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I. Motivation and Overview

The ability to invent, create, and innovate is at the very core of engineering

and product development. It provides a forum for designers to apply creativity

and contribute their personal flair. It also represents the timewhen technology

is chosen or developed to fulfill customer and societal needs. While this

core ability is well recognized and acknowledged, significant research ques-

tions exist regarding our understanding of invention and creation as part of

the design and product development process. This chapter investigates a

sector of these research questions, focusing on the area of concept creation

and its relationships to informational categories. Aworking hypothesis of this

investigation is that category decomposition and representation (i.e., catego-

rization) provide the scaVolding of innovative concept development for

products. For the real‐world problems encountered by engineers, it is this

scaVolding that deserves significant attention as an interdisciplinary area of

inquiry by the research fields of engineering and psychology.
A. EDISONIAN DESIGN
Few of us can imagine life without electricity, light bulbs, computers, or many

of the other modern marvels we take for granted each and every day. What

genius developed such things? Can the creation of such art forms be taught?
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Fig. 1. A snapshot of ‘‘Edisonian invention.’’
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Do such inventive ideas strike like a bolt of lightning? Why do some people

seem prone to moments of insight and inspiration? When we think of these

underlying questions of invention, Thomas Edison comes to mind as the

symbol for inventive success.

Figure 1 illustrates, emblematically, the inspirations of Thomas Edison.

Edison is one of the most prolific inventors in US history with over a 1000
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patents (Dyer, Martin, & Meadowcroft, 1929). Most people associate him

with the invention of the incandescent light bulb (even though he was one of

many inventors to work on this device). Edison was the first to build from,

combine, and further develop previous research into a practical device

(Baldwin, 1995). A practical, electrically powered light bulb was just a tip

of his influence on our world. He invented not only a practical light bulb but

also the necessary power distribution system and related lighting systems for

carrying it into everyday life.

To many, invention appears to be a mysterious art in which individuals are

either naturally gifted in or not. Even today Edison remains an icon in this

mysterious world of invention with researchers seeking to uncover his genius.

Currently, the Thomas A. Edison Papers, a research center at Rutgers

University, seeks to increase the availability of millions of documents related

to Edison and his work (The Thomas A. Edison Papers, 2005). As indicated by

these documents, some information exists regarding the process Edison used

to approach design and more has been inferred based on academic study.

Edison’s authorized biography describes his now well‐known trial‐and‐error
method for invention. His famous statement, ‘‘Genius is one percent inspira-

tion and 99 percent perspiration,’’ is quoted regularly (Dyer et al., 1929).

Beyondmere trial and error, Edison also built his invention upon the scientific

knowledge of the day. Edison began each project with a thorough study of the

available literature from which he based his experimentation (Dyer et al.,

1929). The trial‐and‐error approach for design development is useful when

scientific guidance is inadequate but is a very time consuming and expensive

process. This approach with its inherent limitations supplements the design

process today.

Other details of Edison’s approach to design are known.He frequently based

designs for a new device on products he had previously seen or developed. For

example, he used his knowledge of telegraph circuitry to assist in the develop-

ment of the practical light bulb (Baldwin, 1995). From his first marketable

invention, a voting machine, he learned the value of developing inventions that

people wanted and were willing to buy (Dyer et al., 1929). Currently, this

process is more commonly referred to as customer‐centered product develop-

ment or ‘‘voice of the customer.’’ Some of Edison’s approaches to design are

known at a high level but the details of how he was able to achieve such success,

in many cases, are unavailable. For example, how was Edison able to perceive

connections between the design of various devices when other inventors who

had access to similar knowledge were unable to develop such devices? This

question, and its numerous variants, represents the allure that creativity and

invention have on the human psyche.

But is this question unfathomable? Is it possible to probe Edisonian

inspiration and create teachable principles, not to replace the human in the
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art of design (i.e., creativity) but to enable and enhance the innate abilities of

all humans as designers? Research in the fields of psychology and engineer-

ing design, over the last two decades, indicates an aYrmative answer to this

question. The process of product development can be strongly influenced by

a systematic approach developed through scientific study (Hubka & Eder,

1996; Otto & Wood, 2001; Pahl & Beitz, 1996; Ullman, 2003; Ulrich &

Eppinger, 2000). Design methods and the related research are based on

studying, characterizing, and categorizing the characteristics of exceptional

engineering designs, the resulting industrial products or processes, and the

ways in which designers categorize the design problems to arrive at innova-

tions. Through a number of diVerent research approaches, a large number of

design methods have been developed to change the so‐called ‘‘fuzzy front

end of product development’’ into a more predictable, systematic process

that can be learned. In this chapter, we explore these developments, focusing

on the relationships to categorization. This exploration creates a foundation

for teachable methods of invention, setting the stage for the next generation

of Edisonian innovators.
B. ENHANCING THE ART OF DESIGN: CLASSIFICATION

AND CATEGORIZATION
At the core of contemporary design methods is the categorization (or classi-

fication) of information. By definition, classification is the act or method

of distributing into a class or category according to characteristics.

Synonymously, categorization is the basic cognitive process of arranging

into classes or categories. Teachable design methods rely heavily on classifi-

cation as a general method and categorization as the supporting cognitive

process. Categories, that is, general classes of ideas, terms, or things that

mark divisions or coordinations within a conceptual scheme, enable abstrac-

tions to search for ideas and concepts. Categories facilitate the representa-

tion of vast quantities of information into manageable sets. Categories

allow for reasoning, combinatorics, and genesis beyond the possibilities

enumerated by the elemental ideas or terms of the categories themselves.

Within this contextual framework, we explore the use of categorization in

product design and development. We first examine the process of product

development and its various stages. We then investigate, more fully, the

concept generation phase of product development, considering first the repre-

sentations of information followed by methods for utilizing these representa-

tions to create ideas. These investigations lead to a discussion of important

research questions in concept generation and their inherent interdisciplinary

nature in engineering and psychology.
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II. A Product Development and Concept Generation Process
Figure 2 shows a number of consumer products. These products illustrate

the variety produced from product development processes. Figure 2A, for

example, pictures a General Motors EV‐1 automobile. This vehicle demon-

strates the need for flexibility in products to adapt to changing technology. It

also illustrates, as with all automobiles, the need for feature variety, depend-

ing on the desires of the consumer. Some groups of consumers will be willing

to pay for attractive features. Their threshold of added cost correlates with

the value they associate with a given feature such as interior materials,
. 2. A range of products illustrating innovations in a variety of markets (Otto & Wood,

, 2005).
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console functionality, and alloy wheel designs (Piller, Reichald, Moslein, &

Lohse, 2000; Pine, 1993; Reichwald, Piller, & Möslein, 2000).

Figure 2B–E illustrate four products of smaller scale than the GM EV‐1
automobile. Nike ID shoes provide flexibility to the customer in terms of

color choice, customized emblems (such as college names, symbols, and

mascots), and choice of sole designs. The Black and Decker (B&D) Dust-

buster product illustrates a modular design. Feature changes to one module,

in future evolutions or product portfolios, may have little eVect on

other modules. The B&D VersaPac product represents a product family.

Multimodal customer needs are addressed with a common product plat-

form. And the foldable chair products illustrate the direct evolution of a

single chair to a reclining and dual chair product. These product evolutions

include added features with little or no changes to the original product

architecture.

The product development processes employed to create the products

shown in Fig. 2 require a complex set of tasks. There are tasks of creating,

understanding, communicating, testing, and persuasion. At its highest

level, we characterize any product development process with three phases:

understand the opportunity, develop a concept, and implement a concept.

Figure 3 illustrates this three‐phased process (Otto & Wood, 2001, 2005).

The first phase of product development encompasses all activities needed

to make the decision to launch a new product development eVort.
The second phase encompasses all activities to make the decision on what

the product will be. The final phase encompasses all activities to make every

product consistently work well. After the final product development phase,

the product is ready to be manufactured. In reality, these phases overlap and

are complex; yet, they help us to categorize the eVorts needed to develop a

product, and like all categorizations, there are counterexamples and the

boundaries are fuzzy.

A product development process, as illustrated in Fig. 3, can be thought of

as a sequence of parallel and serial activities or steps to be completed. Within

any phase, there are concurrent development activities. Mechanical design

proceeds in parallel with electrical design in parallel with software code

development and with industrial design. To ensure compatibility of these

activities, many companies force the periodic ‘‘assembling’’ of the product as

it stands at a given point in time, along with its associated forecasted systems

that remain uncertain (such as production, distribution, and so on). This

assembly process is executed to obtain a better picture of the design as it

is evolving, to evaluate that preliminary system, and, to freeze parts of

the design. Thus, some development decisions are made final at this point
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in time, such as general layout, user operation/interface, control, suppliers,

and so on.
A. UNDERSTANDING THE OPPORTUNITY
The first phase of product development, ‘‘Understand the Opportunity,’’ is

characterized with four activities. This first step in a product development

process often entails the creation of a vision for a new product. What product

do we wish were in the market? What is diYcult with the current product we

use? Why does it not do something we want it to? How do we wish to impact

society with an invention? The answers to these questions are visions for a

new product.

Visions are the driving force in understanding market opportunities.

Everyone has an idea for a new product, every user has thoughts on how

they wish their devices would work better, every CEO has a vision for

command of a market, and every research scientist has a vision for how

their technology can be applied. The question is whether any vision can be

transformed into a successful realization. Can it be developed and imple-

mented into a product at a worthwhile profit? The first part of this question

is the market opportunity. The revenue that might be extracted by a new

product from a market has to be estimated. In today’s competitive environ-

ment, the estimated price and volume that a market will carry is always the

starting point.

Having completed a market analysis and made a decision to proceed to

develop a new product, a development team next must analyze and understand

the needs and desires of a customer population. To obtain this understanding,

we must think about the customer population statistically. One obvious way

is to determine the average response of the customer population on any set of

criteria and call this average the response of the average customer. Similarly, we

can consider the diYcult, hard to achieve levels mentioned in the responses of

the customer population that occur out at the tails of the customer distribution.

These two customer levels are important for a design team to consider.

