration, 2016. [Online]. Available:
http://www.eia.gov/consumption/residential/. [Accessed: 14-May-2016].

J. M. Benyus, Biomimicry: Innovation Inspired by Nature. Harper Perennial, 2002.
“AskNature,” The Biomimicry Institute, 2016. [Online]. Available:
http://www.asknature.org/. [Accessed: 14-May-2016].

“hipcycle,” Hipcycle, LLC, 2011. [Online]. Available: http://hipcycle.com/what-is-
upcycling.

“CRR,” Centre for Remanufacturing & Reuse. .

J. Karsten and J. Rom, “Upcycle That,” 2012. [Online]. Available:
http://www.upcyclethat.com/about/. [Accessed: 14-May-2016].

Z. Dai, M. McGuire, D. Jackson, A. Wisthoff, M. Wagoner, and C. Sharp,
“Reduced Concepts,” 2015. [Online]. Available:
https://drive.google.com/drive/u/1/folders/0B4xmZTIRQf4ZfmtHcURhNFgyWmJ
sLWdLcndwRXgwd0t4AMHhFVIJyNWEIQXEzLW16TGtYOXc. [Accessed: 24-
May-2016].

Z. Dai, M. McGuire, D. Jackson, A. Wisthoff, M. Wagoner, and C. Sharp,
“Solidworks LCA,” 2015. [Online]. Available:
https://drive.google.com/drive/u/1/folders/0B-E4a-
xkiiJpfjJTUnNseHB0X256UjhFWGhRY X03YIE2Q1NydzY5dHFYS1h1bmxyOD
d6Zms. [Accessed: 24-May-2016].

C. Clark, V. Ferrero, H. Fu, J. Hille, and S. Charan Medisetty, “Concept
Generation,” 2016. [Online]. Available:
https://drive.google.com/drive/u/1/folders/0ByN-7jhUzpUZcjhQeHhldng1bDA.
[Accessed: 24-May-2016].

R. Thompson, Sustainable Materials, Processes and Production (The
Manufacturing Guides). Thames & Hudson, 2013.

R. Thompson, Manufacturing Processes for Design Professionals, 1st ed. Thames
& Hudson, 2007.

N. D. Ciceri, T. G. Gutowski, and M. Garetti, “A tool to estimate materials and
manufacturing energy for a product,” Proc. 2010 IEEE Int. Symp. Sustain. Syst.
Technol. ISSST 2010, 2010.

28



Appendices

29



Appendix A: Materials Lens Lecture Slides

The Point

WHY DOES MATERIAL CHOICE
MATTER?

Material Choice affects
sustainability

Materials

Plastics
Bio-Plastics
Rubber
Steel
Aluminum
Copper
Glass
Wood
Leather
Wool
Plant Fibers

Composites
(carbon fiber)

Plastics

Thermoplastic

Material Energy to Recyclable? Strengths Weaknesses
Produce

Plastics 100 MJ/kg Dependenton  light weight cannot always be

type of plastic recycled

Accounts for high strength
5% of crude when recycled not as
oil large range of colors desirable
consumption
(see chart contribute to large
below) portion of household

30



#PETIE Prlyetyinne taephira ate

72 PEHO O HDPE | Hgr-aensity poyerylars

BB

& BPVe Petpviny chionds
3
@ FPELOOLOFE | LowGenaty peyomyons
P
& o Pelypropyens
G2
@ 6ps Peiystyrene
& 470 CTHER) Al plasics
o
Q TO et | ATl S syrs00
é?) pAn e Priyamide

Bio Plastics

Vegetable Oil

Poyese: foars, o dive rttes

PESIC bonles, PESIC DACS, ITEEN Cans, IMIENoN Nood

‘Wincow Yames, botties for oharmicals, loonng, plumbing ppes

Foto bags, buckers, 635 JEROGAr DOTIS, DIaNIC Wo0s

Burmdors, car imaror trm. induatral Sbers, cary-out beverago cups

Toys. fiower pots, Vi cassatea, ashirays truve. DIveragntoos
00NN, a6l Cupt,
Syrodoam

Pl ycarhonate (PC), potyarrice (PA, styrere scrylanirie (SAN), acryic
pastespoyacryont e (PWN). boplastos

Pagre cup: ¥

Monkon TV cases cofles Macers, coll FIONes, MOs! COMFrer pliste

Hyon

i
'y

P

Traditional Plastics vs.

