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ABSTRACT

A CONCEPTUAL DESIGN TOOL FOR ENGINEERS: AN AMALGAMATION
OF THEORY OF CONSTRAINTS, THEORY OF INVENTIVE PROBLEM
SOLVING AND LOGIC

Stephen R. Luke, PE
Old Domimnton University, 2002
Director: Dr. Han Bao

Thus research creates a design methodology by synthesizing three different design tools, the Theory of Invenuve

Problem Solving (TRIZ), the Theory of Constramnts (TOC) and Logic. The basic approach of this design method
1s to:

*  Reduce 2 design problem to 1 logic diagram,

®  Code the inputs and ourtputs to determune destrability and degree of conuol,

*  [dennfy the best nputs to mampulate in order to obtan the desired ourputs and

®  Exploit innovaave algonthms developed in TRIZ to find the best ways to manipulate the chosen mnputs.

Thus research mtegrates and expands the methods of TRIZ and TOC. It expands TOC by:

®  Expanding the levels of control from three to five,

*  Adding additional logical operators to the toolset and

*  \llowing for quanutanve and qualitaave vanables to be treated as analog arcuiery.

It expands TRIZ by:

*  Allowing for three levels of desirability (desirable, neutral and undesirable) instead of only two (useful

and harmful),

*  Focusing the design area to keep the number of design solutions from increasing exponentially and

*  \llowing for logical operators to be used with the TRIZ toolset.

This dissertaton mtegrates the srength of TRIZ (powerful innovauve idea generaton) with the strength of
TOC (focused design) along with the strength of logical operators. In addinon to providing a method, this
research also provides a questionnaire to guide the designer through the methodology. This dissertaton brings
the power of focused innovanon to eardy design stages.
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CHAPTER 1L INTRODUCTION
1.1 BACKGROUND

1.1.1  The first problem: Design innovanon

[t can be frustranng o try to come up with an innovaave design soluuon. [nvenrors seem to be 1 breed apart
from engineers; inventors are both creanve and technical and who see strange approaches to problems that
technical people (like engineers) muss. Moreover, they often recetve their inspiration in the form of 2 flash of
msight. This “flash of insight” or idea cannort be studied because it is totally creative m nature and seems to come
our of thin atr. Neither the inventor nor the engineer can reproduce it and use it on another problem at another
ume.

On the other hand, pracncally everything else in the engineenng and design world can be studied and
understood and descnbed by rules, theones, methods, algonthms, equanons and physical relanonships. Engineers
are hughly runed in refining problem solunons and in speafying parameters, while thev can be very weak n
dennfying the best conceprual approach to begin with.

Gennch \ltshuller! idenafied the above problem many vears ago and set out to solve 1t by studying patents
and inventons, then codifning the approaches used and abstracung these methods for applicanon to other
problems. In essence, he created a new engineenng disapline governed by rules. theones, methods, algoathms,
equanons and physical relanonshups. He called his method the Theory of Invenuve Problem Solving, or TRIZ
(the Russian acronym for “Theory of Invenave Problem Solving™).

Although TRIZ is a very powerful innovanon tool, it has some flaws. The engineenng communty has never
fully embraced it for several reasons:

e [t was developed in the Soviet Urnuon dudng the Cold War and was not avalable to the West unnl very recendy?.
e [ts practitioners view it as 1 compenave advanmge and have been slow to share their knowledge with

mndustry, except in 4 consuitng capacty? 3.

e  The methods are slow and abstract. Understanding TRIZ takes a great deal of tme and discplined study;
applving it takes even more=*.

e Large numbers of abstract solunon approaches are generared from even simple problems with TRIZ
software™-". Analysis of each approach wmkes a great deal of ume.

The first three problems listed above are being overcome with time and educanon; the last remains an area of
difficulty. [f an engineer were able to idennfy one or two key weak points in a system, then he could apply TRIZ
solutons to the idenufied weak areas only. With this focus, the amount of ume spent on developing the abstact
solunon method would be dramancally reduced and TRIZ would be of practical use to the engmneer. This leads to
a second problem.

