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Product development organizations are facing more pressure now than ever

before to become sustainable. However, organizations are reluctant to compromise

product functionality in order to create products that have less environmental impact

than that required by regulations. Thus, engineers may face a conflict between

improving product functionality and reducing environmental impact.

The design for environment (DfE) tools currently available are inadequate

with respect to helping engineers determine how to resolve this conflict during the

conceptual design phase. The Theory of Inventive Problem Solving (TRIZ) which is

based on Design by Analogy provides a promising conceptual design approach for



this problem. Examples of products that simultaneously reduce environmental impact
and improve product functionality can inspire engineers to do likewise.

This research consists of 1.) Finding products and patents that overcome a
contradiction between product functionality and environmental impact; 2.) Analyzing
and determining the functionality parameter, environmental parameter, and TRI1Z
principle demonstrated by each example; 3.) Organizing this knowledge into an
accessible DfE tool (matrices); and 4.) Developing a methodology for using the tool.
The combination of the tool and methodology is named ENVRIZ, a merge of
environment and TRIZ.

After ENVRIZ was complete, an effectiveness study was completed to
understand whether the new tool provided better solutions than TRIZ. Results of the
study support that utilizing specific product examples from ENVRIZ provides better
solutions compared to utilizing engineering principles from either ENVRIZ and
TRIZ.

Although the use of the tool on its own does not guarantee a reduction in a
product's overall sustainability, the ENVRIZ methodology provides design engineers
with a useful conceptual design tool to help overcome contradictions between
improving product functionality and reducing environmental impact. Moreover,
despite the limited number of examples identified to date, this research provides a
framework and prototype that can be extended to incorporate new solutions to these

contradictions.
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Preface

This work came to be through merging two topics that intrigued me. First was
my interest in how engineers innovate. In college courses we are taught the
fundamentals of engineering, but given little opportunity or instruction on creating
good ideas. Brainstorming seemed to be the common method used and naturally
some students were better at coming up with good ideas than others. Were these
students born with engineering intuition or was it something that could somehow be
learned? In a graduate course, | was exposed to Theory of Inventive Problem Solving
(TRIZ) and it really stuck with me because it was the first time | had seen a
systematic process for innovation.

The second area that interested me through my graduate work was Design for
Environment (DfE). A lot of work has been completed in this area and there are
many tools available yet companies still struggle with adoption. One problem is that
companies have a mission to make money and it is a tough sell if being
environmentally friendly means being less profitable. Furthermore, while engineers
understand the basic concepts of design for environment and its benefits, they do not
have much support when it comes to how to design an environmentally friendly
product after the simple fixes such as material substitution are implemented.

This research combines these two areas of interest to provide engineers with a

systematic methodology for developing innovative environmentally friendly products.
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Chapter 1: Introduction

Today, product development organizations are facing pressures to become
sustainable. The most widely accepted definition of sustainable, which comes from the
“Brundtland Report,” is meeting the needs of the present without compromising the
ability of future generations to meet their own needs [1]. According to WM Adams’
analysis of the report, “This definition...cleverly captured two fundamental issues, the
problem of the environmental degradation that so commonly accompanies economic
growth, and yet the need for such growth to alleviate poverty [2].”

While the idea of sustainability has gained popular notoriety, there are
complications with practical implementation because of the widely varying
interpretations of what sustainable is. The broad definition helped spread the concept but
hinders measureable progress since many efforts already being undertaken can now be
relabeled as sustainable efforts (i.e. complying with regulations). Businesses are
responding to the notoriety of the term by including sustainability sections in their annual
reports [3]. Wall Street is responding by developing sustainable indexes to cater to
sustainable investors [4]. While businesses may have genuine aspirations to become
sustainable, the fact remains that many decisions rely heavily on economic implications
in order to create value for the owners and remain viable.

Current thinking on sustainability focuses on three pillars: environmental, social
and economic sustainability. Figure 1 below demonstrates how these pillars should
interact in theory, our current status, and what changes are needed to get where we need

to be. Clearly, a large focus needs to be on the environment to make substantial progress.
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Figure 1: Pillars of Sustainability [2]

Issues such as “the fossil fuel supply, global warming, depletion of the ozone
layer, misdistribution of water use, and the loss of forest have been described by some as
‘extinction-level’ crises” [5]. Most organizations track typical “manufacturing” metrics
such as total air emissions, total water emission, and total landfilled waste. Instead,
engineers should be designing environmentally benign products and processes whose
manufacturing or operation naturally reduces air emissions.

Environmentally benign products are products that comply with environmental
regulations and may have significant features that reduce environmental impact. The
ideal environmentally benign product is one that would not only be environmentally
neutral to make and use but also actually reverse whatever substandard conditions exist in
its use environment. It would also end its life cycle by becoming a useful input for
another product instead of creating waste.

When the benefits of being environmentally responsible are not enough to shape
behavior, countries impose restrictions on materials and processes to limit the amount of
environmental damage an organization can commit. The current regulatory situation

reflects the need to influence manufacturers through penalties. Developing the next



generation of products contributing to a sustainable world requires identifying a new set
of business strategies and design and manufacturing tactics. Products for a sustainable
way of life may be an unrealistic objective for green engineering practice today, but
many benefits exist for moving in this direction. Studies demonstrate the greatest
opportunity for environmentally responsible product development occurs during the
product design phases, specifically the early design phases [6,7,8,9,10]. The greatest
impact engineers can have on the environment is to learn a new set of Design for
Environment (DfE) practices and principles that will lead us to products for global
sustainability.