Bio Plastic

Energy consumpfion of Biological
versus Crude Oil derived plastics

150

100

4
£

i
g
§
&
E

W Energy

i Il.lII
o < ==} -
w
s EavESs

=

H Row Material

31




Traditional Plastics vs.
Bio Plastic

Energy Use of Bio Plastic vs Traditional Plastic
Type of Polymer Petropolymer Biepolymer
Polymer LDPE PP HDPE PHB PLA TPS
Encrgy roquisements (MIKg-polymer) §18 859 737 447 541 254

Table 6 Energy requirements for polymer production ™%

CO, Emission of Bio Plastic vs Traditional Plastic

TypeofPolymer  Petropolymes Biaploymer
Polymer LDPE PP HDPE PHB  FLA TP
COsemissions (Kg 30Kz 34Kg 25Kg 26Kg 18Kg Ll4Kg
€O Kg polymer)

Tuble 3 Carbon dinxide emissians for polymer production

Rubber
;

VIDEO:
https://www.youtube.com/watch?v=CKq42J7SaWw

Recycling 1000 kg of steel saves roughly 1500 kg of ore, 500 kg of
coal and 75% of the energy required to make primary steel

VIDEO: https://www.youtube.com/watch?v=-r1UisuNtHc
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Aluminum

How it's made Video:
https://www.youtube.com/watch?v=fabKEwWY9HU

Decoration

Copper

14
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VIDEO https://www.youtube.com/watch?v=dtxrtKd-Vao

Wood

Sustainable Forest Lifecycle
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Leather

How its made video: https://www.youtube.com/watch?v=9vbTCeYwt g
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Wool

How it is made:
https://iwww.youtube.com/watch?v=uEYsmzophTA

Plant Fibers

Jute Flax

Plant Fib |
AN

bamboo
video:https://ww.ted.comitalks/elora_hardy magical houses mad

e_of_bamboo?language=en
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Composites

| Embodied energy
Material (M1/ke)
Carbon fibre 183 to 286
N Glass fiber 131032

m Polyester resin 63 to 78

Materials Selection
Problem

Redesign a cast-iron skillet:
« understand environmental impact
of cast iron
* manufacturing
* recyclable
+ yes but only at special sites
* think of function
* conduct heat
* non toxic even at high heat
* green skillets

https://www.cooksillustrated.com/equipme
nt_reviews/1190-green-skillets

* Possible changes
+ geometry changes
+ smaller
* rivet
+ other changes
« material?

Materials Selection
Problem

Redesign a Hammer:

* function
* must be hard enough to
hit metal without
significant damage
* must have a comfortable

hand hold that allows for
sufficient

* Changes
* material
» geometry
* less metal material?
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What material(s) is Iron Man’s suit
made of?

http://ironman.wikia.com/wiki/Mark_43

Iron Man’s user needs

* Bullet/impact resistant
* Heat resistant (uses thrusters for propulsion)
» Lightweight
» Easy to heal
* May need nuclear-specific materials

* Ability to maintain pressure

What material properties are
indicative of bullet or impact
resistance?

WRITER POL Stiffness
Strength
Geometry
Hardness
Toughness

What materials have high
stiffness?
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Heat resistant (uses thrusters for
propulsion)

Thrusters are small jet engines in Iron
Man'’s gloves and boots, used for
propulsion. What materials will resist this
heat?

Melting Point

Material |Melting Point "C

YOUNG'S MODULUS {GPa)
3

°

< Fexitle

-
- {

1000 3,000 16000 30000
DENSITY [kg/m®) Yoy —>

Tying it all together

Bullet/Impact Heat Resistant
Resistant
Metals Nitinol
Glass Steel
Kevlar Ceramic

ABS Carbon

What material is bullet/impact resistant, heat resistant, and can
be made into lightweight geometries?
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Appendix B: Materials Table

Materials table that was available to students after the materials lens lecture. All
information is from Thompson’s Sustainable Materials, Processes, and Production (The
Manufacturing Guides) [36]

Material | Energy to Recyclable? | Strengths Weaknesses
Produce
Plastics 100 MJ/kg | Dependent light weight cannot always
on type of be recycled
Accounts plastic high strength
for 5% of when
crude oil large range of | recycled not
consumption colors as desirable
(see chart
below) contribute to
large portion
of household
waste
Bioplastics | TPS: 25.4 Yes requires 20%- | loses
MlJ/kg 30% less properties the
plastic Sometimes energy than more times
produce Compostable | typical they are
plastics to recycled
PHB: 44.7 produce
MJ/kg not
plastic can be necessarily
produced manufactured | sustainable
with
PLA: 7.4 conventional [ could have a
MJ/ kg of plastic negative
plastic forming effect on food
produced equipment costs,
deforestation,
reduces the crop growth
amount of
solid waste in | no
landfills bioplastics
currently
in
commerci