Another categorization of the customer population is to consider the

diVerent use patterns that the customer population exhibits. For companies

operating in global markets, where the design is for customers in many

diVerent countries, climates, and economies, geographical breakdowns are

often eVective. Socioeconomic categories are also often eVective such as

characterizations by income, gender, marital status, and age. The point is

to have a clear customer‐need‐based description (demographics) of the

market segment or segments that are to be met by a new product.

Yet another categorization that a design team should consider is to

characterize the customer population by lead‐lag usage. That is, for products
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with rapidly changing technology, one can find a fraction of the customer

population that is always on the leading‐edge use of the product. These

persons use the product in a way that the rest of the customer population

will also exhibit in a few years or so. These lead‐customers are important

for a design team to identify and to open a line of communication. For

example, university students are lead users of computer network technology;

they are on‐line most often and develop new uses for network technology

such as the first weather reporting sites, the first online camera pictures, the

first site to report when a coke machine is empty, and so on. Now, weather

information and traYc pictures are common on the web. From one perspec-

tive, developing product technology that merely satisfies these customers will

in turn simultaneously delight the average customer.
B. DEVELOPING A CONCEPT
Having clarified all available information, including the customer needs,

how a product must fit into the market and the cost range that defines the

product, the design team can work to meet these expectations. The first

activity in this eVort (‘‘Developing a Concept’’) is to design a set of general

market specifications for the product. This activity must be undertaken with

respect to the portfolio architecture, that is, the complementary set of

products, the company has to oVer.
Understanding the portfolio architecture, customer needs, and competition

orients a design team toward the generation of a new concept. One of the first

tasks in concept generation is to determine what the product must do to

supply the customer satisfaction, independent of how it is implemented. This

task entails the execution of functional modeling.

Functionally, all products do something. Products, therefore, accept ‘‘inputs’’

and operate to produce ‘‘outputs,’’ the desired performance.We canmodel any

product, assembly, subassembly, or component as a system, with inputs

and outputs that traverse a system boundary. The essence of such a model is

the need‐function‐form definition of engineering design, where our focus here

is on translating the customer needs for a product to the product functions.

A functional model describes the inputs, outputs, and transformations

that must happen for a product to work. For most products, there are

several possible groupings for subsets of these functions into physical sub-

assemblies. Developing the interfaces in the product embodies the product

architecting process.

Product architecting, at a basic level, starts the creation of eVective layouts
of components and subsystems: where diVerent tasks are completed by

subsets of the product, how they complete them, how the subsystems inter-

act, how the subsystems are divided and interfaced. If we look a little closer
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at the act, itself, of creating product architecture, it is apparent that the focus

is on transforming product function to product form.

There exist two general categories of architecture types: product and

portfolio. Portfolio architectures relate to a group or family of products.

Design strategies revolve around whether to, how to, and the form of

sharing components among the products in a portfolio. Product architec-

ture, on the other hand, relates to a specific product layout. In this category,

strategies for product design revolve around the product’s market and

performance.

The functional model and alternative product architectures set the stage

for very eVective concept engineering. Here, a product development team

generates many concepts for implementing the functional specification.

The activity of concept generation is one of the hallmarks of engineering

design. It provides a forum for designers to apply creativity and contribute

their personal flair. It also represents the time when technology is chosen or

developed to fulfill the customer needs.

In this sense, the imaginary clay of product development is molded during

concept generation. Artistic skills must be brought to bear that will allow us

to shape the clay according to the direction of our inner‐eye, experience, and
knowledge. Tools are also needed to remove portions of the clay, to wet and

reshape it, to spin it into new forms, and to add features that will appeal to

customers. These tools enhance the creativity of the designers, resulting in a

broad range of concepts for a product vision.

After interactively generating concepts to meet a market opportunity, the

concepts must be narrowed and refined to a portfolio of concept oVerings or a
single‐concept entity. This process is known as concept selection. An industrial

concept selection process is a team‐based decision‐making eVort. Generally,

concept selection is a critical point in a product development process. It might

be that there is no clear solution concept that should be pursued; diVerent
members of the team may have strong opinions on diVerent solutions, and
incorrect decisions can be costly.

The concept selection process at this stage must deal with this uncertainty.

The process is focused on clearly articulating diVerences in understanding

among team members, forming common definitions, and expanding the

options considered due to these diVerences in understanding. The ultimate

goal of this process is team buy‐in and consensus. When the process is

implemented, a design team will have agreement on the concept to pursue,

each member will understand why they changed their mind to the collective

consensus, and each member will be supportive of their change in position.

If the team does not reach this state of consensus, the team will understand

exactly why there remains a diVerence in opinion and have agreement on

what must be further analyzed to resolve the issue. In such a case, the
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concept selection will then be completely determined by the results of this

analysis.
C. IMPLEMENTING A CONCEPT
Having selected a concept, it must be implemented for the final phase of

product development. Much of this activity is embodiment engineering,

where a chosen concept is given form through specification of components

to purchase, specifications of parts to manufacture, and specifications for

their assembly into the product.

One important aspect of embodiment is modeling, or the testing of new

implementation ideas by physical construction—building it—or by analysis—

numerically modeling it. Modeling is typically understood in terms of explain-

ing physical phenomena in the rich tradition of the physical sciences. In product

development, we do not want to explain physical phenomena, we want to

develop a novel product that will delight customers, fulfill our dreams, satisfy

our ethical responsibilities, and make money. Therefore, we must consider

modeling in the real‐world context—the product development process—and

demonstrate how it supports design decision‐making.

Methods to actually make models of the physical processes in a product

are often diYcult to initiate and evolve for eVective decision‐making. When

appropriately developed, these methods assist in constructing mathematical

models of customer needs in terms of variables a design team can change,

using the customer needs, functional model, and generated concepts. Based

on the developed performance metrics that reflect customer needs, designers

must use these metrics to select a preferred design configuration. Experimen-

tal methods help to explore diVerent configuration alternatives and to con-

struct performance models. Methods of optimization also assist in studying

the developed models and to help a design team select values for specific

configuration variables.

In addition to the many performance‐related metrics of a product, a design

team has additional engineering specification that their product must meet.

These specifications are the discussion of the various Design‐for‐X methods,

where X is one of these requirements. For example, design for manufacturing

and assembly methods are applied to ensure the ease of manufacturing and

assembly of a product. Design‐for‐the‐environment methods, likewise, ensure

a product uses minimal impact materials and operations.

At the end of this phase, a working preproduction prototype exists. Often,

production planning and manufacturing process design are also underway.

These activities represent the final point in the development, resulting in
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tooling design to ultimately fabricate a product at desired variety and rates

of production.
D. PRODUCT DEVELOPMENT AND CATEGORIZATION
Figure 4 illustrates example outcomes of a product developed following this

product development process. This product is an assistive guitar for persons

with disabilities (Krager, Moody, Qureshi, Porlier, & Singh, 2005). Auto-

mated instruments provide an avenue for teaching basic instrument lessons

and for appreciating the musical sounds produced by the instrument. In the

case of the automated assistive guitar, a modular architecture is developed,

separating strumming, fretting, picking, and guitar attachment into distinct

subsystems. These modules provide the ability to focus on particular actions

of playing a guitar while automating other actions. For example, strumming

with a particular rhythm or cadence may be actuated within the modular

guitar system while the operator slides the fretting mechanism to learn or

play diVerent chords. The operator(s) may also change picks, adjust strum-

ming speeds, or change particular guitars within the device. The operator

may also, optionally, position the guitar in height and orientation on a

stand.

The product development process, illustrated by this assistive guitar prod-

uct, includes a number of instances where categorization assists and

enhances the designers’ abilities. As an example, consider the phase of

‘‘Understanding the Opportunity.’’ As discussed earlier, a key aspect of this

stage is the determination of customer needs. Customer needs provide a

basis for an engineering specification for the product vision. Specifications,

in turn, assure that a product has measurable targets for meeting the vision.

In creating these specifications, a number of product requirements are latent.

These latent needs are unspoken expectations of the customers (such as every

product is expected to be durable and safe), requirements legislated by the

government, or attributes that are prescribed by standards organizations (such

as ISO—International Standards Organization or ANSI—American National

Standards Institute). To create a complete product specification, categories of

requirements assist and direct the designers’ eVorts. Table I shows a useful set

of categories developed by Franke (1975) for the specification creation process.

These categories were developed by Franke (1975) as part of a scientific study

of industrial product development. They guide the cognitive development of

specifications by leading the designer to the key areas that describe a product

and its development. These categories also provide a guidepost for determining

the suYciency of a product specification.



Fig. 4. Assistive guitar product created for persons with disabilities, following the product

development process of Fig. 3.

78 Wood and Linsey



TABLE I

CATEGORIES FOR SEARCHING AND DECOMPOSING SPECIFICATIONS

(FRANKE, 1975)

Specification

category Category description

Functional Primary functional requirements for what a product is to do

Geometry Dimensions, space requirements, . . .

Kinematics Type and direction of motion, velocity, . . .

Forces Direction and magnitude, frequency, load imposed by, energy

type, eYciency, capacity, conversion, temperature

Material Properties of final product, flow of materials, design for manufacturing

Signals Input and output, display

Safety Protection issues

Ergonomics Comfort issues, human interface issues

Production Factory limitations, tolerances, wastage

Quality control Possibilities for testing

Assembly Set by design for manufacturing (DFM) or special regulations or needs

Transport Packaging needs

Operation Environmental issues such as noise

Maintenance Servicing intervals, repair

Costs Manufacturing costs, materials costs

Schedules Time constraints
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III. The Scaffolding of Concept Generation:

Category Representations
Building on this model of product development, our attention now focuses

on the area of concept creation and its relationships to informational cate-

gories. Contemporary research in engineering design shows clear ties that

categorization provides a potential scaVolding for innovative concept devel-

opment of products. Categorization in concept generation is the decom-

position and representation of ‘‘idea generators.’’ Idea generators are

abstractions of artifacts that provide the mechanism by which a designer

will identify a concept solution or analogy. Categories of idea generators

include many possibilities such as textual labels, functional descriptions,

functional diagrams, generalized engineering parameters, artifact sketches,

and metaphorical physical artifacts (such as representative products, com-

ponents of products, or subsystems of products). We explore typical cate-

gories of idea generators here, beginning with functional descriptions and

diagrams.
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A. FUNCTION, FUNCTION CATEGORIES, AND FUNCTION DIAGRAMS
What is a ‘‘function?’’ A function of a product is a statement of a clear,

reproducible relationship between the available input and the desired output

of a product, independent of any particular form. More generically, function

is the action for which an artifact is particularly fitted or employed, or what

an artifact is to be used for.