Many researchers are working on conceptual design tools to help engineers
develop more environmentally benign products. Bohm et al. show that a streamlined
life-cycle assessment (LCA) can be conducted at the conceptual design phase if
information about the components in the design is already contained within a Design
Repository [11]. By providing engineers with the ability to understand the environmental
impact of their conceptual designs, they can make better decisions before the design is
locked in. Telenko and Seepersad present a methodology for uncovering
environmentally conscious principles and guidelines through the use of reverse
engineering and LCA [12]. Appropriate principles and guidelines are important during
conceptual design because they assist the engineer in arriving at solutions quicker.

The next section will review the Environmental Movement which helps to explain

why the engineering community is interested in DfE.



1.1: The Environmental Movement

The environmental movement has evolved fairly quickly over its short life. In its
infancy, it meant putting a filter on a smokestack, avoiding dumping in the river, and
placing recycling marks on items that could be recycled. Much of the work to improve
these end-of-the-production-line metrics were “patch jobs” which is like inspecting
quality into a product, an inefficient strategy that produces favorable results in the short-
term but does not discover and fix root causes that compromise product quality. Then,
the environmental movement became more product focused and consisted of removing
harmful materials from products, such as lead, and substituting them with materials that
had less environmental impact. Today, we are entering a phase where products are being
designed with specific environmental goals that are just as important as the product’s
functionality. Companies are beginning to realize that functionality can be maintained or
improved while reducing harmful environmental effects and thus creating a more ideal
product. This section will explore the drivers of the three generations of the

environmental movement.

1.1.1 The First Generation

The beginning of the environmental movement in the United States can be traced
back to Rachel Carson’s book Silent Spring, which was published in 1962. In her book,
she argued that the overuse of pesticides, specifically DDT (dichloro-diphenyl-trichloro-
ethane), could eventually destroy all life on earth. She described a world where the
“songbird would be silenced and the spring barren” and used references to an atomic
fallout to reach her readers [13]. Carson passed away just eighteen months after her

book was published, but her writing eventually led to the ban of DDT in 1972 and



sparked “an awakening of public environmental consciousness [13].” As a result, a host

of environmental legislation and milestones soon followed, including:

U.S. Clean Air Act (1963) — Legislation aimed at reducing air pollution.
National Environmental Policy Act (1970) — U.S. national policy established
to promote the enhancement of the environment.

Environmental Protection Agency Established in 1970.

U.S. Clean Water Act (1972) — Legislation aimed at reducing water pollution.
United Nations Conference on the Human Environment — First meeting in
1972 of global representatives to discuss the environment.

U.S. Endangered Species Act (1973) — Legislation to protect species whose
population had been compromised due to a lack of conservation.

Resource Conservation and Recovery Act (1976) — Legislation requiring
tracking of hazardous wastes from cradle to grave.

U.S. Comprehensive Environmental Response, Compensation, and
Liability Act (1978) — Legislation that holds polluters accountable for

environmental damage.

Consequently, the first generation of the environmental movement was focused on

the manufacturing stage of the product development process. Companies were focused

on issues such as reducing the emissions of their factories and ensuring that hazardous

wastes were disposed of properly. During this generation, the design of the product was

rarely focused on with respect to improving environmental impact.



1.1.2 The Second Generation

In 1974, Frank Rowland and Mario Molina published an article in Nature that
suggested chlorofluorocarbons (CFCs) were causing the depletion of the ozone layer
[14]. Shortly thereafter, the U.S. National Academy of Sciences published a report that
supported the hypothesis of Rowland and Molina [15]; however, it was believed that this
report overestimated the effects of CFCs on the ozone layer and there was still doubt in
the general population. Then, in 1985 an ozone hole was discovered in the artic that
confirmed the theory for the majority and ignited another generation of environmental
awareness where people became interested in what was in the products they were using.
It should be noted that ill effects of lead poising had been discovered before ozone
depletion and the use of lead in paint was restricted in 1971. However, it did not have the
same global implications as the ozone depletion discovery and did not incite a new type
of thinking.

The second generation of environmental movement was focused on the detailed
design stage and end of life stage of the product lifecycle while maintaining focus on the
manufacturing stage from the first generation. Companies were attentive to issues such
as substituting harmful materials in their products with materials that had less of an
environmental impact and informing consumers of recycling opportunities with products
and packaging. During this generation, the conceptual design of a product did not
include consideration of environmental impact. However, there was consideration
during the execution of the design which is an improvement from the first generation

where the product was rarely the focus. The legislation during this generation provides



some insight to the reasons behind these detailed design initiatives [16]. Legislation
included:

e CFCs Banned in Aerosol Cans by US, Canada, Sweden and Norway (1978)

e Montreal Protocol (1987) — Phases out ozone depleting compounds.

e European Commission Directive 94/62 on Packaging and Packaging Waste
(1994) - Set packaging take-back standards for every member country to meet.

e European Restriction on Hazardous Substances (RoHS) Directive (2003):
Restricts the use of Lead, Cadmium, Hexavalent Chromium, Mercury and two
Brominated Flame Retardants.

e Registration, Evaluation, Authorization, and Restriction of Chemicals
(REACH) Directive (2006): A massive directive that requires analysis of the use
of all chemicals entering the European Union.

e European Battery Directive (2006): Hazardous substances such as Cadmium are

banned in batteries for most applications.