40




al use are

fully
sustainabl
e
Rubber 67.6 MJ/kg | No can be not many
upcycled applications
for shredded
rubber trees rubber
(if properly
managed) can
last for 25
years
Steel 40 MJ/kg Yes can be production
recycled accounts for
284,000 many times 3% of global
liters of carbon
water per 1 high strength | dioxide
ton of steel emissions
relatively
energy typically need
efficient to be coated
to avoid
corrosion
production
produces a lot
of waste and
hazardous
byproducts
Aluminum | 200 MJ/kg | Yes high strength | very efficient
to weight to recycle
88 liters of ratio
water per kg
of aluminum
Copper 60 MJ/kg Yes durable, long | it takes about
lasting and 1 ton of ore to
maintenance | make 1 kg of
free copper
Glass 30 MJ/kg Yes lower fragile
environmenta

| impact than
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plastic

8 Wood 17.6 MJ/kg | Yes very low sustainability

environmenta | depends

| impact greatly on
regional

1 m’ of tree regulations

growth

absorbs 0.9

tons of CO,

9 Leather 1669.37 Yes High value tanning uses a
litters of and lot of energy
water per commonly
pound of used environmental
beef impacts

depend
1 m?of heavily on the
leather tannery
results in
2/81 kg of
CO,
Tanning
requires
340.69
litters/m?,
0.5 kg of
chemicals
per 1 kg of
leather

10 Wool 15.14 litters water wool
of water per resistant production
kg of wool requires sheep

fire resistant | production
which can be

insulator environmental
ly harmful

water and raises

absorbent question on
animal

lower welfare

environmenta

| impact than
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synthetic
fibers

11

Plant Fibers

Yes

natural
renewable

strong

cotton is
heavily
sprayed with
chemicals
(more than
10% of agro-
chemical
consumption)

requires
certification
to guarantee
sustainability

12

Composites
(carbon
fiber)

275 MJ/kg
http://www.r
mi.org/RFG
raph-
Projected e
nergy to m
anufacture
CFRP

Very high
strength to
weight ratio

Production is
slow and
energy
intensive

about 5 times
more energy
intensive than
steel
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Appendix C: Manufacturing Lens Lecture Slides

The Point

WHY DOES MANUFACTURING
CHOICE MATTER?

The process by which a
product is manufactured can
greatly affect how sustainable
that productis.

) Y

Joining Finishing

FORMING
TECHNOLOGY
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Injection Molding

| V Used for
: SN |)0th plastic
T ermoset

Look for ejector pin marks e

Blow Molding

Look for
parting lines
from where
the mold
releases the
part

Thermoforming

Plastic sheet is clamped in place

1
il

The mould is postioned

ad

Used for .

plastics
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Extrusion

Used to make objects with
constant cross section like
pipes, gutters, and tubes

Some conTon et

Used for both plastics and
metals!

Works like a Play-Doh
Fun Factory!

Metal Stamping

Subsequent
bending/cutting
operations can
make for
complex
geometries

Deep Drawing

Punch
Ring

Pressure

) Radurinad [~ Hait Formea
Ci

up -
Formed Cup

Usedto
make
seamless
cylinder
geometries.
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Roll Forging

Forging creates
a favorable
grain structure,
S0 it makes
very high-
strength parts.

Used to manufacture metal

Die Casting

Pressure forces molten metal into
reusable steel molds

Can be used to make intricate
geometries with thin walls and a nice
surface finish

Die Casting
ONE DOES NOT'SIME Y foiinon
metals (like steel).
?
3.. :z:vm-;'::;r:::s

steel, so molten
steel + steel mold
= disaster. Die
Cast metal parts

Py
nIE cAST STEEI, are often

aluminum.
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Sand Casting

Metai ey

o

e 1 otdeniy e ]

@ Can be used for
any metal. Can

have rough
surface features
from the sand.