To illustrate the meaning of product functions, Fig. 5 shows an example

consumer product and an example subsystem of an automobile. The prod-

uct, in this case a cordless screwdriver, is opened to reveal its internal

structure. Functional labels are also included to describe the purpose of

the various product components and regions of the product. These func-

tions, as represented by the labels, capture what the product does at an

elemental level. These functions operate collectively to meet the purpose of

the product system. In the case of the cordless screwdriver, the purpose is to

tighten and loosen threaded fasteners.

Over the last 20 years, new methods for engineering design have emerged

that focus, as part of the product development process, on the mapping of

customer needs to functional descriptions. These descriptions are then used

to generate and select sets of technologies that satisfy the underlying func-

tional requir ement s ( Akiy ama, 1991; Hund al, 1990; Mile s, 1972 ; Otto &

Wo od, 200 1; Pahl & Beitz, 1996 ). Functional descri ptions of this type

(Fig. 5) have a number of intrinsic advantages:

� Concentration is on ‘‘what’’ has to be achieved by a new concept or

redesign and not ‘‘how’’ it is to be achieved. By so doing, a component‐ and
Fig. 5. Example consumer products with functional labels.
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form‐independent expression of the design task may be achieved to

comprehensively search for solutions.
� Functional modeling provides a basis for organizing the design team,

tasks, and process. To the extent that functions of the product are indepen-

dent, design‐process activities may be chosen according to the independent

product ‘‘chunks.’’ The interactions between the functional elements provide

the required key communications needed among the concurrent design

activities. Interfacing specifications can be readily developed.
� Functions or sets of functions may be derived or generated directly from

customer needs. These functions define clear boundaries to associate assem-

blies or subassemblies of the final design solutions. These boundaries provide

a basis for seeking modular concepts.
� Creativity may be enhanced by the ability to decompose problems and

manipulate partial solutions. By first decomposing a design task into its

functional elements, solutions to each element are more apparent due to

the reduction of complexity and extraneous information.
� Functional modeling provides a natural forum for abstracting a design

task. Many levels of functional abstractions may be created from a very

high‐level single function statement to alternative detailed functional state-

ments for a design’s subsystems. Through abstraction, a design team may

search for the ‘‘real’’ problem being solved, while minimizing biases.
� By mapping customer needs first to function and then to form, more

solutionsmay be systematically generated to solve the design problem. ‘‘If one

generates one idea it will probably be a poor idea; if one generates twenty

ideas, one good idea might exist for further development’’ (Ullman, 1996).
� Needs mapped to function and then to form promote set‐based concur-

rent engineering processes (Sobek & Ward, 1996). Set‐based concurrent

engineering processes are the simultaneous development of products across

the diVerent disciplines involved in product development (such as mechani-

cal engineering, industrial design, or electrical engineering). Feasible regions

of technology may be explicitly defined based on functional requirements

not implicitly. Trade‐oVs may also be explored in parallel among a wide

array of radical and known solutions since a common functional description

is driving the design eVort directly from the voice of the customer.

There are various methods for classifying functions. Based on a careful

empirical study of various products, Table II shows a general classifica-

tion of functions. These classes represent basic or atomic functions that

can be solved with a basic artifact, where the given synonyms are equiva-

lent to the classes. Basic functions, in this sense, operate on flows (of

energy, materials, or signals) in a product to produce a desired performance



TABLE II

FUNCTION CLASSES, BASIC FUNCTIONS, AND SYNONYMS

Class

(primary) Secondary Tertiary Synonyms (correspondents)

Branch Separate Isolate, sever, disjoin

Divide Detach, isolate, release, sort, split,

disconnect, subtract

Extract Refine, filter, purify, percolate, strain, clear

Remove Cut, drill, lathe, polish, sand

Distribute DiVuse, dispel, disperse, dissipate, diverge, scatter

Channel Import Form entrance, allow, input, capture

Export Dispose, eject, emit, empty, remove,

destroy, eliminate

Transfer Carry, deliver

Transport Advance, lift, move

Transmit Conduct, convey

Guide Direct, shift, steer, straighten, switch

Translate Move, relocate

Rotate Spin, turn

Allow DOF Constrain, unfasten, unlock

Connect Couple Associate, connect

Join Assemble, fasten

Link Attach

Mix Add, blend, coalesce, combine, pack

Control

magnitude

Actuate Enable, initiate, start, turn‐on

Regulate Control, equalize, limit, maintain

Increase Allow, open

Decrease Close, delay, interrupt

Change Adjust, modulate, clear, demodulate, invert,

normalize, rectify, reset, scale, vary, modify

Increment Amplify, enhance, magnify, multiply

Decrement Attenuate, dampen, reduce

Shape Compact, compress, crush, pierce,

deform, form

Condition Prepare, adapt, treat

Stop End, halt, pause, interrupt, restrain

Prevent Disable, turn‐oV
Inhibit Shield, insulate, protect, resist

Convert Convert Condense, create, decode, diVerentiate, digitize,

encode, evaporate, generate, integrate, liquefy,

process, solidify, transform

Provision Store Accumulate

Contain Capture, enclose

Collect Absorb, consume, fill, reserve

Supply Provide, replenish, retrieve

continues
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TABLE II continued

Class

(primary) Secondary Tertiary Synonyms (correspondents)

Signal Sense Feel, determine

Detect Discern, perceive, recognize

Measure Identify, locate

Indicate Announce, show, denote, record, register

Track Mark, time

Display Emit, expose, select

Process Compare, calculate, check

Support Stabilize Steady

Secure Constrain, hold, place, fix

Position Align, locate, orient

Overall increasing degree of specification !
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(Hirtz, Stone, McAdams, Szykman, & Wood, 2002; Stone & Wood, 1999,

2000).

In addition to the function classes, basic flow classifications are needed.

Functions operate on flows through products to produce a desired result.

Three flow classes of materials, energy, and signals form the general

categories of flows. These flow classes may be further decomposed into

elemental flows as shown in Table III. Within each class, flows are separated

into basic flows. In practice, a basic flow description is formed from a basic

word plus the class it belongs to.

Using the categorization of functions and flows in Tables II and III, we

may state a design problem as a functional description. Consider, for exam-

ple, a design problem with applications in third world countries. ThinkCycle

(Think space: Pea nut Sheller, 2004) is a web sit e faci litatin g dist ribut ed

design collaboration to meet the needs of underserved communities. An

example problem stated on ThinkCycle is to design a device to quickly shell

peanuts for use in places like Haiti and West African countries (Table IV).

The current solution to this problem is to shell the peanuts by hand, and no

electrical energy sources are available. Customer needs for the peanut sheller

are low cost, easy to manufacture, quickly shelling a large quantity of pea-

nuts, and the device must remove the shell with minimal damage to the

peanuts. A corresponding functional description might be stated as ‘‘import

energy’’ to the system, ‘‘break the shell,’’ and ‘‘separate the peanut from the

shell.’’ This description employs the categorization of functions and flows as

stated in Tables II and III. Idea generators, in the form of these functional

descriptions, provide a construct for the cognitive search of concepts.



TABLE III

FLOW CLASSES (OF ENERGY, MATERIALS, OR SIGNALS),

BASIC FLOWS, AND SYNONYMS

Class

(primary) Secondary Tertiary Synonyms (correspondents)

Material Human Hand, foot, head

Gas Homogeneous

Liquid Incompressible, compressible,

homogeneous,

Solid Object Rigid‐body, elastic‐body, widget
Particulate

Composite

Plasma

Mixture Gas‐gas
Liquid‐liquid
Solid‐solid Aggregate

Solid‐Liquid
Liquid‐Gas

Solid‐Gas

Solid‐Liquid‐Gas

Colloidal Aerosol

Signal Status Auditory Tone, word

Olfactory

Tactile Temperature, pressure, roughness

Taste

Visual Position, displacement

Control Analog Oscillatory

Discrete Binary

Energy Human

Acoustic

Biological

Chemical

Electrical

Electromagnetic Optical

Solar

Hydraulic

Magnetic

Mechanical Rotational

Translational

Pneumatic

Radioactive/nuclear

Thermal

Overall increasing degree of specification !
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TABLE IV

DESIGN PROBLEM: ‘‘PEANUT SHELLER’’

Design problem Design a device to quickly shell peanuts for use in places like Haiti and

West African countries.

Customer needs 1. Low cost

2. Easy to manufacture

3. Quickly shelling of a large quantity of peanuts

4. Remove the shell with minimal damage to the peanuts

Functions 1. Import energy

2. Break the shell

3. Separate the peanut from the shell

TABLE V

DESIGN PROBLEM: ‘‘ART ENABLING DEVICE FOR PERSONS WITH DISABILITIES’’

Design problem A device needs to be designed to allow children

with severe physical disabilities to create art

projects. The children have very limited motor

skills. They cannot hold items such as a paint

brush. The device needs to be actuated by

simple electrical devices such as the large switch

shown on the left. Teachers will set up the

device for the students to use. The device must

be safe and easy to use.

Customer needs 1. Easy to create art with very limited motor skills

2. Very easy to operate

3. Simple operation with the push of large buttons or other simple devices

4. The art medium (e.g., paint, glue, glitter, and/or markers) device should

not make a large mess and needs to be easy to clean up

Functions 1. Contain art medium such as paint, glue, glitter, and/or markers

2. Position the art medium over the paper

3. Dispense the art medium onto the paper

4. Hold paper in place
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Tables V andVI illustrate two further examples of design problems and their

conversions to functional descriptions. In the first case, a device is needed for

assisting persons with disabilities create works of art with diVerent art media.

The second case focuses on a portable device to wash one’s hands and brush

one’s teeth in a dorm room setting where a sink is unavailable. Both problem

descriptions include functional descriptions based on function and flow

categories. Concepts may be generated within these categorical descriptions.