1.1.2  The second problem: Design focus
Eliyahu Goldratt noted that every svstem has many consttuent parts that are integrally inked together®. The
success of the system, whether it is a business model or 2 design, ultimately depends on the weakest link m that
" The reference model used for this work is Juality Engineering
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chain of consaruent parts’. He therefore posited that any design effort or improvement on any area other than
the weakest link is useless. He called this weakest link “the chief constramt,” and developed a theory around
locaung the weakest link and strengthening it. That theory is called the Theory of Constraints!® (TOC).

The engineening community has never fully embraced TOC for several reasons:

®  [tis based on 2 business model and has not fully ransinoned into the engineenng community.

®  [ridennfies problem locatons, but not problem solutions, except in very vague terms.

* Engmeenng problems often have many quantiragve vanubles that are not easily expressed using
Goldrar’s logic diagrams.

*  Logical breakdowns do not go far enough; they are basically only able to handle a few logical operators.

Goldrart’s ideas present 1 good foundanon on which to builld. The basic logical approach of Goldratt must

be modified to accept quannanve values and more complex operators. After that, TOC can be used as 2 front-

end to idennfy the major constraint(s) to be designed, redesigned/innovated/solved to TRIZ. TRIZ, 1n turn, can

use the focusing power of TOC to only apply i1ts innovanons to the areas of the design that need it the most.
1.2 RESEARCH OBJECTIVES
The objecuves of this research are to:

¢ Develop a design methodology that idennfies the best areas to apply design solutons and suggests the

best mnnovative methods to accomplish those solunons.

¢ Develop a new logical diagram to look ar an enare system and quickly idennfy the design opporunines.

e  Synthesize the stengths of TRIZ’s innovauons and TOC's focus using 2 Logical, repeamble approach.
1.3 OVERVIEW OF METHOD

The method proposed in this dissertanon uses a logic diagram to establish and meer design objectves. [t uses

four steps that are summanzed below:

Step L.

GATHER INFORMATION ABOUT THE PROBLEM AND DEFINE IT

The goal of this step is to gather all relevant facts on exasang problem:

Step 1.1,
Step 1.2
Step 1.3.
Step 1.4.
Step L.5.
Step 1.6.
Step 1.7,

Descnbe the problem in non-technical terms
Define and descnbe the system

Refine the defimuon of the problem

Define the solution space

Define available resources

Constider allowable changes to the system
Further refine solution space

When Step | begms, all that is known 1s a vague descapuoon of a perceived problem. When Step 1 1s
complered. a fardy complete picture of the problem has been established, along with an idea of what consatutes
an acceptable solunon.

[t 1s very important that the solution is not defined ar the onser of this process. Itis typical to have a soluton
in mind when first descnbing the problem m non-technical terms. Often the wording of the problem will suggest

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a partcular solution or solution form. The disapline of developing the problem defininion and the solution space
1s intended to idennfy the best soluton. A soluton offered too quickly is often sub-optimal.

[n developing the problem statement and the soludon space, several solution forms may become evident to
the designer. Since these ideas may be in the form of the final solution, the designer should keep a log of ideas
along with the file where the problem is descrbed. Later, these ideas can be invesagated in detul. This is
descnbed in more detail in Chapter 3, Methodology.

Step 2. CONSTRUCT A LOGIC DIAGRAM

This 1s the most crucial step of this approach and does not follow erther a pure TRIZ Problem formulanon
or the TOC’s Current Reality Tree. I[nstead, it uses a logic diagram that incorporates ideas from both, as well as
using basic Boolean algebra. The logic diagram looks similar to an electrical schemanc, but it is not intended to be
one. The electcal schemanc look is intended to ger the designer/engineer to think of ways to "“run on” desirable
signals and *“rumn off” undesirable signals. Unlike an elecrmcal schemane, this model only reflects the designer’s
percepnon of what already exasts and cannot be designed.

[n thus step, ennnes are defined. Ennues are states of the system or its components. They can be etther
mnputs to the system or outputs of the system. Since the method of this dissertanon is used to control the value of
ourputs by the mampulanon of inputs, there are several things about these enades that must be known, namely:

® s the enary desimble, undesirable or neumal?