e ".’:"""“

Investment Casting

Runnor = ~Corsmic snell

Sprue —.
R

Wax
cating
eystom—

Wax pelterns — Flask Fished”
casling

Caram ¢ shurry Conyent® 206 CustPathet

Videos of Plastic Forming

Processes
Blow Molding Extrusion
https://iwww.youtube.com/wat https://iwww.youtube.com/wat

ch?v=NE4c1gwzPb4

Thermoforming
https://www.youtube.com/wat
ch?v=65CcRHySqOU

Vacuum Casting
https:/iwww.youtube.com/iwatc
h?v=BqV_jsxDOUA

ch?v=wE_KTLIrdMA

Injection Molding
https://www.youtube.com/wat
ch?v=eUthHS3MTdA

Compression molding
https://www.youtube.com/wat
ch?v=SAUpN6zpSpQ



Videos of Metals Forming

Processes

Metal Stamping
https://www.youtube
.com/watch?v=5Cu
JjSk4u3s

Deep Drawing
https://www.youtube
com/watch?v=IjBW
HOWdk3o

Extrusion
https://www.youtube
.com/watch?v=7qiD
J5U4uRce

Forging
https:/mwww.youtube
.com/watch?v=mRA
6RY209Lg

Roll Forming
https:/iwww.youtube
.comiwatch?v=0CN
2Foptu1k

Sandcasting
https://iwww.youtub
e.com/watch?v=K8
SYhISGxN4

Ceramics Forming

Processes

Glass blowing

Ceramic Slip Casting

kv0

Wood Forming

Processes

Wood laminating

Clay throwing

Die casting
https://www.youtube.com/
watch?v=Pj_mjjUQad8

Metal Injection Molding
https:/iwww.youtube.com/
watch?v=BGAKYSks_Wk
&list=PLQyI1jXTi5IrgAu7X
toQoVQm-
10Q8MYmI&index=12

Investment Casting
https://www.youtube.com/
watch?v=GWVIi5iY8BI

Ceramic Press Molding
https:/Awww.youtube.co
m/watch?v=mjlWéaHZ

Steam Bending
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Composites Forming
Processes

Composite Laminating

https://www.youtube.com/watch?v=DI2xVPVifOw

Composites Forming

Processes
o it |l o
ROVIG \ l i / i mlult;::eme

COMPACTING

Ll ~— canmier mu

SMC Manufacturing Process

Composites Forming
Processes

fad ol

SMC Manufacturing Process
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CUTTING
TECHNOLOGY

Chemical Cutting

Thermal Cutting
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Mechanical Cutting

JOINING
TECHNOLOGY

Joining Technologies

Process that join materials
together to form a product
»  Welding

» Soldering

» Weaving

+ Upholstery

+ Timber frame structures
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FINISHING

TECHNOLOGY

Processes that complete a
product and get it ready for sale

Painting

Polishing
Anodizing/Coating
Applying labels

Eco-Indicator 99

Manufacturing Process

Milling/Turning/Drilling Plastics®

Vacuum Forming

Cold Rolling into Sheet(Metal)
Injection Molding (Most plastics)
Pressing (Metal)

Sheet Production

Injection Molding (PVC)
Extrusion - Aluminum
Milling/Tuming/Drilling Metal®

Brazing

53

Indicator Value
6.4

9.1
18
21
23
30
44
72
800
4000
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Embodied Energy

Ene
M‘:::".ﬂ“ lkmlnn:f: Range Source

(MJ/kg processed)
Coventional Manufacturing
Machining 53 - 75 @
Milling 1.3 - 26
Crinding 88 (3]
Iron Casting 19 - 29 3]
Sand casting e - 154 [6]
die casting 149 Ul
Forging 163 8]
Fmish Machnung 24 [9]
Advanced Manufacturing
Watenet (Nylon) 10 - 214
Watenjet (Steel) 167 - 238 [10]
Waterjet (Al) 195 - 1670

hittp:/Aweb.mit.edul P 1s/9_Paper.pdf
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Appendix D: Manufacturing Tables

Forming Key:
T e Chll OlO gy Plastics
Metals
Ceramics
Wood
Composites
Manufacturing | Cost [37] | Quality [ Suitability | Environmental | Examples [37]
Process [37] [37] [37] Impacts [37],
[38]
Blow Molding: | Tooling: high high all excess can be | hollow bottles,
used to mass low volume recycled containers
produce hollow
containers Unit: low look for; thin
walls, parting
— extrusion lines
blow molding
(EBM)
— Injection
Blow molding
(IBM)
— Injection
stretch blow
molding
(ISBM)
Thermoformin | Tooling: dependen | Roll fed: scraps can be take out
g: manipulation | low to t on batch — recycled containers,
of heated plastic | moderate | material, | mass trays, drinking
sheets pressure, | production cups, briefcases
Unit: low [ and
to technique | Sheet fed:
moderate one-off —
batch
production
Vacuum Tooling: high — scrap cannot be shatterproof
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Casting:
Similar to
injection
molding but for
resins, two-part
polymers, and
thermosets,
such as
polyurethane.
Instead of
cooling in the
mold, these
thermosets cure
in the mold.

low

Unit:
moderate

prototypes
— one-
offs, — low
volume
production

recycled

cases, headlight
covers, mobile
phone casings

Extrusion:
Used to make
parts with a
constant cross
section, where
the dimensions
of the cross
sectional areca
are generally
much smaller
than the length.