TABLE VI

DESIGN PROBLEM: ‘‘DORM ROOM WASHING DEVICE’’

Design problem Design a portable device for a dorm room to allow you to wash

your hands, your dishes, and brush your teeth in your dorm room.

Your dorm room does not have a sink

Customer needs 1. Easy to wash your hands

2. Convenient and sanitary to wash dishes

3. Convenient to brush your teeth

4. Easily portable

Functions 1. Contain water

2. Heat the water

3. Dispense water to object

4. Dispose of or store the dirty water

86 Wood and Linsey
With the basic descriptions listed, basic solutions will most likely result.

Open research questions include what is the appropriate level of functional

description (granularity), what types of functional elements should be used

(basic, advanced, expansive), and how many functional elements should be

used as a starting point?

An alternative representation of function for product development problems

is the use of diagrams. Using the language of the functional basis, designers can

describe a system using a connected set of functions and flows. An example of a

functional model (diagram) for a subsystem of an extraterrestrial probe is

shown in Fig. 6 (Linsey, Van Wie et al., 2005b). This functional model repre-

sents the design problem of collecting rock samples from the Martian surface.

Input flows of energy, materials, and signals are converted to desired results

(outputs) through functional elements. These functional elements and their

connections abstract the design problem as idea generators for the product

development team.

Figure 7 shows another example of a functional model (diagram) for a

device to cook popcorn. Again, input flows of energy (electricity), materials

(popcorn kernels and butter), and signals are converted to the desired output

of hot, buttered popcorn. Functional models, of this form, can be implemen-

ted as catalysts during conceptual design to promote creative generation of

concepts. The functional elements and connections lead to cognitive search

paths for elemental solutions. This search for solutions may focus on the

redesign and evolution of a current product or technology, or, alternative,

the search for solutions to an original creation of a design artifact.

The functional model of the popcorn popper can support numerous ave-

nues for creative design. At an elementary functional level, a designer may



Fig. 6. NASA Martian rover with rock probe (Courtesy of NASA) and a corresponding

rock probe functional diagram.
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focus the idea generation process on a single function such as ‘‘fluidize the

popcorn.’’ Possible solutions including gravity, static electricity, forced air, the

natural convection of air, forced water, or the natural convection of steam.

Functional models also highlight likely modules within the product. From

Fig. 7, an engineer who is familiar with functional modeling can see that the

functions of ‘‘capture air,’’ ‘‘store air,’’ and ‘‘move air’’ are a good candidate set

of functions for a single module within this product. The popcorn popper of

Fig. 7 implements this modular design feature. Functional models can also

show the required ordering of particular functions or highlight places where



Fig. 7. Hot‐air popcorn popper and a corresponding functional diagram.
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this ordering may be altered. By inspecting the functional diagram, an engi-

neer may consider the ordering of ‘‘move air,’’ ‘‘channel air,’’ and then ‘‘heat

air.’’ If the order was instead ‘‘heat air,’’ ‘‘channel air,’’ and ‘‘move air,’’ the

solution would be to use natural convection to heat and move the air elim-

inating the need for a fan within the device. This solution will not work for

popcorn but might work for other substances.
B. GENERALIZED ENGINEERING PARAMETERS
The Theory of Inventive Problem Solving (TIPS) was developed by Genrikh

S. Altshuller in the former USSR, beginning in the late 1940s (Altshuller, 1984;

Domb, 1998; Fey & Rivin, 1996; Ivanov, 1994; Sushkov, Mars, & Wognum,

1995). The basis of this theory is the discovery that patterns exist in patent

claims, many of them based on the same working principles. Building on this

discovery, Altshuller collaborated with an informal collection of academic and

industrial colleagues to study patents and search for the patterns that exist

(Sushkov et al., 1995). Hundreds of person‐years were devoted to this eVort,
and thousands to millions of patents have been studied, resulting in the insight

that patents may be classified into five categories. The first two categories were

designated as ‘‘routine design,’’ meaning that they do not exhibit significant

innovations beyond the current technology. These categories are ‘‘basic para-

metric advancement’’ and ‘‘change or rearrangement in a configuration.’’ The

last three categories, on the other hand, represent designs that included inven-

tive solutions. These three categories are ‘‘identifying conflicts (contradictions)

and solving them with known physical principles,’’ ‘‘identifying new princi-

ples,’’ and ‘‘identifying new product functions and solving themwith known or

new principles.’’

Based on these categories and patent studies, Altshuller (1984) observed a

number of trends in historical invention. Some of the key observations,

in the context of product design, include the following:

� Evolution of engineering systems (products) develops according to the

same patterns, independent of the engineering discipline or product domain.

These patterns may be used to predict the trends of future evolutions in

a product domain. Theymay also be used to direct the search for new concepts.
� Conflicts (or contradictions) in the parameters of a design are the key

drivers for product invention. Principles for eliminating conflicts are univer-

sal across product domains. Application of these principles implies that

compromise is unacceptable.
� The systematic application of physical eVects aids invention since a

particular product team does not know all physical knowledge.
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These insights led Altshuller (1984) to focus his attentions on inventive

problem solving for cases where design conflicts exist. Design conflicts, or

contradictions, exist when parameters of the design problem have a negative

correlation. Improvement in one parameter of the design problem will lead,

typically to the deterioration in another parameter. For example, if a design

problem seeks to have a durable solution, but one that is also lightweight,

durability will compete with the weight of the device. Typical solutions to

design problems will create a compromise to durability and weight, in this

case. These types of solutions provide neither lightweight nor durable char-

acteristics. Instead, an innovative solution is needed that breaks the conflict

and creates solutions that satisfy weight and durability issues.

Altshuller categorized types of engineering parameters from the patent

studies so that conflicts could be represented and stated for innovative solu-

tion. Table VII shows the generalized parameters for the TIPS. Pairs of these

parameters lead to statements of conflicts. For example, let us consider the

design problem of creating a device to iron clothes. A natural conflict in this

problem is to have a lightweight device (ergonomics) but one that also applies

a suitable force to clothing so that wrinkles may be removed. Using the TIPS

generalized engineering parameters, this conflict may be restated as ‘‘force

versus weight of moving object.’’ This representation in the categories of
TABLE VII

GENERALIZED ENGINEERING PARAMETERS FOR DESCRIBING DESIGN CONFLICTS

1 Weight of moving object 21 Power

2 Weight of stationary object 22 Energy loss

3 Length of moving object 23 Substance loss

4 Length of stationary object 24 Information loss

5 Area of moving object 25 Waste of time

6 Area of stationary object 26 Quantity of a substance

7 Volume of moving objec 27 Reliability

8 Volume of stationary object 28 Accuracy of measurement

9 Velocity 29 Manufacturing precision

10 Force 30 Harmful actions aVecting the design object

11 Stress or pressure 31 Harmful actions generated by the design object

12 Shape 32 Manufacturability

13 Stability of object’s composition 33 User friendliness

14 Strength 34 Repairability

15 Duration of action generalized by moving object 35 Flexibility

16 Duration of action generalized by stationary object 36 Complexity of design object

17 Temperature 37 DiYculty to control or measure

18 Brightness 38 Level of automation

19 Energy consumed by moving object 39 Productivity

20 Energy consumed by stationary object
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generalized parameters may now be used to seek innovative solutions using

design principles identified for such conflicts. We explore this type of design

principle solution in Section IV.
C. PHYSICAL PRINCIPLE CLASSIFICATION
Physical classifying schemes are categories of high‐level physical principles or
geometry. They direct the development of concepts by stimulating thoughts

in the designers that may not have been considered in a purely intuitive

approach. By choosing a category, a product development team can focus

on the generation of concepts in a particular technological area or specific

line of thought (Pahl & Beitz, 1996).

Table VIII lists example classification schemes for generating concepts.

The classifications range from geometry to form properties, and they include

subtopics to refine the search. These classifications are chosen to facilitate

identification and combination of essential solution characteristics of a

product.

To use a classification scheme, the design team focuses on the primary

product functions and architecture. A matrix is then formed, listing the

product functions as rows and the columns as solutions to these functions

according to the categories chosen from Table VIII. Each category is then

systematically considered, where the search for solution exists for each

category.

As a basic application of this directed‐search method, Fig. 8 shows the

solutions to the product function of ‘‘store energy.’’ The classifying scheme

is ‘‘energy types,’’ and the headings for this scheme are mechanical (motion),

hydraulic (fluid), electrical, and thermal. These ideas may be integrated into

an alternative design for a product that needs a ‘‘store energy’’ function.
D. TEXTUAL IDEA GENERATORS
Another type of category representation is textual idea generators. Textual

idea generators may be applied to redirect the search for ideas during

concept generation. The categories are derived based on studies of idea

generation and cognitive initiators.

Table IX lists a number of idea generators that may be used as part of

concept generation. They may be used by a group or by an individual. These

idea generators help to breakdown conceptual blocks by refocusing the

group or individual along a diVerent train of thought. To apply the gen-

erators, a keyword or activity is stated, followed by a questioning period

about the keyword or activity (Otto & Wood, 2001).



TABLE VIII

CLASSIFYING SCHEMES FOR GENERATING CONCEPTS (PAHL & BEITZ, 1996)

Class Heading/category Examples

Working geometry

Type Point, line, surface, body

Shape Curve, circle, ellipse, hyperbola, parabola

Triangle, square, rectangle, pentagon,

hexagon, octagon

Cylinder, cone, rhombus, cube, sphere

Symmetrical, asymmetrical

Position Axial, radial, tangential, vertical, horizontal.

Parallel, sequential

Size Small large, narrow, broad, tall, low

Number Undivided, divided

Simple, double, multiple

Working motions

Type Stationary, translational, rotational

Nature Uniform, nonuniform, oscillating

Planar or 3D

Direction x‐y‐z or about x‐y‐z
Magnitude Velocity, acceleration

Number One, several, composite movements

Basic material

properties

State Solid, liquid, gaseous

Behavior Rigid, elastic, plastic, viscous

Form Solid bodies, grains, powder, dust

Basic structural

properties

Joints Rigid, rotational, sliding

Alignment Horizontal, vertical, angled, truss

Loading Conditions Tension, compression, bending, torsion,

and shear
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E. PHYSICAL PRINCIPLE DIAGRAMS
Beyond the textual idea generators, in common language questions or physi-

cal principle classifications, we may also consider diagrammatic representa-

tions of physical principles. An example, from the domain of mechanical

engineering, is force flow analysis.