® [s the ennty quanamnve or qualitave?

*  Can the enaty be controlled?

*  How is the ennty related to other ennnies? Which entues does it cause? Which other enntes cause it to

occur?

Every enaty ts coded for the above charactensncs:

*  Fordesirability, 1t 15 given the code D, U or N for “Desirable,” “Undestrable” and *“Neutral.”

®*  For Quannrauve/Qualitagve, it is given the code “Q” for Quanuraave and *“L” for Qualitaave or

Logical.
®  For control, it 1s given a code of C1 through C5, defined as follows:
< *“-C1” for entties under direct control: this is the highest level of items in our span of control.

In these, we can directly wontrol their value.

% “-C2” for enutes under indirect control: like Cl. these are in our span of control, but only
through manipulanon of other enttes or the logic of the system can we change them. Sall,
we do not need to get authoaty from an outside agency to change therr value.

< “.C3” for ennues that are controlled by an outside source or agency: Since someone
conrrols these, they are by defimton under our sphere of imfluence. All we need to do s
mfluence the person or agency controlling these entues. Policies often fall into this group.

% *“-C4” for enuues that are controlled by nature or are “given” for the problem: These are
outside of our sphere of mfluence, unless we are allowed to redefine the problem. For
instance, in the airbag example (Chapter 4), the existence of a daver who is less than 5 feet
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tall 1s given. We cannor allow the to design exclude these people, although we may be able
to compensate for their height (if necessary) by changing the system in some way that
negates the danger of short drivers in an accident.

% “-C53” for enntes completely outside our sphere of influence: In some cases, we can sull
ignore them, but 1t 1s even more difficult than for C4 ennnes. In the airbag example, “an
acadent occurs” is such an ennty. We cannot remove it from the problem because it is the
reason for having an arbag in the first place. If we could redesign the safety svstem of an
automobile to make an acadent impossible, then we could circumvent even this problem.
From a creaunve thinking standpoint, solutions that address the C5 conrrol level are exanng
because they will by definiton change the entre complexion of both the problem and the
solunon.

®*  To show relanonships, a hierarchical numbenng system 1s established with termunal ennges coded wath
values in the 100s, thetr causes coded with values in the 200s and so on.
The greatest difficulty expenenced wth this approach was to code entues that are not Boolean in narure but
are quanaranve. To address this problem, vanables are allowed to be either quanneaave or Boolean and are
transformed from one type to the other using amplifiers to convert signals from logical 1o quanuraave. Specal

operators are defined to convert quanatauve relatonships to Boolean logic.

Step 3. ANALYZE THE LOGIC DIAGRAM

There are two goals of this step: to ensure that the logic diagram 1s correct and to Wdennfy the areas of the
svstem to be redesigned. The sub-steps are as follows:

®  Step 3.1. Find the switches for the system.

®  Step 3.2 For each Destirable Enaty, seek to ensure the logical value of the enaty 1s = 1.

®  Step 3.3. For each Undesimble Enaty, seck to ensure the logical value of the ennty 1s = 0.

*  Step 3.4. [dennfy any trade-offs i the design.

®  Step 3.5. Review tol system.

Analyas of the logic diagram 1s the step where the design soluton 1s given 1ts proper focus. First, the
developer identifies the “switches” n the system. A “switch” is an input in the design that can be casily controlled
and has the maximum effect on the desired outputs of the design. Once these switches are found, the logic of the
solution is tested to ensure thar desired events will occur with the proposed design change (step 3.2) and that
undesirble events will be stopped from occurnng with the proposed design change (step 3.3).

Another area that ts very useful tn TRIZ theory 1s the establishment of design rade-offs and contradicnoas.
To Altshuller, the goal of design was to resolve ade-offs, not to make compromises between them. [n step 3.4,
these trade-offs and contradicnons are idendified so that they can be resolved in the solution generaton step (step
4). Finally, the enare logic diagram must be checked to ensure that it doesn’t violate any rules of logic. This is
accomplished in step 3.5.