Injection
Molding:

video:
https:/www.yo
utube.com/watc
h?v=eUthHS3M
TdA

Tooling:
high
Unit: low

very high

High
volume
production

scrap can be
recycled

body and lid of
TI-89, cheap
sunglass frames

look for ejector
pin marks

Compression
Molding:
Rubber and
thermoset
plastic blanks
are compressed
in a mold with
heat and
pressure.

tooling:
moderate

unit: low

high
strength

high
quality
surface
finish

Medium —
high
volume
production

thermosets
cannot be
recycled

silicone
keypads, O-
rings with
specialized
geometry,
complex parts
made from
elastomers

Metal

tooling:

high

High

scrap can be

metal sinks,
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Stamping:
Used to
“punch” shapes
and bends into a
sheet of metal.

high

Unit: low
_)

moderate

volume
production

recycled

metal cooking
pots, electric
motor casing

Deep Drawing
Used to make
seamless
cylinder
geometries. A
punch impacts a
metal blank in
being held
across the void
of a die, forcing
the metal
upward/downw
ard and outward
to fill in the
internal
impression of
the die.

Tooling:
high to
very high

Unit:
moderate

good

Medium to
high
volume
production

all scrap material
can be recycled

metal sinks,
metal cooking
pots, electric
motor castings

Extrusion
Metal blanks
are fed through
a die, and the
resulting part
has a constant
cross section.

Forging

A blank of
metal is heated
and pressed in a
die at extreme
pressures

Tooling:
high

Unit:
moderate

excellent
grain
structure
— leads
to very
high
strength
parts

All types of
production

all scraps can be
recycled

Energy Use: 16.3
MJ/kg [38]

tools, chain
links, heavy-
lifting tools

Roll Forming
results in a long
part with a
constant cross
section, but the

Tooling:
high

Unit: low
to

good

Batch
production

efficient use of
energy and
materials

tools, chain
links, heavy-
lifting hooks
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initial material
1S in sheets,
lending to open
cross sectional
geometries.

moderate

Sandcasting
Molten metal is
poured into a
mold made of
compacted
sand. When the
metal cools.
The sand mold
1s broken from
around the part.

Tooling:
Low

Unit:
Moderate

poor

One-off to
medium
production

up to 95% of
mold material
can be recycled
after use

Energy Use: 11.6
- 15.4 MJ/kg
[38]

cast iron pans,
church bells

Die Casting
The metals are
at a very high
molten
temperature,
and they are
injected into a
mold at
extremely high
pressures

Tooling:
high

Unit: low

High
quality
surface
finish

variable
mechanic
al
properties

high
volume
production

all waste can be
recycled

Energy Use: 14.9
MJ/kg [38]

Investment
Casting

A ceramic mold
is created
around a wax
pattern, and
when the
ceramic is set,
the wax is
melted out of
the cavity, and
molten metal is
poured in.
When the metal
cools, the
ceramic mold is
broken.

Tooling:
low

Unit:
moderate

high

low to high
volume
production

all scrap can be
recycled or
reused

wedding rings,
turbine blades,
some gun parts
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Metal Injection | Tooling: very high | high material can be | steel gears,
Molding high volume recycled medical and
(MIM) production dental
Similar to die Unit: equipment
casting but moderate

powdered — low

metals are used

Glass Blowing | Tooling: High one-off to | glass and scrap food and
hollow and high high can be recycled | beverage
open-ended volume packaging,
vessels are Unit: low production pharmaceutical
created packaging, and
involves tableware and
blowing cookware
bubbles of air

inside a mass of

molten glass

which is either

gathered on the

end of a

blowing iron or

pressed into a

mold.