Force flow analysis is a systematic method for facilitating directed product

evolution through identification of opportunities for possible component



Fig. 8. Example of classifying schemes to generate concepts for the function ‘‘store energy,’’

adapted from Pahl and Beitz (1996).
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combinations in products from the domain of mechanical eVort transmis-

sions (Greer, Jensen, & Wood, 2004; Greer, Wood, Jensen, & Wood, 2002;

Jensen et al., 2000; Lefever, 1995; Lefever & Wood, 1996; Otto & Wood,

2001). The termmechanical eVort transmission is defined to be any device that

transmits mechanical force or torque. Force flow analysis uses a force flow

diagram to model the transfer of eVort (force or torque) through the compo-

nents of a product. The eVort flow diagram is a semantic network composed of

nodes and links that are described using the fundamentals of graph theory.

The nodes represent the components of the product, while the links represent

the interfaces between the components.Whenever possible, force flowdiagrams

are configured in such a manner that they mimic the general topology of the

product. A force flowdiagrammaps the flowof eVort from the input interface(s),

through all the aVected components, then to the output interface(s).



TABLE IX

TEXTUAL IDEA GENERATOR CATEGORIES FOR PROBING QUESTIONS

Idea generator category Questions or application

Make analogies What analogies exist in nature? What analogous products

exist in any product domain? How do these products solve

the same product functions?

Wish and wonder What if . . .?
Sketch/use physical models

(e.g., Tinker Toys or Lego’s)

What would an idea look like? How does this model satisfy

the function? What can we change?

Eliminate or minimize? If we remove a feature, how does the device perform?

What can we use to replace the feature? What if a feature

was smaller? What should I omit? Should I divide it? Split

it up? Separate it into diVerent parts? Understate?

Streamline? Make miniature? Condense? Compact?

Subtract? Delete? Can the rules be eliminated?

Substitute What can be substituted? Who else? What else? Can the

rules be changed? Other ingredient? Other material?

Other process or procedure? Other power? Other place?

Other approach? What else instead?

Combine Can we combine purposes? How about an assortment?

How about a blend? An alloy? Combine units? What

other article or device could be merged with this?

Adapt What else is like this? What other idea does this suggest?

Does the past oVer a parallel? What could I copy?

Whom could I emulate? What idea could I incorporate?

What other process could be adapted?

Modify or magnify What can be magnified, made larger, or extended? What can

be exaggerated? Overstated? What can be added? More

time? Stronger? Higher? How about greater frequency?

Extra features? What can add extra value? What can be

duplicated? How could I carry it to a dramatic extreme?

Convert a round action to straight? How can this be altered

for the better? What can be modified? Is there a new twist?

Change meaning, color, motion, sound, odor, form, or

shape? Change name? What changes can be made in the

plans? In the process? In the marketing?

Put to other uses (repackage

an old idea)

What else can this be used for? Are there new ways to use as

is? Other uses if modified? What else could be made form

this? Other extensions? Other markets?

Reverse or rearrange What other arrangements might be better? Interchange

components? Other pattern? Other layout? Other sequence?

Change the order? Transpose cause and eVect? Change pace

or schedule?Can I transpose positive and negative?What are

the opposites? What are the negatives? Should I turn it

around? Up instead of down? Consider it backwards?

Reverse roles? Do the unexpected?

What if the product function

changes gender?

Feminine and masculine features? What are their

opposites?
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Interfaces are a critical element in eVort flow analysis. An interface is

defined as:

A spatial region where there exists energy and/or material flow between components or

between a component and the external environment.

This definition does not include information such as spatial or structural

aspects. Force flow analysis focuses on the energy flow, one of the fundamen-

tal functional flows: material, energy, and information (Table III). While a

complete description of an interface is important, the goal is simply to

describe the existence and fundamental nature of interfaces in real designs.

In force flow analysis, all the information about the product is captured in

the interface description. At a minimum, this information consists of the

type of relative motion, the direction of the eVort flow, and the operation

with which the eVort is associated. The interfaces are characterized based on

the type of relative motion that exists between connected components.

Table X captures the permutations of possible relative motion types as well

as the naming convention adopted to describe each possibility. Because this

relative motion set spans all possible combinations of relative motion in

mechanical transmissions, and because the members of this set are orthogo-

nal, the set is referred to as a basis for relative motion in force flow analysis.

Four flow classifications are now possible. We define these classifications

(links) as follows:

‘‘N‐Link’’: No relative motion either at the interface or between the

components.

‘‘C‐Link’’: Relative motion between the components only.

‘‘R‐Link’’: Relative motion both at the interface and between compo-

nents.

‘‘I‐Link’’: Relative motion at the interface only.
TABLE X

RELATIVE MOTION PERMUTATIONS IN FORCE FLOW REPRESENTATION

Classification of force flow and

relative motion types Relative motion location

Link type Between interfaces Between components

N‐Link 0 0

C‐Link 0 1

R‐Link 1 1

I‐Link 1 0
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In the context of this classification, Fig. 9A and B illustrates the force flow

diagram of a staple remover product (diagram is superimposed on the

physical layout of the device). Notice that the force flow diagram shows an

input hand force that flows through the components of the staple remover

product. This input force is transformed by the device to remove a staple

that secures a group of papers or other materials.

The flow labels of Table X are listed on the force flows between compo-

nents for the staple remover. These labels provide indicators, or idea gen-

erators, for improving the product in terms of component combination.

Guidelines may be applied to direct the component combination and identify

opportunities for improvement. Figure 10 shows an example result of this

process, where a one‐piece, integrally molded staple remover product results.

This new product configuration includes a compliant hinge between the two

hand grips and embodies an innovative concept from the force flow analysis.

A further example of innovation from force flow analysis is the application to

an umbrella product. Figure 11 shows a scaled prototype of a one‐piece
umbrella mechanism. This mechanism uses compliance and living‐hinges
to replace the cumbersome and high part‐count linkage subsystems of

traditional umbrellas. These opportunities were suggested through the

categorization of flow links as part of force flow analysis.
IV. Basic Concept Generation Methods: Transforming

Representation to Physical Layouts
Concept generation, as described here, is the divergent development of many

alternatives solutions to a design problem, where the focus is on innova-

tion, structural layout, and function satisfaction. A convergent strategy is

adopted once a breadth of ideas is formed. This ensuing strategy provides a

means of converging to a single solution (or finite portfolio of solutions) that

will ultimately be the product in the marketplace.

Concept generation methods may be classified, broadly, into two cate-

gories: intuitive and directed, Fig. 12 (Otto & Wood, 2001). The intuitive

category relates to the methods that focus on idea generation from within

an individual or group of individuals. The intent of suchmethods is to remove

barriers to divergent thinking so that new connections and features in a

product may be visualized. By removing these barriers, the environment

of idea generation may be filled with conditions that promote creativity.

Directed methods, on the other hand, use a systematic, step‐by‐step,
approach to searching for a solution. These methods rely on technical infor-

mation, expertise, and guidelines to seek solutions to technical problems.



Fig. 9. (A) Schematic for a staple remover product. (B) Force flow diagram of a staple

remover product.
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Fig. 10. Evolved stapler product with reduced components.

Fig. 11. Example application result of force flow diagrams: a ‘‘one‐piece umbrella.’’
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Fig. 12. A classification of concept generation methods.
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Ideally, they force solutions to be determined along a particular path, even

though the final solution is not readily apparent at the outset. As such, these

methods balance the technical and technological information available with

the make up of the design team or the work environment.

In the remainder of this section, we study a range of concept generation

methods (Adams; 1986; DeBono, 1967; Gryskiewicz, 1999; Michalko, 1991,

2001; Ulrich & Eppinger, 2004; Utterback, 1996). These methods employ

the categorization and category representations of Section III to create

form solutions to product design and development problems. Representa-

tions, such as functional descriptions, functional diagrams, conflicts repre-

sented with generalized parameters, textual classification of physical

principles, and force flow diagrams, are the inputs to concept generation

methods. The initial phases of design, which include conceptual design,

have been shown to have the most significant impact on the cost of a

product (Römer, Weißhahn, & Hacker, 2001). EVective concept generation
methods that utilize the scaVolding of category representations have the

potential to enhance designers’ abilities in these initial product development

phases.
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A. OSBORN’S BRAINSTORMING AND MIND MAPPING
Brainstorming (Osborn, 1957) is an intuitive method of generating concepts.

It focuses on product function and architecture, where an individual or team

members communicate ideas verbally during a set period of time. All

team members are encouraged to be open and uninhibited during the initial

sessions of brainstorming. There is no need to strictly adhere to product

specifications but instead to focus on the needs of a product, as embodied

in categorical representations, such as a functional description, functional

diagram, and so on.

The overall aim of brainstorming is to obtain several concepts that might

work as solution principles to a piece of the design problem. Ideally, the

search is comprehensive, where no solution is left unmentioned. Of course,

this comprehensive requirement will never be satisfied, but the team (or

individual) does the best it can. A breadth of solutions is desired.

The primary advantage of brainstorming is the ability of a set of individuals

to collectively build on each other to generate ideas that would not arise

individually. (The group is greater than the sum of the individual parts.)

Team members will piggyback and leapfrog each other. Piggybacking creates

building block‐ideas to words, body language, statements, and concepts

stated by a team member. Responses to team member’s statements include

relations, inversions, tangential or partial changes, antonyms, synonyms, and

so on. Leapfrogging, on the other hand, results in divergent or discontinuous

jumps in the responses. Each team member brings diVerent expertise, skills,
experience, and personality to a group eVort of piggybacking and leapfrog-

ging. Brainstorming taps into this diversity to create, quickly, a large number

of high‐level solutions.
Disadvantages of the method include a number of factors. The ‘‘right idea’’

may not come at the ‘‘right time.’’ There is no guarantee. Group conventions

may sidetrack or inhibit original ideas. The team may be distracted by a

misdirected focus, or certain team members may dominate the discussion.

Likewise, the team that is assembled for a given session might not be open to

new ideas. This situation will tend to condone only known solutions with a

self‐prophesizing result.