Step 4. GENERATE SOLUTION
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A cncal endty 1s an enarty found m step 3 to be a swirch thar can coatrol the final outcome of the design. At
this pomt, there is enough informaton to focus on where the best applicaton of the final solution should be and
apply the panaples of TRIZ to it

The foundanon of Ideanon TRIZ!!™4 1s the simple, profound nouon thar the objecnve of design and
innovaton is to increase Idealiry. If enntes can be described as etther “useful” (desirable) or “harmful”
(undestrable), then to increase ideality, one merely has to ncrease the beneficual effects of desirable enanes and
decrease the detnmental effects of the undesirable ennnes. Ar the onset, this sounds exactly like the Classical
TRIZ contradicuon resolunon, but in fact it goes much further. Where Classical TRIZ only tries to eliminate
trades berween harmful and useful events, [deation TRIZ goes further because it seeks to increase benefits and
decrease detiments regardless of the presence of limiung factors.

For conststency, let us define the two different kinds of events, Harmful Events (FHE) and Useful Events
(UE), as Undesirmble Enndes (UDEs) and Desirable Endtes (DEs), respectively. The relatonship berween
enanes may ether be causal (—) or counteracuve (+2). Therefore, in a system with rwo or more ennues, the
smallest component of relanonships berween events can be mamifested in eight configuranons:

1. DE —» DE. A Desirable Ennty causes another Destrable Ennty. For example, pressing the accelerator

causes i car to move forward.

19

DE — UDE. \ Desirable Ennty Causes an Undesirable Enury (Contradicnon). For example, shipping
contaners are 0o expensive to reuse and are stacked mn junkvards.
3. DE - DE. An Undesirable Entty Causes a Destrable Enuty (Contradicnon). For example, carbon

Dioxide exhaled by ammals ts food for plants.

4. DE - UDE. .\n Undesirable Ennty Causes an Undesirable Enaty. For example, electrostanc
discharge causes equipment damage.

5. UDE — DE. .\ Desirable Enuty counteracts another Desirable Enaty (Contradicuon). For example,
strengthening of aircraft decreases speed.

6. UDE — UDE. A Desirable Ennty counteracts an Undesirable Ennty. For example, puting on

mosquito repellant keeps mosquitoes away.

UDE - DE. .\n Undesirable Ennty counteracts a Desirable Endty. For example, procrasunaton

keeps work from being completed.

8. UDE-PUDE. .\n Undesirable Entty counteracts an Undesirable Ennty (Contradiction). For example,

additon of zinc mn a car frame dimnishes corrosion.

A system then can be drawn for any problem thar consists of these eighr building blocks.

The [deadon Software Tool, Innovaton Workbench 20007 (TWB2000) from Ideation Internatonal, has a
Problem Formulator Module to analyze systems. To use this module, an inventor first converts a system to a
diagram consisting of events coded as harmful or useful and reladonships berween these events that are aither
causal or counteractuve. After complenng the diagram, the inventor selects the “formulate” icon and soluton
types for relatonships berween the blocks are generated. Problem formulator offers four solution types:

®  Solunon types that target an undesirable entty.

8 Solution types that targer a desirable enuty.
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®*  Soluton rypes aimed art resolving contradicuons.

®  Solutdon types aimed at increasing the level of ideality of the system.

Each of these four solution types, which are called “parent relations” in this dissertation, can be further
expanded 1o generl forms of solunons, which are called “child relanons.” Each child relation can be broken
down mto 1 to 13 different forms of solutons, which are called “grandchild relations.” Each grandchild relanion,
1 rum, can be decomposed mto 1 to 40 different solunon types called “operators.” Some operators are further
broken down into sub-operators. At the lowest level of operator or sub-operator, [WB2000" offers examples of
the applicanon of the parncular panaple.