Hollow and

open-ended

vessels are

created

Lampworking | Tooling: High One-offto | glass and scrap | jewelry,
forms hollow none batch can be recycled | artwork, and
shapes and production scientific lab
vessels through [ Unit: high equipment
intense heat and

craftsmen

manipulation

Clay Throwing | Tooling: quality one-off to | scrap can be gardenware,
done on a none varies low volume | recycled before it | kitchenware,
potter's wheel. production | is fired and tableware
creates Unit: low

symmetrical to

parts around an | moderate

axis of rotation

Ceramic Slip Tooling: varies low volume | scrap can be bathroom
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Casting

A liquid clay
body slip is
poured into
plaster molds
and allowed to
form a layer, the
cast, on the
inside cavity of
the mold.

low

Unit:
moderate
to high

and batch
production

recycled before it
is fired

whiteware,
kitchen and
tableware,
lighting

Press Molding
Ceramics
manufactures
multiple replica
ceramic parts
with the use of
permanent
molds

Tooling:
low to
medium

Unit: low
to medium

high

low to high
volume
production

no harmful
byproducts

kitchen and
tableware, sinks
and basins, tiles

CNC
Machining
carried out on a
milling
machine, lathe,
or router and
results in a
rapid precise
and high quality
end product

Tooling:
low

Unit: low

high

one-off to
mass
production

generates
recyclable waste

Energy Use: 24
MJ/kg [38]

automotive,
furniture, tool
making

Wood
Laminating
multiple sheets
of veneer or
solid timber are
formed using
molds and
bonded together
using very
strong
adhesives

Tooling:
low

Unit:
moderate

high

one-off to
medium
volume
production

less if wood is
sources from
renewable
resources

architecture and
engineered
timber

Steam Bending
strips of wood
are steam

Tooling:
low

good
quality
and high

one-off to
high
volume

low waste

boat building,
furniture,
musical
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heated usinga | Unit: strength | production instruments
steam box the moderate
wood is then to high
bent around a
mold to create a
specific shape
Paper Pulp Tooling: variable | batchand | very low biodegradable
Molding low to mass flowerpots,
http://www.instr | moderate production packaging
uctables.com/an
swers/How-to- | Unit: low
cast-pulp/ to
moderate
Composite Tooling: high one off to | harmful aerospace,
Laminating moderate batch chemicals are furniture,
fibers are to high production | used so waste racing cars
combined cannot be
together in Unit: recycled
desired moderate
formation and | to high
allowed to cure
— wet lay-up
— pre-
impregnated
with resin
— resin transfer
molding
DMC and Tooling: high medium to | scrap cannot be | automotive,
SMC Molding | moderate | strength [ high recycled building and
parts volume construction,
Unit: low production and electrical
long fiber and
length telecommunicat
ion
Filament Tooling: high one-off to | scrap cannot be | aerospace,
Winding low to gloss batch recycled automotive,
The process moderate | surface production deep sea
involves finish submersibles
winding Unit:
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filaments under
tension over a
rotating
mandrel. The
mandrel rotates
around the
spindle while
fibers are laid
down in the
desired pattern
or angle. Once
the mandrel is
completely
covered to the
desired
thickness, the
resin is cured.

moderate | high
to high performa
nce

Rapid
Prototyping
Used to quickly
fabricate a scale
model of a
physical part or
assembly using
three-
dimensional
computer aided
design (CAD)
data.
Construction of
the part or
assembly is
usually done
using 3D
printing or
"additive layer
manufacturing"
technology.

Cutting Processes [37]

Manufacturin | Types Environmental | Examples
g Process Impacts
Chemical — photochemical machining: used aerospace,
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— glass scoring: precise method for
cutting sheet glass

to machine and mill thin sheet automotive,
metals electronics
Thermal — laser cutting: used to cut, etch, consumer
engrave, and mark sheet materials electronics,
— electrical discharge machining: furniture, model
cut or erode metal through high making, tool
voltage sparks making
Mechanical — punching and blanking: shearing automotive,
processes to cut internal and transportation,
external shapes consumer
— die cutting: used to cut, electronics and
perforate, score, and kiss thin sheet appliances,
materials kitchenware,
— water jet cutting: way to cut packaging,
sheet metal using high pressure jet promotional
of water material

stationery and
labels, aerospace,
scientific
apparatus, glass
pane, tiles,
stained glass

Joining Processes [37]

Manufacturing | Description Environmental | Examples
Process Impacts
Arc Welding — encompasses a range of fusion containers,
welding processes fabrications,
— can only be used to join metals structures
Power Beam — joins materials by heating and aerospace,
Welding melting the join interface automotive,
— does not rely on the formation of construction
an electric arc
Friction — used to from permanent joints aerospace,
Welding automotive and
transportation,
shipbuilding
Vibration creates homogenous bonds in automotive,

63




adhesive, primer, paint,
lacquer, oil, sealant,
varnish, and enamel

Welding plastic parts consumer
by rapid linear or orbital electronics,
displacement generating heat at the packaging
interface which melts the joint
material and forms the weld

Soldering and form permanent joints by melting electronics,

Brazing filler material between adjacent jewelry, and
parts kitchenware

Joinery wood joint configuration construction,

furniture

Weaving process of laying strips of material furniture
over and under each other to form
an intertwined structure