Even though these disadvantages exist, brainstorming is a powerful tech-

nique for generating concepts. A committed team creates ideas together (that

are not judged at the time of the session) and that possibly triggers further

ideas.

One eVective way to enhance a brainstorming session to generate a greater

breath of ideas is by using mind mapping. Here, the brainstorming facilitator

starts with a clean sheet of paper, writes the problem statement (e.g., func-

tional description) in the center of the paper, and draws a box around it.
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Then, as ideas are generated to solve the problem, they are recorded quickly,

say with two or so words, with circles drawn around them. Each new idea to

solve the initial problem is connected to the original problem statement.

As an idea is refined, or as an idea sparks another idea, these ideas are

connected to the idea that sparked them. Ideas that are all basically the same

concept should branch out of the originally proposed concept. Entirely

diVerent concepts should have their own branches emanating from the

problem statement.

If the problem statement is refined into a new one, this new form can

be recorded by entering a new problem statement and drawing a box around

it. Problem statements in boxes distinguish the concepts in circles. The new

problem statement should be connected to the concept that sparked the

reformulated or refined statement by a directed arrow. Typically, some

concepts introduce categories that then are brainstormed upon. Mind

maps help a facilitator visualize this process, as the mind map will show a

single well‐fielded branch or category. These categories greater enhance the

piggybacking process.

As an example of brainstorming with mind mapping, consider the peanut

shelling problem described in Table IV. Figure 13 shows the results of a

brainstorming session utilizing the functional description of the problem.

Notice in the figure that a number of abstract categories of solutions

emerged from the session. These categories were explored fully during

brainstorming, resulting in a great breadth of textual solutions.
B. BRAINSKETCHING, C‐SKETCH, 6‐3‐5, AND GALLERY METHODS
A number of drawbacks exist in the traditional brainstorming method.

These drawbacks may be classified according to two primary factors: idea

generation may be dominated by a small number of team members or by an

over zealous facilitator and brainstorming usually relies on an oral, verbal,

or textual means of communication. The first factor creates an atmosphere

that squelches participation by members, resulting in fewer ideas being

generated. The second factor only provides one media for expressing con-

cepts. The execution of fuller written descriptions and sketches are usually

not employed.

Alternative methods to address these deficiencies are known as the

Gallery, C‐Sketch, Brainsketching, and ‘‘6‐3‐5’’ methods, also known as

brain‐writing methods. The Gallery method combines periods of sketching

with periods of discussion. C‐Sketch focuses strictly on sketches as the media

for creating concepts. The Brainsketching method recommends sketches, in

addition to key words and short descriptions. ‘‘6‐3‐5’’ adds a set of process



Fig. 13. Mind map of the peanut shelling design problem (Table IV).
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steps to Brainsketching to improve concept generation (Otto & Wood, 2001;

Pahl & Beitz, 1996; Rohrbach, 1969; Shah, 1998; VanGundy, 1988).

We focus our discussion here on what we call the modified ‘‘6‐3‐5’’ ap-
proach emphasizes sketching but within the context of the original ‘‘6‐3‐5’’
method. The modified ‘‘6‐3‐5’’ approach uses the following guidelines and

process steps. Team members are arranged around a table, usually a circular

table to provide continuity. Six (‘‘6’’) members in the team are ideal; however,

the number of participants can range from 3 to 8 members. Each member

sketches three (‘‘3’’) ideas for the product functions, architecture, or overall

configuration under consideration. Usually the top five product functions

with respect to the customer needs are considered. Fifteen to thirty concepts

typically result from the process in a period of 25–35 min. The ideas may

initially be restricted to each individual product function, not combinations of

them, or the overall layout drawings from the product architecture analysis.

Alternatively, other category representations, as described in Section III, are

used to initiate the modified ‘‘6‐3‐5’’ approach. After developing solution

principles for each primary product function, modified ‘‘6‐3‐5’’ approach is

repeated to aggregate the principles into integrated concept variants. Again,

25–35 concepts typically result.
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After each member of the concept generation team spends T minutes of

work on the initial concepts, the paper is passed to the right around the

table. The team members now have T more minutes to add an additional

idea to the paper and to modify and extend the ideas from the previous team

members. This timed process continues until all sheets of paper have been

added/modified by each team member (total of 35–60 min, typically).

The passing of the papers through one cycle is known as a ‘‘round.’’ The

method encourages a total of five (‘‘5’’) rounds (spaced in time) to refine and

combine ideas. The ‘‘5’’ rounds represent the last designation in the modified

‘‘6‐3‐5’’ method.

A number of guidelines help to achieve success from the ‘‘6‐3‐5’’ method.

There should be no verbal communication until a cycle (round) is completed.

By restricting verbal communication, no one member can dominate the

concept generation process. Traditional brainstorming may be implemented

after a few ‘‘6‐3‐5’’ sessions so that team members will be able to interact and

spur ideas through fruitful communications.

Besides this guideline, the focus of the modifications during the passing of

ideas should be on advancing the ideas not negative criticism. As a team

member views a pictorial idea, the visual image should be used as a catalyst

for imagination. Unintentional product features will be viewed from quick

sketches since team members are prevented, initially, from describing the

intent of their sketches (beyond labels and a concise statement). Sketches are

the preferred mode for expressing concepts.

As an illustration of modified ‘‘6‐3‐5’’ approach, consider the design of a

peanut shelling device described in Table IV. Before concept generation, sys-

tematic methods result in significant data and category representations to be

used for creating concept variants. These data, in part, include organized

customer needs, a functional model, an assessment of the product architecture,

and benchmarking information.

Applying brainsketching to this problem, Fig. 14 shows an iteration of

the modified ‘‘6‐3‐5’’ method. This figure shows the first three concepts

generated by one individual of the product development team. Figure 15

then illustrates the results of the next subround of the process, where the

concept paper from the first individual is passed to a team member. Notice

from Figs. 14 and 15 that a rich set of initial solutions result from sketching

as applied to the functional description of Table IV. Variety and creative

solutions are emerging to the problem. The sketched results from modified

‘‘6‐3‐5’’ approach result in unexpected interpretation from a team member.

These sketches also show practical potential due to the inherent geometry

shown in sketches.



Fig. 14. First phase of modified ‘‘6‐3‐5’’ method: application to the peanut shelling design

problem (Table IV).
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C. ENGINEERING EMPIRICAL RESULTS AND CATEGORIZATION
There are numerous studies on variations of Osborn’s brainstorming (Mullen,

Johnson, & Salas, 1991) and computer‐based brainstorming (Fjermestdad &

Hiltz, 1998), but little data exists on the other previously mentioned techniques

(Gryskiewicz, 1988; Paulus & Yang, 2000). Within engineering design, there is

growing interest in exploring and improving idea generation methods (Lewis,

Sadosky, & Connolly, 1975; Linsey, Green, Murphy, Wood, & Markman,

2005a; Shah, 1998; Shah, Vargas‐Hernández, Summers, & Kulkarni, 2001;

Van der Lugt, 2000, 2002; Vidal, Mulet, & Gómez‐Senent, 2004). One of the

main diVerences between ‘‘6‐3‐5’’ or C‐Sketch is the number of ideas any one

person can use for inspiration at a given time.

Two group idea generation studies within engineering explored how the

number of ideas a participants can view at a given time aVects the idea

generation process (Linsey et al., 2005a; Shah et al., 2001). Linsey, Green

et al. used a factorial experiment to directly measure the eVects of displaying
all the ideas on a wall in front of a group gallery style (similar to Gallery



Fig. 15. Second phase of the ‘‘6‐3‐5’’ method: application to the peanut shelling design

problem (Table IV).
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method) as compared to allowing each participant to rotationally view a

subset of all ideas (similar to ‘‘6‐3‐5’’ or C‐Sketch). The second factor used

in the Linsey, Green et al. experiment controlled how the participants could

communicate: written words only, sketches only, or a combination of written

words and sketches. This experiment showed rotational viewing of a subset of

ideas resulted in a greater quantity of nonredundant ideas. This eVect was
significant when the conditions containing ‘‘sketches only’’ were removed,

Fig. 16. Data from the ‘‘sketches only’’ conditions showed a very diVerent
pattern of results likely due to the poor quality of sketches produced by the

engineering undergraduates. Without any verbal annotations, the sketches

alone were diYcult to interpret.

Shah et al. (2001) also investigated a set of techniques that vary the

proportion of ideas displayed to the participants. In this study, the complete



Fig. 16. Results from an empirical comparison of idea generation methods.
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techniques of C‐Sketch, ‘‘6‐3‐5,’’ and Gallery method were studied in their

entirety, coupling the representation of ideas with the method for displaying

ideas. C‐Sketch (sketches with rotational viewing) outperformed Gallery

method for the novelty and variety of ideas generated and was similar for

the quality of ideas. Gallery method produced ideas with greater quality,

novelty, and variety than ‘‘6‐3‐5’’ (written words with rotational viewing).

Quantity of idea results was not given.

Ward’s work (1995) presents an interesting hypothesis for some of the

results being seen from group concept generation studies in engineering.

Ward (1995) has shown that categorization plays a critical role when devel-

oping new ideas. His work also illustrates the limitations categorization can

place on creative idea generation. It is possible that by allowing participants

to view a greater number of ideas during an idea generation session they tend

to categorize the problem in a particular way thus limiting the number of

ideas generated. Linsey, Green et al. believed the reduction in ideas due to

gallery style viewing was caused by participants paying less attention to the

ideas but the hypothesis based on Ward’s work cannot be ruled out.

Other empirical results present interesting phenomena (Bays & Leifer,

1996; Fricke, 1996; Goldschmidt, 1996, 1998; Ho, 2001; StauVer & Ullman,

1988; Waldron & Waldron, 1988). Categorization of a design problem as

innovative has been shown to lead to design fixation. Senior mechanical

engineering students were shown to fixate on designs with certain character-

istics, whereas industrial design students did not fixate on innovative designs
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in eithe r the mechan ical realm or ind ustrial design (Janss on & Sm ith, 1991;

Purcell & Gero, 1996).
D. THEORY OF INVENTIVE PROBLEM SOLVING
Using the TIPS’ generalized engineering parameters (Table VII), a straightfor-

ward process may be developed for generating concepts. The (simplified TIPS)

process begins with a functional description or other representations. From the

functional description (in addition to benchmarks, engineering specifications,

product architecture, and other data), conflicts are identified in the design task.