With a defined system of even a relanvely small size, [WB2000’ defines:

*  One parent relanonship for every desimble cause or effect ennty (1, 2, 3, 4, 5 and ~ from the list above),

8 One parent relanonship for every undesirable cause or effect ennty (2, 4, 5, 6, ™ and 8),

®  One parent relanonship for every contradiction (2, 3, 5 and 8) and

®*  One parent relanonship for each zrminal desirable effect (1, 3, 5 and ™) (A terminal effect is not modeled

as a cause of any other enuty).

For a system of even a relauvely small size, [WB20007 creates a large number of possible solutions, especially
considenng that each parent relagonship has as many as 211 operators assocated with it. With the proposed
method, we use the coding of enanes to determune which relauonships we can ignore before generaang relations
and operators, making 1 more manageable design space 1o work with.

1.4 CASE STUDY RESULTS

I.4+.1  Airbag Case Study

Automobile .\irbags are designed to save lives by deploving rapidly enough dunng an acadent to provide a
buffer berween the occupants of the front sear of a vehicle and any hard surface. They deploy so rapudly that they
present a deadly force if encountered before full deployment. There have been documented cases of people being
killed by airbags because of this phenomenon.

The arbag case study n chapter 4 defines the problem, the logic diagram and the solunon using the
methodology proposed in Chapter 3 of this dissertation. The results were not expected. Once the system. along
with the problem, was properly defined, it was evident that the problem was due to the relative distance berween
the occupant and the airbag before deployment. The only falsafe way the problem could be solved for the
dnver’s side was to remove the arbag from the steenng column. Several suggestions are presented on how to
approach this problem as well as a strategy to solve airbag famlity mechanisms on the passenger side of the car.
The case study is found i chaprer four.

1.4.2  Airlift Loading System Case Study

Large Cargo Planes are being used to transport matenal across large distances. Because the matenal is not
stackable, it 1s being placed one-box high on pallets. It was noted that a great deal of volumetric capacity of the
arplane was being wasted. This case study uses the methods developed in this dissertation to define and soive this

problem. The soluton is simple and seems ntutve: create a loading system with removable shelves for greatest
exibility.
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This study also exemplifies the need for a disaplined approach because it can be compared to an identical
design effort that was based on the tradinonal “flash of insight” undisciplined approach. The group that solved
the onginal problem had a bullianr idea to ncrease the volumetric capaaity by adding 2 second pallet position to
the loading system. Immediately, a study ensued because the design was considered i1 great idea, bom 1n a flash of
mnsight. The study that ensued did not define the problem or the system thar it was m, but rather immediately
started on the development of 1 solunon.

The designers generated hundreds of drawings. They also created protorypes and tested them destrucnvely.
Millions of research dollars were spent over a two to three vear pedod. .\ cost study companng the new 2-level
solunon with the old method of loading pallets was conducted, and this study demonstrated substannal savings.

Had the developers defined the problem with the merhod descnbed in this dissertanon, they would have
saved a great deal more with virrually no addinonal development costs by realizing thar they could have added
many more loading opuons by creaung mulnple pallet posinons thar can be reconfigured as necessary.

The solunon to thus problem 1s shown 1s found 1n Chapter 5. .\ detaled cost analysis 15 performed in
Appendix C.

143 Truck Bed Cover Case Study
Pick-up rrucks have covenngs that stretch across the truck bed can be purchased can be purchased after-
marker. There are a number of problems encountered i handling these covers, including:
e [nstalling the cover requures adding 4 permanent fastener or hold-down to the truck, which 1s
unarttracuve and becomes a site for corrosion.
¢  The covers have great localized stress and can tear if they are used to carry large loads.
®  The covers are difficult to align and arrach if there is a large load.
A case study of a new truck bed cover design 1s found mn chaprer 6. The truck bed cover design developed
armves ar the same approach as a recent new design found 1n the US Patent database and currendy sold in the

United States.