1.1.3 The Third Generation

Al Gore’s 2006 movie, An Inconvenient Truth, won him the Nobel Peace Prize
and more importantly raised the public’s overall environmental awareness through the
global warming issue. Scientists believe that greenhouse gases are a possible cause of
global warming. Greenhouse gases are most predominately generated through energy
use, so companies are searching for ways to develop and manufacture products using less
energy and to inform consumers about their efforts to do so through eco-labels.

Companies are not stopping with just global warming though; most are looking for any



type of innovation that can provide an environmental benefit compared to a similar
product. Driving this are major retailers, such as Home Depot, which has developed their
own eco-labeling program. Another example is Wal-Mart which is driving suppliers to
meet more stringent environmental requirements for the opportunity to sell their product.
This is the beginning of the third generation of the environmental movement
which incorporates conceptual design, detailed design, manufacturing and end-of-life: the
complete product life-cycle for product development organizations. The design of the
product should be such that it performs its intended function while causing the least
amount of harm to the environment. One influential piece of legislation that is directing
companies towards this generation is the European Commission Directive 2005/32/EC on
the Eco-design of Energy-Using Products (EuP). It mandates the environmentally
responsible design of products that consume electricity and providing information to
users about environmentally responsible use [16]. While this directive was passed in
2005, the writers of the directive are still having trouble defining environmental design

requirements that exceed basic energy usage limits.

1.2: Problem Statement

Product development organizations are constantly redesigning their products to
keep up with changes in technology, regulations, consumer preferences and to get ahead
of market competition. During redesigns, organizations are interested in increasing the
functionality of their products. Functionality includes all valuable results of a product’s
behavior in its use environment, such as specific features, ergonomics, and capacity.

During a redesign it is also desirable to reduce the product’s environmental impact



(among other harmful effects) to satisfy consumer demand and existing and pending
environmental regulations.

Design engineers understand the social benefits of a DfE program, but they are
unsure of how to reduce the environmental impact of their products once the obvious
changes in materials and processes are implemented. DfE programs begin with
statements about the corporation’s responsibility to preserve the environment and adhere
to applicable environmental regulations. DfE programs may also include enterprise-wide
energy conservation and recycling goals. For product development teams, typical DfE
implementation plans disseminate documents such as checklists, guidelines, and
scorecards that provide the engineer information on what needs to be done, that is, which
environmental metrics need to be improved.

Unfortunately, broad DfE guidelines do not provide any ideas on how to
conceptualize a solution. In some product redesign cases there are management
sponsored brainstorming sessions that can provide intellectual stimulation, but these
sessions are limited to the experience of the attendees and are not a systematic way to
realize a solution. Furthermore, design solutions that arise from DfE practices may not
increase the functionality of a product. For instance, biodegradable materials may be less
durable than the synthetic materials that need to be replaced. As a result, companies have
been reluctant to prioritize DfE objectives with as much fervor as they do other key
objectives like product functionality, unit cost, and time to market [17].

In general, engineers may face a contradiction or conflict between improving
product functionality and reducing environmental impact. Automobile manufacturers, in

particular, face the challenge of redesigning their vehicles, including performance and



luxury models, to reduce their environmental impact without affecting their performance
[18]. Engineers need tools to resolve this conflict, especially in the conceptual design
phase, when a small number of design decisions have a large impact on product
functionality and environmental impact. Innovations and improvements beyond material
substitutions are needed.

Given the number of possible conflicts and the vast number of problem domains
in which such conflicts can occur, it is unreasonable to create a predetermined set of
solutions that can completely resolve all possible contradictions. To overcome this
obstacle other design methodologies, such as the Theory of Inventive Problem Solving
(TRIZ), have utilized design by analogy. Design by analogy consists of mapping
knowledge from one situation to another through a supporting system of relations or
representations between situations and is well recognized for its innovative power [19].

The specific problem to be solved is determining a way to provide engineers with
information that helps them resolve contradictions between aspects of functionality and
environmental impact during conceptual design. That is, helping them find a solution
when improving a functionality aspect seems to degrade an environmental aspect or vice
versa. When improving either a functionality or environmental aspect and there is
improvement or no change in the other aspect, a contradiction does not exist.
Improvements made to products that do not overcome a contradiction are still beneficial
to society; however, this research is focused on overcoming contradictions because they

tend to be more difficult problems to solve.

10



1.3 Research Goals

This research proposes a new conceptual design tool that, like design by analogy,
provides engineers with relevant knowledge about solutions that have been implemented
in the past. This research has two goals: (1) to increase our understanding of product
design by uncovering and organizing design principles that are shown to overcome
contradictions between product functionality and environmental impact and (2) to
develop a systematic methodology that engineers can use to access this knowledge. Itis
important to note that the proposed design tool does not attempt to address the entire
problem of reducing a product’s complete eco-footprint or overall sustainability. Instead,
it focuses on the specific, practical, and critical task of resolving a conflict between an

aspect of product functionality and an environmental impact.
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Chapter 2: Literature Review

This chapter reviews the major concepts that are important in order to explain the
research, namely: Design for Environment (DfE); Design by Analogy; The Theory of

Inventive Problem Solving (TRIZ); and combining TRIZ and DfE.