Upholstery process of bringing hard and soft furniture,
components together to form one automotive
piece interiors

Timber Frame construction

Structures

Finishing Processes [37]

Manufacturing | Description Environmental Examples

Process Impacts

Spray-painting | fast way to apply aerospace, automotive

and transportation,
consumer electronics
and appliances

Powder Coating

used to coat metalwork
powder adheres to piece
electrostatically and is
cured in an oven

automotive,
construction, white
goods

of metal to another metal
surface

Anodizing forming a protective architecture,
oxidation layer on automotive, consumer
aluminum magnesium, or electronics
titanium

Electroplating application of a thin film consumer electronics,

jewelry, furniture,
automotive
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Galvanizing zinc coating steel or iron architecture, bridges,
automotive, furniture
Grinding, sand, grind, or polish the automotive, cookware,
Sanding, and surface of a material glass lenses
Polishing
Electropolishing | reverse of electroplating food processing,
material is removed from pharmaceuticals
the surface of a work
piece
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Appendix E: Energy Use Lecture Slides

The Point

The energy that a product consumes
throughout its life cycle contributes to its
ecological footprint. Therefore it is important
to understand the embedded energy of the
products we create in order to make them
more sustainable.

Energy Use by Sector

Energy consumption estimates by sector
triffion Btu

January to November 2015 2014 2013 2012

End-Use Sector

I Residential 18932 | 19401 18,802 17.931
Commercial 16.450 16.584 16.192 15,812
Industrial 28,460 28872 28,652 28,251
Transporation 25367 24796 24516 24,008
Primary Tot 89223 89676  88.161 86.095

Source: U Slcrv._jy Information Administration, Monthly

v

Residential energy use accounts for about 21% of total US energy
consumption

Examples of Products that are
focused on reducing their energy

footp rint
Recompute
computer cased in
recycled
cardboard instead
of plastic (pg. 62
product design)
First Phon.l Noldl ano Waste
Charger
charger reads how much energy the
phone requires to charge and once it == ¢ =
reaches that amount it tums off (pg. 44 B = S
fesign) . .
Inlet-Outlet
- allows households to
' 1 hamess energy and give b
it back to the grid.
’ "  Encourages use of solar » d .JWA
e panels and wind

Leaf

(pg- 52 product design) mobile phone that can be charged
via solar energy (pg. 54 product
design)
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Examples of Products that are
focused on reducing their
energy footprint

RITI Printer

hand powered
printer that uses
coffee grinds as ink

million tons per year
(pg. 84 product
design)

Product Life Cycle

Raw Matenal
Extraction

Part
Manofactering

Pr Use

it o
Jerroon & Gisan (201 n
T e 843 1601

Exercises: Coffee
Maker

Embedded energy: 134-200 MJ/ functional
unit

Matenals: Plastic, glass
Manufacturing Process: Injection molding

Energy Use: 1000 to 1500 watts for 8-10
cups of coffee

Brainstorming: How can we redesign a coffee
maker to make it more sustainable?
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Appendix F: Biomimicry Lecture Slides

The Point

Many of our engineering questions
have already been solved by nature.
Although “biomimetic” does not
inherently mean “sustainable”,
looking at how nature does things can
lead to more sustainable design
choices.

What is Biomimicry?

Biomimicry is being inspired by nature. Itis
using an idea found in nature and applying
it, or taking nature’s design principles and BIOMIMICRY
learning from them.

TED Talk: ﬂ/ﬁ
https://www.ted.com/talks/janine benyus b = L
iomimicry in action Innovation Inspired
by Nature
TED talk (12 Sustainable Design Ideas from
Nature) Starts at 10:30
https://www.youtube.com/watch?v=n77Bfx

nViye

JANINE M

ENYUS

w1 et s
.

Examples: Capillary
Action

USGS defines capillary action as the movement of
water within the spaces of a porous material due to the
forces of adhesion, cohesion, and surface tension.
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Example: Velcro

Velcro was modeled
after the burrs on the
Burdock Plant

Example: Adhesives (gecko
feet)

Adhesive tapes can be modeled after gecko's feet and their ability to
stick to almost anything

https://www.youtube.com/watch?v=JnBkbaFsZOY
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Appendix G: Upcycling/ Remanufacturing Lecture Slides

What is Upcycling and
Remanufacturing

m Upcycling is the process of converting
an old discarded product into
something new and useable [26].

m Remanufacturing is the process of
returning a used product to its original
state [27].