144 Shurtde Bike Case Study

Bicycdlers would like to travel through the woods and over small streams and lakes with therr bicycles, but they
are constramned to only avel over dry land because bicycles are constramed 1o only travel over land. Shurtde boats
travel on water but not on dry land. Some shutte boats have been designed wath bicvcle parts, bur these are bulky
and genenally require one-ame conversion. This case study creates a new bt-system thar incorporates a bicycle and
a shurde boat into a single design that can be easily converted from one mode to the other and back while hiking
1s presented in chapter 6. The solution developed using this dissertation methodology closely parallels a design
currently being marketed throughour the wodd.
15 RESEARCH CONTRIBUTIONS

There are six contmbunons that are established in this research:

1. This research presents a new method to idenafy and solve design problems in the conceprual stage.

2. This research mtegrates and expands the disaphnes of TRIZ, TOC and logic.

3. Thus research creates a new logic diagram that can be used in the solunion of a design concept.
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+.  This research improves upon 2 problem solving wotksheer that 1s useful in guiding the designer through
the design process (see Appendix B).

This research establishes codes for design enuues that are useful in analyzing designs, including 3 degrees
of Desirability and 5 levels of Control

w

6. This research provides a bodge berween qualitanve and quanamave design elements such that one
dingram and method can be used in the presence of both factors.
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CHAPTER 2. LITERATURE REVIEW

The Literature is divided into three parts. The first part is a review and discussion of the various
methodologges 1n use today that are proposed to opumize the concepuon, design and manufacture of parts. The
second part is a review and discussion of various works thar either propose combining one or more of the
methods together or present 1 companson/contrast of one or more of these methods. The third partisa
lirerature review of the mrbag case study problem. The airbag case srudy problem is solved in chapter 4.

2.1 REVIEW AND DISCUSSION OF VARIOUS METHODOLOGIES

The design phase can be divided into three sub-phases:

e  Configuranon Design

¢  Parameter Design

¢ Tolerance Design

The acuvines regarding quality duning the design phase are somenmes called “off-line quality control.” The
actvines that take place dunng manufacrure are somenmes called *“on-line quality control.”

Likewtse, on-line quality control can be subdivided into the following sub-phases:

¢ Dugnosts and Adjustment

®  Predicnon and Correcnon

*  Measurement and Dispostuon

[n the design phase, there 1s considerable feed-forward consideranon of on-line quality control. For instance,
1t 1s necessary to consider the acceprable disposinon of defectve units and the expected defects and defecnve rates
of the process. .\dditionally, 1t 1s necessary to understand and consider the construnts of manufacture. Likewse,
on-line quality control is 1 necessary feedback to the design phase.

There are many deas and techmiques to opumize design and manufacture of products: some are centered in
one of the sub-phases of off-line quality control, while others are centered mn the sub-phases of on-line quality
control. Addinonally, some are qualitaave, others are quanumtive, but most have both qualitnuve and quananave
clements. These ideas and techniques have been developed in different ames and different places, and each has
its own disciples and followers. Each of these ideas and techmiques has 1ts own ranonale, method and case study
hustory. Each one has menr and value in 1ts own nte.

Modem manufacrurers cannot support using all of the techniques espoused by all of the different disciplines.
There are simply too many philosophies availlable. Each one requires training, changes in corporate structure,
changes 1 thought process and (possibly) consulrats. \n ideal solution for 2 manufacturer is one that can be
deploved by indigenous people with minimal disruption to daily operations. An ideal solution would incorporate
the ideals and mtionales of all valid methods, but not necessarly ail of the many tools used by each method. The
solution, once implemented, would require a minimal amount of consultant help.

The hterature review considers all three sub-phases of design and explores the eleven disaplines below for
optimizanon of the design process. In performing this review, [ discovered that it is not possible to inregrate all of
these design methods and present a unified process in the time constraints of this dissertation. Instead, [ chose to
focus on integraton of TRIZ with TOC in the Configuration/concept development sub-phase of design. The
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other design methods and ideas provide a fertile ground for further research and development and are included in

the lirerature review.

The following methodologies for their application into a holistic design process have been reviewed:

I.

‘J

w

W

10.