2.1: Design for Environment (DfE)

Environmental objectives are increasingly important as companies seek to satisfy
environmental regulations, to attract consumers who value environmentally benign
products, and to be good citizens. Design for Environment (DfE) is the systematic
consideration of design performance with respect to environmental, health and safety
objectives over the full product life cycle [6-10]. Implementing DfE requires not only
using DfE analysis tools but also changes to the product development process such as
adding environmental criteria to the product specification to be effective [20,21].

Design for “X” programs and practices, including Design for Manufacturing
(DfM) and Design for Assembly (DfA), have developed over time as a natural response
to improving profitability. These methodologies were first used by Ford and Chrysler to
help with the design of wartime necessities during World War 11 [22]. The drivers for
DfM and DfA are reducing the time to bring a product to market, reducing a product’s
cost and improving a product’s quality. Since DfM and DfA practices have obvious
benefits to profitability, guidelines such as reducing the number of total parts and
exploiting part symmetry are now embedded in the engineering culture.

DfE, on the other hand, is driven by regulations and social responsibility and does

not always increase profitability. DfE practices such as designing for recyclability and

12



using renewable resources are historically not part of most company’s engineering
culture. Thus, a barrier to the effective incorporation of DfE programs is the low priority
that organizations often assign to environmental issues. Most organizations are not
willing to compromise functionality, unit cost, or time to market in order to create
products that have less environmental impact than required by regulations [23,24]. The
exceptions are those organizations, like Interface, Inc., that court environmentally
conscious consumers.

Moreover, “even when motivated to design for the environment, product
designers are unsure exactly how to proceed. They face an open-ended problem about
which information is scarce [24].” Consequently, manufacturing companies and
academia have spent a great deal of effort developing tools to help designers create more
environmentally benign products. There are a few problems associated with the DfE
tools currently available [25] that prevent designers from realizing innovative solutions.
First, most of the tools focus on determining which environmental aspect needs to be
improved rather than how a designer can improve that aspect. Second, most tools require
too much information to be useful during conceptual design. A tool that can be used
earlier in the product development process will have more influence on the design.
Finally, most DfE tools are focused solely on reducing the environmental impact of a
product and neglect other important aspects such as product functionality.

The two major classes of tools are LCA and decision support tools [7]. LCA
provides a fundamental methodology that evaluates the environmental impact associated
with a product during its complete life cycle. Decision support tools, such as checklists,

guidelines, and scorecards, help an engineer reduce these impacts by improving the

13



product design. The decision support tools incorporate the consideration of topics such
as national regulations, human health and safety, hazardous material minimization,
disassembly, recovery, recycling, and disposal into the design process. When
implemented, tools and guidelines become part of the long list of items an engineer must
consider when designing a new product. Environmental concerns must be balanced
against other design considerations to optimize a design.

Unfortunately, serious obstacles exist to the effective use of LCA and decision
support tools. Two of the most significant obstacles are the difficulties acquiring the
needed data and the challenges developing realistic, appropriate metrics of environmental
impact. In addition, these tools are ineffective because “they [are] far too time
consuming to be useful to designers and often too specific for general design use [24].”
Consequently, LCA and decision support tools are generally not integrated with the other
activities and tools used in the product development process. That is, the information
flow and decision-making required in order for existing LCA and decision support tools
to be effective is inconsistent with what is currently present in product development
organizations. The result is often a post-design, standalone, environmental review of a
product.

Devanathan et al. [26] emphasized the importance of considering environmental
issues during conceptual design. They proposed a novel tool called the function impact
matrix, which combines tools for Eco-Design such as life cycle assessment and tools for
functional/customer requirements such as Quality Function Deployment. Their approach

confirms that environmental improvements can be made without negatively affecting
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functional performance. Their function impact matrix identifies which aspect of the
product needs to be improved but not how to improve that aspect.

Other design tools that come close to overcoming the aforementioned problems
are the House of Environmental Quality and the Product Ideas Tree. The House of
Environmental Quality highlights potential conflicts between functional and
environmental criteria but does not provide the designer with any information on how to
overcome the contradiction [25]. The Products Idea Tree is a “diagram [that] provides a
record and organization strategy for ideas to incorporate into a product concept generated
during design brainstorming sessions where ideas are recorded by the most relevant
design process stage and environmental impact category affected [25].” The tool
provides a structure for brainstorming but these sessions are limited to the experience of
the attendees and are not a systematic way to realize a solution. Also, the tool considers
only the environmental aspects of the product.

Ramani et al. provide a review of the current state of research on sustainability
across the life-cycle of product development including design, manufacturing, supply
chain and end of life [27]. A key conclusion of the paper is that the integration of
downstream information into early eco-design tools is essential to achieving true

sustainable product development.

2.2: Design by Analogy

In design by analogy, the engineer applies his own experience and relevant
examples to the new problem. “In the past 25 years, analogy has assumed a central role
in theories of problem solving and scientific discovery...Used in conjunction with

domain-specific knowledge, analogy may enable the search process to be greatly
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abridged when patterns are noticed in the current problem state. Pre-stored knowledge
can be evoked and used to plan the next steps toward solution of the problem, provide
macros to replace whole segments of step-by-step search, or even suggest an immediate
problem solution. The recognition mechanism (with its associated store of knowledge) is
a key weapon in the arsenal of experts and a principle factor in distinguishing their
performance in the domain of expertise from that of novices” [28].