These conflicts are then stated as contradictions in the generalized parameters,

or engineering parameters, where a generalized parameter is a controllable

variable or set of variables that embody a physical eVect in a product. Design

principles are then applied to suggest ways in which the conflict may be

resolved. The resulting concepts are refined with known physical eVects and
analogies to existing solutions. The final step is to refine the concepts, from the

principles and eVects, into a concrete geometry.

Tables XI and XII provide necessary data to execute this simplified TIPS

process. Table VII lists the 39 generalized parameters for describing product

performance metrics. Tables XI and XII list the TIPS’ design principles

with corresponding definitions. The generalized parameters and design

principles are derived from the large quantity of patents studied as part of

TIPS. For a design problem categorized as a conflict (with the generalized

parameters), applicable design principles are chosen that represent typical

inventive solutions to the conflict.

As an example application, let us consider the evolution of an iron

product for smoothing the wrinkles from clothing. An important function

of an iron is to transfer force to the clothing to aid in removing wrinkles. It is

equally important to import the human hand and reduce the force on the

user (comfortable use). The conflict is straightforward; we desire a heavy

iron to remove wrinkles, but we do not want a heavy iron due to the impact

on ergonomics.

Stated in generalized parameters (Table VII), the conflict is with regard to

the force (#10) versus weight of moving object (#2). Using a matrix (not

shown) that relates the conflict to the common solutions principles, the

conflict of force and weight of moving object leads to the TIPS’ principles of

‘‘8, 1, 37, 18’’ for application to the design problem. Reviewing each of these

design principles in Tables XI and XII, it is suggested that a counterweight be

added, that the design be divided into independent parts (mass of iron versus

user interface), that thermal expansion be added, or thatmechanical vibration

(such as resonance, piezovibration, ultrasonics, or electromagnetic vibra-

tions) be added to the concept. These suggestions may lead to a levered



TABLE XI

TIPS’ DESIGN PRINCIPLES (1–20) TO SOLVE ENGINEERING CONFLICTS

1 Principle of

segmentation

Divide the object into independent parts that are easy to disassemble,

increase the degree of segmentation as much as possible

2 Principle of

removal

Remove either the disturbing part or the necessary part from the

object

3 Principle of

local quality

Change the object’s or environment’s structure from homogeneous

to nonhomogeneous. Let diVerent parts of the object carry

diVerent functions

4 Principle of

asymmetry

Make object asymmetrical or increase asymmetry

5 Principle of

joining

Merge homogeneous objects or those intended for contiguous

operations

6 Principle of

universality

Let one object perform several diVerent functions. Remove

redundant objects

7 The nesting

principle

Place one object inside another, which in turn is placed in a third,

and so on, or, let an object pass through a cavity into another

8 Principle of

counterweight

Attach an object with lifting power or use the interactions with the

environment, for example, aerodynamic lift

9 Principle of

preliminary

counteraction

Perform a counteraction to the desired action before the desired

action is performed

10 Principle of

preliminary

action

Perform the required action before it is needed, or set up the objects

such that they can perform their action immediately when required

11 Principle of

introducing

protection in

advance

Compensate for the low reliability of an object by introducing

protections against accidents before the action is performed

12 Principle of

equipotentiality

Change the conditions such that the object does not need to be

moved up or down in the potential field

13 Principle of

opposite

solution

Implement the opposite action of what is specified. Make a moving

part fixed and the fixed part mobile. Turn the object upside down

14 Principle of

spheroidality

Switch from linear to curvilinear paths, from flat to spherical

surfaces, and so on. Make use of rollers, ball bearings, spirals.

Switch from direct to rotating motion. Use centrifugal force

15 Principle of

dynamism

Make the object or environment able to change to become optimal at

any stage of work. Make the object consist of parts that can move

relative to each other. If the object is fixed, make it movable

16 Principle of

partial or

excessive action

If 100% is unobtainable, try for slightly less or slightly more

continues
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TABLE XI continued

17 Principle of

moving into a new

dimension

Increase the object’s degree of freedom. Use a multilayered assembly

instead of a single layer. Incline the object or turn it on its side.

Use the other side of an area

18 Use of

mechanical

vibrations

Make the object vibrate. Increase the frequency of vibration.

Use resonance, piezovibrations, ultrasonic, or electromagnetic

vibrations

19 Principle of

periodic action

Use periodic or pulsed actions, change periodicity.

Use pauses between impulses to change the eVect

20 Principle of

uninterrupted

useful eVect

Keep all parts of the object constantly operating at full power.

Remove test or set up runs

TABLE XII

TIPS’ DESIGN PRINCIPLES (21–40) TO SOLVE ENGINEERING CONFLICTS

21 Principle of rushing

through

Carry out a process or individual stages of a process at high

speed

22 Principle of turning harm

into good

Use harmful factor to obtain a positive eVect. Remove

a harmful factor by combining it with other harmful

factors. Strengthen a harmful factor to the extent

where it ceases to be harmful

23 The feedback principle Introduce feedback. If there already is feedback, change it

24 The go between principle Use an intermediary object to transfer or transmit the

action. Merge the object temporarily with another object

that can be easily taken away

25 The self‐service principle The object should service and repair itself. Use waste

products from the object to produce the desired actions

26 The copying principle Instead of unavailable. Complicated or fragile objects use a

simplified cheap copy. Replace an object by its optical

copy, make use of scale eVects. If visible copies are used,

switch to infrared or ultraviolet copies

27 Cheap short life instead of

expensive longevity

Replace an expensive object that has long life with many

cheap objects having shorter life

28 Replacement of a mechanical

pattern

Replace a mechanical pattern by an optical, acoustical,

or odor pattern. Use electrical, magnetic, or

electromagnetic fields to interact with the object.

Switch from fixed to movable fields changing over time.

Go from unstructured to structured fields

29 Use of pneumatic or

hydraulic solutions

Use gaseous or liquid parts of an object instead of solid

parts

continues
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TABLE XII continued

30 Using flexible membranes

and fine membranes

31 Using porous materials Make the object porous or use porous elements, for

example, inserts, covers, and so on. If the object is

already porous, fill the pores in advance with some

useful substance

32 The principle of using color Change the color or translucency of an object or its

surroundings. Use colored additives to observe certain

objects or processes. If such additives are already used,

employ luminescence traces

33 The principle of

homogeneity

Interacting objects should be made of the same material or

material with identical properties

34 The principle of discarding

and regenerating parts

Once a part has fulfilled its purpose and is no longer

necessary, it should automatically be discarded or

disappear, for example, evaporate, or change its

shape. Parts that become useful after a while should

be automatically generated

35 Changing the aggregate state

of an object

Change state, for example, solid to liquid. Use pseudostates

and intermediary states, for example, elastic solid bodies

36 The use of phase changes Use phenomena occurring in phase changes, for example,

use of volume changes, heat dissipation, and so on

37 Application of thermal

expansion

Use expansion or contraction of materials by heat. Use

materials with diVerent thermal expansion coeYcients

38 Using strong oxidation

agents

Replace air with enriched air or replace enriched air with

oxygen. Treat the air or oxygen with ionizing radiation.

Use ionized oxygen. Use ozone

39 Using an inert atmosphere Replace the normal environment with an inert one or a

vacuum

40 Using composite materials Switch from homogeneous materials to composites
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counterweight in the first case, a foot operated sandwich iron in the second

case, and water spray in the third case.

For the last design principle, mechanical vibration may be added with an

eccentric weight that would increase the force into the clothing, while reduc-

ing the carrying weight of the iron. This solution creates a conflict, however,

since the user, during the operation of the iron, will also feel the vibration

forces over clothing. Adding a vibration absorber between the hand and the

vibration source in the clothing may solve this conflict. Alternatively, a

diVerent vibration source can be applied that may vibrate the clothing near

its resonance frequency using low input amplitudes. An example would be to

use ultrasonics or piezovibrations of watermolecules or fabric particles within
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the clothing. These applications of generalized parameter categories andTIPS

principles demonstrate potential outcomes of the concept generation process,

perhaps indicating the next generation of clothes iron.
E. DESIGN‐BY‐ANALOGY
Design‐by‐analogy, analogies to nature, analogous products, and design reuse,

are noted methods for conceptual design (e.g., French, 1996; Gordon, 1961;

Hacco & Shu, 2002; Otto & Wood, 2001; Pahl & Beitz, 1996; Pugh, 1991).

Visual or functional similarity can be found based in these methods. Figure 17

illustrates a number of interesting design‐by‐analogy examples, such as a lamp,

being aesthetically similar to the shape of a flower or a hydra. The Sydney

Opera housed is also based on a visual similarity to the yachts in the surround-

ing harbor (Craig, 2001). Analogy can also lead to innovative functional

designs. An analogy based on a snake resulted in an innovative product, the

snake lamp (Giesecke, 2004). As a new device is developed, it is frequently

based on previous products that serve a similar function. When the first train
Fig. 17. Examples of design‐by‐analogy.
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engines were developed, they were based on an analogous product, the stage

coach (Ward, 1995).

In psychology, three areas of substantial research form a solid foundation

for understanding design‐by‐analogy: analogical reasoning, naı̈ve physics,

and reasoning with diagrams. A significant amount of work has been carried

out in psychology to understand the cognitive processes people use for

creating and understanding analogies (e.g., Blanchette & Dunbar, 2000,

2001; Dunbar, 1997; Elio & Anderson, 1981; Falkenhainer, Forbus, &

Gentner, 1989; Gentner, Holyoak, & Kokinov, 2001; Gentner & Markman,

1997; Gentner, et al., 1997; Holyoak & Thagard, 1989; Hummel & Holyoak,

1997; Namy & Gentner, 2002; Sieck, Quinn, & Schooler, 1999). This work

demonstrates that people are able to find similarities between domains on

the basis of shared relationships among components. Notice that this

description of what defines an analogy is domain general. Consistent with

this description, most research has focused on factors that influence

reasoning by analogy in a domain‐general way (Markman & Gentner, 2001).