11

2.1.1

Axiomarc Design (AD) as proposed by Nam Suh of MIT and his followers!s-¥*

Cost as an Independent Vanable (CAIV)is2

Design for Manufactunng/ Assembly as proposed by Boothroyd, Dixon, Poli and their followers
[SO-9000

Zero Quality Control®-42 as proposed by Shigeo Shingo, Taiichi Ohno and their followers (Includes
Poka Yoke, JIT, Lean manufacrunng, .\ ffinity diagrams and Kanban)

Quality Funcnon Deployment®™ as proposed by Yojt Akao and his followers

Robust Engineenng™ ™ applicatons as proposed by Taguchi, Phadke and their followers and Robust
Engineenng applicanons as proposed by Box, Hunter and their followers (Includes discussion of
Quality Loss Function™3-%)

Theory of Constraints*!*-#1-4% (TOC) as proposed by Goldrartr and hus followers

Total Quality Management™ (TQM)- Qualiratve and Quangtauve methods as proposed by Shewhart,
Demung, Crosby, Juran and their followers

Theory of Invenuve Problem Solving! - * %13 (TRIZ) as proposed by Altshuller and his followers
(Classical TRIZ) and Theory of [nvenave Problem Solving (TRIZ) as advanced by I[deanon
[nremnanonal and therr followers (Ideanon/TRIZ or [-TRIZ)

Falure Modes, Effects and Cancality .\nalysis!’® (Someumes called “Fulure Modes and Effects
Analysis)

15-17

Axtomadc Design (AD)

AD'>" is a design methodology that posits that the design process should be based on generalizable
panaples that govern underdying behavior!>!". Suh proves this by establishing two axioms of design and then

developing a number of techniques, rules and corollaries that support these two axioms. The rwo axioms are as

follows:

1.

ol

-

The independence axiom: the independence of Functional requirements must always be mamntained,
Le. design deasions must always be made withoutr violanng the independence of each funcnonal
requirement from other functional requirements and

The mnformanon axiom: minimize the information content, Le. among those designs that sadsfy the

independence axiom; the design thar has the highest probability of success is the best design.

Suh!” has defined four domatns for his axiomatic design framework, they are:

1.
2
3.
4.

The customer domain,
The functional domain,
The physical domain and

The process domain.

Each domain has a charactensuc vector. The charactenstic vectors provide a link between the different

domains. The charactenstic vectors are as follows:
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1. For the customer domain, customer arttrabutes (CAs)

2. For the funcnonal domain, functional requirements (FRs)

3. For the physical domain, design parameters (DPs)

4. For the process doman, process vanables (PVs)

Lf the charactenstc vectors are linearly related to each other, then they can be mapped using 1 series of marnx
equadons, found below. Note that [DM] denotes a design matrix used ro ink domans through their charactensuc

vectors:
CA = DM} xFR M
FR = [DMz] x DP @
DP = [DM;] x PV 3)

In order to avoid redundancy, there should be the same number of C.\s, FRs. DPs and PVs. The best
possible soluton 1s one n which a1 one-to-one relanonship exists berween each set of domains. To find 2 one-to-
one relanonship, the design matnx should be mantpulated unnl it vields values only on the diagonzl

Leaving Suh’s discussion for 1 moment, it 1s easy to see a link berween AD and QFD. QFD ts used to link
“‘customer needs and wants” to “rechnical requirements,” to produce “manufacrunng speaficatons.” AD links
customer artmbutes to functonal requirements to produce design parameters. These are essenaally the same
mnputs and outputs, but they use different methods to link the two rogether. QFD also seeks uncoupled matching
and one-to-one mapping whenever possible. .Another similanity wath QFD 1s in the process of the approach 10
begin with customer requirements then proceed to technical requirements, finally ending on process
specificanons. The journey 1s the same. but the mode of transpormanon 1s different.

Another mteresang idea 1s that AD is not a subsatute for TRIZ because their objectives are very different.
Both methods desire to make a ngorous process out of what is often ad hoc, but AD is working on design
refinement and opamizanon and TRIZ secks nnovaave solutions. .AD can recogruze a supenor solutnon when 1t
meets AD catena, burt it does little to help find an innovanon.