Analogical thinking is one of the cognitive processes that engineers use when
searching for solutions to technical challenges, such as imagining design improvements
that also improve environmental impact. Research is underway to test the impact of
providing seed ideas or cues to engineers during the process of ideation that is critical to
conceptual design. One group in the United Kingdom tested the value of providing idea
stimulus to design teams in industry. They found that introducing stimuli in the form of
TRIZ innovative principles supported the rate of ideation generation during
brainstorming sessions and lead to less obvious ideas [29]. Work with student groups
concluded that the nature of the provided stimulus was important on its ideation impact.
This study found that the more disparate the stimulus is, the more difficult it seems to be
for engineers to use it; thus, the context within which the cues are provided is important
for success [30].

Another study with engineering students focused on the impact of lexical stimuli
(words) on design generation and found that students tended to use the words as verbs,
especially when the stimulus was seemingly unconnected to the design task [31]. The
same lexical study found that the dichotomous stimulus, like that presented in the TRIZ

method, led to concepts that were judged by raters to be more novel than other concepts.
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A final study examined the effect of analogical example properties on conceptual ideation
[32]. The study found that when compared to near-field examples, using far-field
examples (examples from a different problem domain) increased the novelty of concepts,
increased the variability in quality of concepts and decreased the quantity of concepts due
to moving the engineer into one or two novel regions of the design space which they
explored in more depth. Additionally, the study found that when compared to more-
common examples, using less-common examples (designs not commonly found in the
engineer’s world) also increased the novelty of concepts and increased the variability in
quality of concepts but appeared to do so via broadening the search space which
increased the quantity of concepts.

This research on ideation suggests that engineers who consider cueing examples
after determining some initial problem solving parameters may improve the quantity and
quality of the concepts they generate. Furthermore, a design by analogy style conceptual
design tool requires identifying examples that embody good solution characteristics.
Once collected, examples must be organized for retrieval based on objectives relevant to
the design challenge rather than presented in some more natural means of coding (e.g.,
application area and key mechanical principle). Finally, the tool must be able to extract
the examples that embody the key solution objectives even if the example is very

different from the original problem.

2.3: The Theory of Inventive Problem Solving (TRI1Z2)

The Theory of Inventive Problem Solving (known by the Russian acronym TRI1Z)

[33,34,35,36,37] defines inventive principles and processes used within different
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industries and provides tools for solving technical problems of varying complexities.
These tools provide engineers with an incredible knowledge base [38].

TRIZ was developed by Genrich Altshuller, a Russian-born patent examiner [37].
During his experience in the Soviet Navy, he not only helped many inventors apply for
patents, but also to solve problems as well. His line of work lead to him to question the
accepted fact that inventing was a random act and ideas just came easier to some people.
Altshuller believed there had to be a systematic process for inventing that could be
documented and taught to inventors. Instead of randomly searching the design space for
a solution to a problem, a methodology that directed inventers to the solution was needed.

Altshuller and his associates studied over 1.5 million patents and determined that
over ninety percent of engineering problems they addressed had been previously solved.
By studying the patents that represented original solutions to problems, Altshuller’s team
was able to define inventive principles and processes used within different industries.
The results of their study yielded foundations and tools for solving technical problems of
varying complexities, which is known as TRIZ. The next sections will provide: an
overview of an important tool within TRIZ, the contradiction matrix; an overview of the

concept of Ideality; and a discussion on the validity of TRIZ as a design methodology.

2.3.1: The Contradiction Table

The contradiction table, one of the most recognizable tools within TRIZ, consists
of two sets in matrix form: engineering parameters and principles. An engineering
parameter is a feature of a problem that can worsen or improve such as weight of a
moving object, temperature, or reliability. The engineering parameters form the headings

on the left and top side of the matrix with the left side corresponding to an improving
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parameter and the top side corresponding to a worsening parameter. A principle is a
technique that has been used for solving a contradiction between certain parameters.
Examples of principles are segmentation, preliminary anti-action, and periodic action.

Within TRIZ there is a complete list of the forty principles, along with
explanations of each principle, and examples of how the principle is implemented [35].
Principles that have been found to help resolve a particular conflict between two
engineering parameters are located in the box of the matrix where the two engineering
parameters intersect. For example, the intersection of an improvement in the weight of
an object and a reduction in the strength of an object lists four design principles: #28
Replacement of Mechanical System; #27 Dispose (replacing an expensive object with a
cheap one); #18 Mechanical Vibration; and #40 Composite Materials. A list of the TRIZ
principles along with their definitions can be found in Appendix A.

The contradiction matrix only provides the principle and the engineer has to
interpret how to apply the principle to their problem. Since many people have difficulty
with applying the principles, most commercial TRIZ software provides product examples

that embody the principle to help with application of the principle.