Challenges with remanufacturing

There are many challenges associated with remanufacturing but at the heart is
product desing.

A product must be deisgned to be remanufacutred. This includes designing
products for disassembly with components that can be easily replaced and tested.

Deisgn For Disassembly

The Basics:

the number of fa - . 1
Minimize the number of fastener removal tools needed |
F should be easy to remove |
Fastening points should be easy to access |
Snap fits should be jocated and able to be torn about using ¢ tools |
Ty to use fasteners of materlal compatible with the parts connected I
If two parts cannot be compatible, make them easy
Eliminote adhesives uniess compatible with both partsoined

the number and length of i ing wires or cables used

Note: Easy assembly does not always
equal easy disassembly
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Design for Easy Disassembly
- Apple MacBook Pro

m Can be disassembied by hand and with a
Phillips screwdriver (no permanent
fasteners)

m  Each modular subassembly (hard drive,
battery, fan, logic board, optical drive, etc.)
can be removed easily without potential
damage or affecting other components(for
re-use)

= Body is made from a single block of
aluminum, all scrap is reused

m  Components are easily disassembled into
pure material streams, such as the glass
screen, the aluminum body, and the plastic

keys
m Example of a partially cradle-to-cradie
design
it wmm At Pro134neh

Design for Remanufacturing

Remanufacturing: End-Of-Life strategy

* Product is returned and disassembled

* Parts are sorted, cleaned, and inspected

* Quality and performance are certified

* Parts are re-entered into the manufacturing part supply stream

XEROX.

* Remanufactured 30,000 tons of returned machines (1997)
* Kept four million cubic feet of materials out of landfills

-> That's 250 family homes worth of material

0619, K. and Wood, K., (200 1) Arodot Desigrs Tectniques ant tdow Produst Frentice Hall
Ut/ S eww aron. ete._ 2005, paf

Disassembly and Cradle to
Cradle

= |
While some preducts are being designed specifically to be re-used and .
recycled (cradle-to-cradle) .
*  Like your oid Macbook Pro
Or Kodak disposabie cameras

Others are specifically designed to be
disposed of at end-ofife (cradle-to-grave)
+  Cheap electronics that purposely cannot be fixed by a layperson

Consumer products that Include permanent fixtures/weids or highly
speclalized tooling to Impede access to interlor mechanisms

Pri made of or that cannot
be separated

Designs that must include destruction of a component in order to
disassembie

« Components that Include hazardous chemicals that cannot be
captured for re-use

hitpyf . US/p _Fash_Shgle_lse ¢ 164408000
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Appendix H: Systems Level Lecture Slides

The Point

To understand
sustainability on a
systems level

linkedin.

What types of materials are
cars made of?

hitps-iiwww allianz.com.aulc
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Materials

MATERIALS USED .
Wha TO MAKEACER 4

Cutmn fe Al Pd 0
e Pb | Cu | Si

I

Materials

Could you choose
different materials
that are more
sustainable?

httpsJf/www.alllanz.com.awc:

Manufacturing

How is a car made?

https://www.youtube.com/watch?v=FQ9zmJCBlaw
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Can you think of any ways to change the manufacturing processes
that will reduce the impact?

htpwws, ehindubuzinessh o ee 125-bikes-up-48-In-dec/onkled 252909 cco

Energy Use

What is the largest
energy impact in a cars
life cycle?

http Awvww car i b
hips//www ela govitocts/fags'fag cim 7id=2341=10

Energy Use

2015, about
140.43 billion
gallons of
gasoline
were
consumed in
the United
States
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Biomimicry

Are they ways to apply
biomimicry principles in
car design

Car design based on boxfish
Acceleration: 62 mph in 8.2 seconds
Fuel Economy: 70 mpg city/highway

Upcycling/
Remanufacturing

Can cars be recycled? Are their was to
remanufacture car or design them for disassembly?

75



What is the function of
a car?

To get people from one place to another (like this fish)

Bitp: I8 imgur.comiZRAIGR jog

Is a car the best
solution to fix
that function?

76



Appendix I: 2015 Sustainable Product Design Student Concepts

The following concepts from the 2015 Sustainable Product Design Course. All concepts
are from the team designing for the “Getting to Campus” scope [33].
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Appendix J: 2016 Sustainable Product Design Student Concepts

The following concepts are from the 2016 Sustainable Product Design Course. All
concepts are from the team designing for “The Best Part of Waking Up” scope [35].

CONCEPTS: MATERIALS LENS

CONCEPTS: MANUFACTURING LENS
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CONCEPTS: BIOMIMICRY LENS
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