Design in an engineering context also requires understanding of domain‐
specific reasoning processes. Psychology recognizes the importance of

understanding the domain‐specific processes that create representations,

but much less work has been devoted to understanding these processes

because they require focusing on the content of particular domains (Chal-

mers, French, & Hofstadter, 1992). There has been some work in cognitive

science on naı̈ve physics, which seeks to understand how people reason

about the world around them with inaccurate and incomplete models of

the physics (e.g., Forbus, 1984; Kuipers, 1994; White & Frederiksen, 1990;

Williams, Hollan, & Stevens, 1983). An important contribution from naı̈ve

physics to our work is the understanding that humans are good at reasoning

qualitatively about the physical world and predictions. The work in this area

also demonstrates that reasoning is diYcult when the particular quantitative

values of ratios between quantities are important for reasoning. By under-

standing the cognitive process and the areas where humans need assistance,

better methods can be developed to support design‐by‐analogy in product

development. A third relevant area of research is on reasoning with dia-

grams. This work has brought about a number of insights including a set of

guidelines for developing suitable and useful diagrams (e.g., Cheng, 2002;

Hegarty & Just, 1993; Hegarty, Meyer, & Narayanan, 2002; Novick &

Hurley, 2001; Pedone, Hummel, & Holyoak, 2001; Stenning, 2002).

Consider an example method to illustrate design‐by‐analogy. This method

uses the concepts of functional models and classification (McAdams, Stone,

& Wo od, 1998, 1999 , 2000). Functional mo dels map input flows of en ergies,

materials, and signals (information) to the corresponding output states.

Such models were extended to formal representations known as functional
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and flow bases (Tables II and III). These bases are a formal classification

language, which represent the range of functions and flows that occur in

products or inventions. Based on the functions and the customer needs of a

given product, analogous and nonobvious products can be explored. A case

study of a pickup winder for a guitar is shown in Fig. 18 (McAdams &

Wood, 2000). A pickup is an electromagnetic device with thousands of

small‐gauge wire windings as part of an electric guitar. Obvious analogies

for the pickup winder include a fishing reel and a bobbin winder on a sewing

machine. In addition to the obvious analogies, the functional and flow bases

also showed an electric vegetable peeler as being a similar product. The

analogy to a vegetable peeler leads to an innovative design (prototype shown

in Fig. 18).
F. INSIGHTS FOR ENGINEERING FROM THE

CATEGORIZATION LITERATURE
Current psychological research into categorization provides important

insight, guidance, and empirical support for current design methods and

future research. The research explores a variety of problems including open‐
ended idea generation (e.g., Ward, 1995), analysis in physics (e.g., Chi,

Feltovich, & Glaser, 1981) and algebra (e.g., Hinsely, Hayes, & Simon,

1978). This research has not been applied directly to practical engineering

problems but has explored the typical types of problems engineers face.

Much of the applicable literature focuses on comparing experts and novices

in a particular area thus oVering deeper understanding of the cognitive

processes of engineers (experts). Categorization is an important process in

problem solving. The research supplies insights into the superior perfor-

mance of expert problem solvers (e.g., Chi et al., 1981; ProYtt, Coley, &

Medin, 2000). Experts solving physics problems often begin with a qualita-

tive analysis (Chi et al.,1981). This strategy is likely to be true of engineers.

The expertise of an engineer is frequently within a small area of engineering

such as a particular discipline of engineering (i.e., mechanical) and a partic-

ular area (i.e., mechanics of materials) or industry (i.e., automotive). Varia-

tion in the type of expertise and experience level changes how items and

problems are categorized (e.g., Chi et al., 1981). Experts often categorize

problems based on deep structural similarities as opposed to irrelevant

contextual similarities (i.e., Chi et al., 1981). Experts will use contextual

information when surface similarities coexists with deep structural simila-

rities thus aiding the processes (Blessing, & Ross, 1996). In addition to

experience, categorization can be influenced by goals with organization

around the ideals for a particular category (Barsalou, 1985; Lynch, Coley,

& Medin, 2000; Medin, Lynch, Coley, & Atran, 1997).



Fig. 18. A nonobvious design analogy between a pickup winder and an electric vegetable

peeler resulting from functional models and formalisms known as functional and flow bases.
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Ward’s work (1995) shows that the categorization of a problem tends to

structure the solutions and thus limit the solution space deemed appropriate.

Corollary concepts exist in idea generation techniques such as Progressive

Abstractions,Reversals,WhyMethod andAssumptionReversals (VanGundy,

1988), which seek to illicit and validate various assumptions (limitations) being

made during the idea generation process.
V. Discussion and ‘‘Golden Nuggets’’
We have explored categories and their representations in enhancing the

generation of concepts for product development or engineering design pro-

blems. The representations discussed in this chapter provide the scaVolding
for redescribing design problems for innovation access. The corresponding

concept generation methods employ these descriptions to realize the form

solutions to real‐world, societal problems. These form solutions need only be

engineered and implemented in their respective marketplaces.

By no means have we covered all possible representation schemes or types

of categorization. Many implicit and explicit representations exist in the

literature of concept generation. We have likewise not documented the

hundreds of reported concept generation methods in the open literature.

Many methods exist, and numerous variants of these methods are advocated

to assist in the development of innovations in various marketplaces.

Assuming, however, that the categories, their representations, and the

associated concept generation methods are illustrative and illuminating, we

have a basis for discussion and analysis. The focus of our discussion here

is on the postulation of open research questions. Consider the following

research questions, generated from the topical coverage of this chapter:

� What is the range of diVerent representations of categorization?
� What level and type of information should be categorized to enhance

the art of design?
� What is the minimal information to create these enhancements?
� Are other types of representations of greater utility? How can physical

artifacts and ‘‘props’’ be used as alternative representations?Does the flaring of

other senses besides visual or auditory lead to enhancements in idea creation?
� What are the roles of colors, tactile discriminates, and personal style in

the creation process?
� How are categorical representations to be used, most eVectively, in

conjunction with concept generation techniques?
� What order of concept generation techniques will lead to the greatest

breadth and diversity of potential solutions?
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� Can the outcomes of one‐concept generation method be used as the

seeds for another or a sequence of other‐concept generation methods?
� How do we measure, accurately and repeatably, generated concepts to

real‐world engineering problems for their uniqueness, variety, potential, and

practical implementation?
� What is the role of computation or computer‐assisted tools in category

representation and implementing concept generation methods?
� What pedagogical advancements are needed to utilize categorization,

representations, and their employment in concept generation? How can per-

sonality typing be used to advance the teaching of concept generation? What

is the role of hands‐on activities in learning concept generation methods?
� What forms of analogical representation are most useful for innovative

design?
� What are the fundamental and underlying principles that make analogies

useful to a designer?
� What benefits are there to physical models in design‐by‐analogy? Why

do engineers use them? What types of problems do they highlight? How do

they assist designers in visualizing analogies, and what limitations do they

add? What is the eVect on design‐by‐analogy of a static model compared to a

dynamic model or a full working mock‐up?
� What are the eVects of diVerent manipulative media in the idea genera-

tion process? Which ones lead to design fixation, and which ones are most

beneficial for concept development?

We end here with these open research questions. While we hope that

the discussions of product development, category representations, and con-

cept generation methods are thought provoking and a genesis for collegial

debate, the research questions are the fundamental result of this chapter.

They are motivated by current literature and the technical material of

this chapter. They represent opportunities to advance our understanding

of the art of design. They represent future challenges and collaborations

between the fields of engineering and psychology. They embody the

potential for learnable principles for designers to become the next Edisonian

contributors.
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Vidal, R., Mulet, E., & Gómez‐Senent, E. (2004). EVectiveness of the means of expres-

sion in creative problem‐solving in design groups. Journal of Engineering Design, 15(3),

285–298.

Waldron, M. B., & Waldron, K. J. (1988). A time sequence study of a complex mechanical

system design. Design Studies, 9(2), 95–106.

Ward, T. B. (1995). What’s old about new ideas? In S. M. Smith, T. B. Ward, and R. A. Finke

(Eds.), The creative cognition approach (pp. 157–178). Cambridge, MA: The MIT Press.

White, B. Y., & Frederiksen, J. R. (1990). Causal model progressions as a foundation for

intelligent learning environments. Artificial Intelligence, 42(1), 99–157.

Williams, M. D., Hollan, J. D., & Stevens, A. L. (1983). Human reasoning about a simple

physical system. In D. Gentner and A. L. Stevens (Eds.), Mental models (pp. 131–153).

Hillsdale, NJ: Lawrence Erlbaum Associates.

http://www.thinkcycle.org/tc-space/tspace?tspace_id=41963
http://www.thinkcycle.org/tc-space/tspace?tspace_id=41963
http://edison.rutgers.edu/
http://edison.rutgers.edu/about.htm
http://www.ulrich-eppinger.net


122 Wood and Linsey
Zheng, E. (October 31, 2000). Seat and back support for collapsible chair.U.S. Patent No.

D432,823.

Zheng, E. (May 15, 2001a). Foldable dual‐chair. U.S. Patent No. 6,231,119.

Zheng, E. (June 5, 2001b). Support ring for holding a fabric seat on inclined frame tube. U.S.

Patent No. 6,241,311.

Zheng, E. (October 2, 2001c). Inclined back support arrangement for folding furniture. U.S.

Patent No. 6,296,304.


	Understanding the Art of Design: Tools for the Next Edisonian Innovators
	Motivation and Overview
	Edisonian Design
	Enhancing the Art of Design: Classification and Categorization

	A Product Development and Concept Generation Process
	Understanding the Opportunity
	Developing a Concept
	Implementing a Concept
	Product Development and Categorization

	The Scaffolding of Concept Generation: Category Representations
	Function, Function Categories, and Function Diagrams
	Generalized Engineering Parameters
	Physical Principle Classification
	Textual Idea Generators
	Physical Principle Diagrams

	Basic Concept Generation Methods: Transforming Representation to Physical Layouts
	Osborn's Brainstorming and Mind Mapping
	Brainsketching, C-Sketch, 6-3-5, and Gallery Methods
	Engineering Empirical Results and Categorization
	Theory of Inventive Problem Solving
	Design-by-Analogy
	Insights for Engineering from the Categorization Literature

	Discussion and "Golden Nuggets"
	Acknowledgments
	References