2.3.2: ldeality

A major goal of many organizations is increasing their market share of a
particular product or family of products. In order to achieve this goal, organizations are
constantly redesigning their products to keep up with their competitors. During the
redesigns organizations are interested in increasing the “usefulness” of their products.
The term usefulness includes all valuable results of the product’s function such as

specific features, ergonomics, and capacity. Within these redesigns it is also desirable to
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reduce the harmful effects of a product. Examples of harmful effects include cost, energy
use, safety hazards, and pollution. Within TRIZ, the idea of increasing useful effects and
decreasing harmful effects is captured within the law of ideality. The law of ideality

states that “technical systems evolve toward increasing degrees of ideality, where ideality
is defined as the quotient of the sum of the system’s useful effects, Uj, divided by the sum

of its harmful effects, H;” [33]:

Ideality :&
2H,

Typically an improvement in the usefulness of a product results in an increase in
the harmful effects and the design team is forced to make a trade-off. When a trade-off is
made the ideality does not increase and the technical system does not evolve. Using
techniques found in TRIZ helps increase the ideality of a technical system by resolving
design contradictions. The ideal final result would be a product that provides the useful
benefit but does not exist itself.

Some organizations have also adopted the concept of ideality as a way of
measuring environmental improvements in their products. Matsushita and Toshiba have
adopted versions of Factor X, which was developed using terms coined by both the
Wuppertal Institute for Climate, Environment and Energy (Factor) and The World
Business Council for Sustainable Development (Eco-Efficiency) [39,40]. Factor X was
first advocated in the late 1990s as a technique for evaluating both the functional and
environmental aspects of products and services.

Matsushita measures Factor X using the ratio of the improvement in “Quality of
Life” to the reduction in “Environmental Impact.” Toshiba calculates the eco-efficiency

of a product as its value divided by its environmental impact and then calculates a
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product’s Factor T as its eco-efficiency divided by the eco-efficiency of the benchmark
product. While the specific values they use for calculations are different, both firms have
adopted the idea that a product can be made more environmentally benign by increasing
its functionality, decreasing its harmful effects, or both. Since most decisions to redesign
a product are based on increasing the usefulness of a product, it would be beneficial for

engineers to have a tool to help them reduce the environmental impact at the same time.

2.3.3: Validity of TRIZ

TRIZ is a popular design methodology amongst the engineering community and
one that has been successfully commercialized. This is evidenced in the creation of TRIZ
software such as TRIZSoft and CreaTRIZ, the formation of TRIZ consulting firms such
as Innovation TRIZ and Ideation International, the teaching of TRIZ at Universities
(ENMES8O08T & ENMEG601 at the University of Maryland-College Park), textbooks [41],
The TRIZ Journal [42], and the use of the methodology at major corporations such as
Proctor & Gamble, Ford Motor Company, and Boeing. The use of TRIZ has also been
proposed and utilized in hybrid design methodologies [43,44,45].

Opponents of TRIZ argue that the contradiction matrix is outdated, the
methodology is not based on mathematics, and the methodology is not a panacea to all
design problems. However, the contradiction matrix is an excellent tool used for
creativity enhancement. The matrix is based on mechanical engineering problems and as
we move into newer technologies with more focus on electronics, the matrix will need to
be updated to address new challenges. One of the steps of this dissertation is creating a
new contradiction matrix with environmental parameters based on products that have

overcome recent environmental design challenges.
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TRIZ, like other accepted design methodologies such as synectics and
brainstorming, is not based on mathematics. It consists of a systematic process (ARI1Z)
which breaks down a solution into a core contradiction and then utilizes a knowledgebase
(the previous work done by other engineers in the form of the contradiction matrix) to
generate a new concept.

No design methodology will solve all problems. Many factors are involved,
including the structure of the design methodology, the organizational support of the
design methodology, and the engineer’s personal preference, training and ingenuity.

“The strength of [TRIZ] comes [from] the analysis tools [contradiction matrix] developed
from the patent research” which provide engineers with an incredible knowledgebase
[38]. TRIZ is a concept generation tool and will not help with detailed design like other
methodologies, such as Design for Manufacturing. While TRIZ should not be the only

design methodology used, it is an integral part of an engineer’s toolbox [41].

2.4: Combining TRIZ and DfE

Many researchers acknowledge the strengths of the TRI1Z approach to improving
design and have experimented with adaptations of TRIZ [46,47,48,49,50,51,52]. Liu and
Chen [46] developed a green innovation design method by analyzing the TRIZ
contradiction matrix. The authors mapped TRIZ parameters to environmental goals and
through frequency analysis of the contradiction matrix concluded that certain inventive
principles are more likely to achieve specific environmental goals. This approach does
not address conflicts between functionality and environmental impact, and the parameters
in TRIZ do not thoroughly address all of the environmental parameters as discussed later

in Section 3.1. Chang and Chen [47] present an eco-innovative example product for each
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of the forty TRIZ inventive principles to highlight that the inventive principles can be
used for eco-innovation. Low et al. [48] explore the applicability and adaptation of TRIZ
to an eco-centered service solution. The authors conclude that TRIZ is better suited to
generate product focused solutions rather than service oriented solutions because of its
inability to handle multifaceted, multihierarchical situations. Jones and Harrison [49]
investigated how TRIZ might be used and modified for eco-innovation through
examination of environmentally innovative compact florescent lamps within Philips
Lighting. To adapt TRIZ for use in eco-innovation, Jones and Harrison suggested
extracting generic principles for solving environmental contradictions through the study
of environmental patents and including more parameters within the contradiction matrix
that address environmental issues and resource conservation. Kobayshi and Aoyama [50]
proposed an expanded contradiction matrix that includes functionality parameters and
environmental parameters on both the top and left sides of the matrix. They provide only
a framework and one entry to the table based on an example provided in the paper.
Morgan [51] explored expanding TRIZ to include environmentally benign products and
utilizing functional models to identify environmental innovations. He only explored
certain products that demonstrated an improvement in energy efficiency but determined
that expanding TRIZ to include environmental products would be worthwhile. Sakao
[52] proposed a methodology for environmentally conscious design that combines the use
of life-cycle assessment (LCA), quality function deployment for the environment
(QFDE), and TRIZ. This paper suggests that the current TRIZ contradiction matrix can
easily handle functionality and environmental contradictions. However, the hair dryer

example provided by Sakao resolves a contradiction between two functionality
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requirements rather than a contradiction between a functionality and environmental
requirement. Overall, however, this methodology is a very useful framework because it
covers a wide range of the development process, from product planning to concept
selection.

The previous work, while an inspiration to this work, lacks the detailed research
required to provide engineers with a systematic way to access design principles that have
been used previously to resolve contradictions between functionality and environmental

impact.
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Chapter 3: Research Methodology and Results

The methodology [53] used to develop this conceptual design tool proceeded

through the following steps:

1. A broad set of functionality and environmental parameters that are useful to
engineers during conceptual design were selected. This step is described in
Section 3.1

2. Patents and products that demonstrated a reduction in environmental impact
were found. This step is described in Sections 3.2.1 and Section 3.2.2.

3. The patents and products found in Step 2 were analyzed to determine if a
functionality improvement accompanied the reduction in environmental
impact. If so, the product or patent was selected for the design tool and the
improving functionality parameter, improving environmental parameter and
TRIZ principle demonstrated were defined. This step is described in Section
3.2.3 and examples of products and patents that were used in the research are
provided in Section 3.3.

4. The information was organized into two ENVRIZ matrices: one that contains
TRIZ principles and one that contains references to patent and product
examples. This step is described in Section 3.4.

5. A process for using the ENVRIZ matrices was developed. This step is
described in Section 3.5.

6. An online collaborative version of the tool was developed to provide an
example of how the matrices could be continually improved. This step is

described in Section 3.6.

25



3.1: Selection of Environmental and Functionality Parameters

Before beginning the search for products that demonstrate a reduction in

environmental impact and an improvement in functionality, the environmental and

functionality parameters needed to be defined. For the environmental parameters, six of

the seven eco-efficiency dimensions developed by the World Business Council for

Sustainable Development were used [54]. This approach was also used by Chang and

Chen [47] as a suitable standardized set of critical objectives for improving products.

Listed below are the seven dimensions of eco-efficiency and their product level

definitions:

1.

Reduce the material intensity of goods and services: Reduce the amount of
material used in the product and by the product (e.g., packaging, consumable

accessories).

. Reduce the energy intensity of goods and services: Reduce the energy consumed

by the product.

. Reduce toxic dispersion: Reduce the use of toxic chemicals or prevent toxic

chemicals used from being emitted into the environment.

. Enhance material recyclability: Increase the amount of material that can be

reused or recycled.

. Maximize sustainable use of renewable resources: Increase the use of resources

that can be replaced naturally at a rate that is greater than or equal to the rate of

consumption.

. Extend product durability: Increase the useful life of the product and include

serviceability of the product.
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7. Increase the service intensity of goods and services: Increase the focus on
providing a service to satisfy customer needs rather than a product for individual

purchase. Examples include shared use, multi-functionality, and upgradeability.

The Service Intensity dimension was excluded from this study because it depends
on infrastructure decisions that are made prior to an engineer working on a product.
However, the decision to provide a service rather than sell a product for individual use
could lead to different product requirements and contradictions. For instance, a product
used in a service application would probably require a greater focus on product
durability.

The set of engineering parameters used in the TRIZ contradiction matrix was a
natural starting point for selecting the functionality parameters because of the link of this
methodology to the TRIZ approach. Domb’s list of definitions were used for the TRIZ
engineering parameters [55]. Many, but not all, of the 39 TRIZ engineering parameters
were selected. Parameters that overlapped or directly related to environmental
parameters were excluded. For instance, “speed” was excluded because it is very similar
to “productivity” and “loss of time,” and “ease of repair” was excluded because it is
related to the “product durability” environmental parameter. Additionally, when two
parameters were used to cover both stationary and moving objects they were consolidated
them into one parameter. For example, the “weight of moving object” and “weight of
stationary object” parameters were combined. Appendix B lists the thirty-nine TRIZ
engineering parameters, the resulting twenty-one functionality parameters used in this

research, a definition for each parameter [55], and an explanation of why certain
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parameters were not used. Table 1 below shows examples of information contained

within Appendix B.

Table 1: Examples from Appendix B

TRIZ Functionality
Parameter Parameter Definition Explanation
1 - Weight of
moving
object
2 - Weight of Consolidated into
stationary The force that the body exerts on its | one parameter for
object 1 - Weight support or suspension simplicity.
Similar to
The velocity of an object; the rate of | Productivity and
9 - Speed Not Used a process or action in time. Loss of Time
25-Lossof |11-Lossof | Reducing the time taken for the
Time Time activity Used
Similar to
Quality characteristics such as Environmental
convenience, comfort, simplicity, Parameter
34 - Ease of and time to repair faults, failures, or | Product
repair Not Used defects in a system. Durability
1.) The number of functions or
operations performed by a system
per unit time. 2.) The time for a unit
39 - 21 - function or operation. 3.) The output
Productivity | Productivity | per unit time or cost per output Used

3.2: Patent and Product Search and Analysis

The goal of the patent and product search and analysis was to identify existing

products that improve functionality and reduce environmental impact compared with the

previous generation of that product. Because the term “improvement” is a comparative

term, the product search sought products that could be compared with a prior

embodiment (instead of “first of its kind” products).
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Two separate searches were conducted and the results of those searches have been
labeled “patents” and “products.” “Patents” are products that were specifically found in
the United States patent database. “Products” are those that were found outside of the
patent database in sources such as journal articles, online stores, and manufacturer’s
websites. In order to quickly narrow the search space, the search began with finding
environmental improvements since there are fewer patents and products with
environmental improvements than those with functionality improvements. Then each
candidate identified by these searches was analyzed to determine if it had a functionality
improvement. If the candidate had both an environmental improvement and a
functionality improvement then the candidate was selected for the design tool. Section
3.2.1 provides details about the patent search, Section 3.2.2 provides details about the

product search and Section 3.2.3 provides details regarding the analysis of the searches

3.2.1 Patent Search

Patents were searched for in the United States patent database, which contains
three different types of patents: utility patents, design patents, and plant patents. Utility
patents are issued for the invention of a new and useful process, machine, manufacture,
or composition of matter, or a new and useful improvement thereof. Design patents are
issued for new, original, and ornamental designs for articles of manufacture. Plant
patents are issued for new and distinct, invented or discovered asexually reproduced
plants [56]. This research considered only utility patents because these patents must have
a functional improvement.

Within the large set of utility patents, patents that provided environmental

improvements were searched. The NexisLexis Academic Database was used to search
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for environmental terms in the patent titles and abstracts, which describe the most
important aspects of the patents. For each of the environmental parameters listed in
Section 3.1, equivalent search terms (shown in Table 2) were developed that were likely
to appear in the text of patents.

Table 2: Search terms used for environmental parameters

Environmental Parameter Search Terms

Material Intensity Material Reduction, Light Weight
Energy Intensity Energy Efficient, Less Energy
Dispersion of Toxic Materials Toxic, Hazardous

Recyclability Recycle, Reuse

Renewable Resource Use Renewable, Biodegradable, Sustainable
Product Durability Durability

Patents that were issued within a one year period (June 14, 2008, to June 14,
2009) were searched for by Marion Bizouarn, a study-abroad student hosted by Dr. Linda
Schmidt. The complete list of patents resulting from the search are included in Appendix
C and sorted by environmental parameter. The patent number, device name, and
description columns were provided by Bizouarn and the analysis column, which explains
why certain patents were not used in design tool, was added by the author and is further

explained in Section 3.2.3.

3.2.2 Product Search

The search for “Products” involved examining sources highlighting products with
environmental innovations. Although lists of “green” products are widely available,
finding useful information about innovative products that are appropriate for the design
tool was a more difficult task. For example, the Energy Star certified products list could
not be used blindly because Energy Star only focuses on energy reduction and does not

consider functionality improvement or decrement. Sources utilized for the product search
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included journal articles, online stores specializing in selling environmental products,
manufacturer’s websites and other various sources found through web searches.
Examples of sources include an article by Chang and Chen [47] which provided
environmental product examples for all forty TRIZ principles and Nigel’s Eco Store [57]
which specializes in selling environmentally benign products. A complete list of all of
the products examined is not available because as products were being searched, the first
step of the analysis described in Section 3.2.3 below was concurrently conducted and

products that did not also improve functionality were immediately rejected and not noted.

3.2.3 Analysis of Patent and Product Search

The analysis of the patent and product searches consisted of two steps. First, was
determining whether or not the candidate patent or product had an improvement in
functionality because the searches focused only on finding examples of environmental
improvement. If there was no functionality improvement, the patent or product was
rejected for the design tool and no further analysis was completed. If there was a
functionality improvement, then the patent or product was selected for the design tool and
the improving functionality parameter, improving environmental parameter and TRI1Z
principle demonstrated were defined.

The patent search conducted by Bizouarn yielded one hundred thirty four
candidate patents. After conducting the first step of the analysis, eighty patents were
identified that provided an improvement in functionality. Those eighty patents were
further analyzed to define the functionality parameter, the environmental parameter, and
the TRIZ principle demonstrated to overcome the contradiction. The first step of the

patent analysis is documented in Appendix C which was previously described in Section

31



3.2.1. The second step of the patent analysis for the eighty patents that were included in
the design tool is provided in Appendix D. For each patent, Appendix D lists the patent
number, the description of the patent, a summary of its innovation, the previous
generation of products upon which it improves, the functionality parameter that is
improving, the environmental parameter that is improving, the relevant TRIZ principle,
and the search terms used to find the patent.

The analysis of the product search is not as neatly documented as the patent
search. The reason for this is the product search was conducted by the author and the
first step of the analysis was concurrently conducted with the product search. In the
absence of a product candidate list to specifically demonstrate the first step of the
analysis, two general analysis examples are provided. First, Chang and Chen [