AD 1s ar odds with robust engineening, despite the efforts of many to recufy the differences berween the two.
AD cannort handle interacnons berween design requirements. Whether the relatonships between vanables
contuned in 2 matrx are considered absolure mathemaucal relanons (which presupposes lineanty) or a kind of
figuratve relatonship, it snll cannot account for interacnons. Taguchi methods ignore interactons to reduce the
number of experiments necessary for design and in doing so have met with harsh caticism from staastocans and
other designers who regularly find intense mreracuons in many designs.

Returming to a discussion of Suh, the second axiom of AD is the nformation axiom. [nformanon content,
IC, must be muntmized. Using Shannon’s mathemancal theory of communicanon, Suh defines IC as:

"
IC=Y -In(p,) )
i=l

where p, is the probability of DP, meenng FR.. Note: Suh calls mformanon content “L” aot “IC.” [ chose to
use [C to avoid confusion with TOC’s “I” for inventory or investment.

Here there is an obvious connection between AD, SPC and the Quality Loss Funcuon. SPC defines process
capability (Cpi) as the probability that 2 process can meet its specification imits. AD demonstrates the benefit of
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defiming a process i quantfiable terms. QLF is the best of all three methods because it demonstrates
mathemancally that there 1s a loss to the customer whenever a target 1s not mer and that loss is dependent on the
amount of deviaton from the mrger value. QLF is the easiest to understund, the most intuitive to apply and the

clearest model of observed phenomenon.

2.1.2  Costas an Independent Variable™* (CAIV)

Cost as an Independent Vanable!® s an acquisinon process used by the buyer of 1 large acquisinon
(generally the United States Government) to attempt to buy a system at the nghe price with the right performance
capabilines. Since CAIV is a buyer’s tool, it becomes a constraint for sellers wishing to deal with a parncular
buyer. Most of the other methods are developer’s tools and can either be used or not depending on whether the
developer has the skill to use them and the need for therr technology.

From a developer's perspective, C\IV may seem like an unnecessary constraint on his or her ability to build
the best producr and to pace that product according to the best business practices. \lso, the presupposition of
CAIV that one must make trade-offs berween performance, cost and schedule 15 especally oubling to a designer
who can find ways to increase ideality. An mcreased ideality soluton may very well increase performance while
holding to schedule and lowering cost.

Another potennal issue with CAIV is thar it 1s a bureaucrance soluton to a design problem. A designer may
try to crcumvent the CAIV process by saastying its requirements wathout really sertously considenng 1its
underlying tenets. In thus case, a developer could hire an expert to wnte a CAIV wade-off analysis that 1s slanted
to produce whatever the results the developer wishes.

CAIV does not solve any design problems. Instead 1t mandates that design problems are solved as trade-offs
berween cost, schedule and performance chatactensucs. In this regard, it becomes a design constraint and inhibits
certun design scenanos from contennon early because of percepuon of impact on Life Cycle Cost (LCC).

CAIV discourages the use of innovanons and inventons to solve problems. From the buver’s perspecuve,
mnnovatons and mventuons need to be established before the agreement to purchase a product i1s consummared.
Otherwise, the buyer may have to absorb the inherent nsk of the design not being able to perform as adverused or
absorb increased costs due to schedule overruns while the designer waits for inspiration.

Another 1ssue with CAIV is thar it relies heavily on predicnons, probabilities and uncertan forecasts of future
events. If the probabilites and nisk factors are esumated improperdy, then the decision 1s flawed. Since the same
assumpuons are used to evaluate each alternanve, CAIV proponents argue that it ts not intended to give an
accurate answer, bur mther it produces a “best choice” from 2 decision-making perspecuve. Sdll, there 1s 2 nsk of
gross maccuracy that could be magnified by the desires of the seller or developer to select a predetermined
altemanve.

All of the above points being considered, it may be asgued that CAIV is incompanble with many of the other
methods considered in this dissertation, especiaily TRIZ. It must be pointed out that the TRIZ methodology is an
attempt to overcome the constramt of making abhorrent trade-offs by resolving conflicts. CAIV and TRIZ can
be said to be mn technical conflict with one another leading one to believe that TRIZ methods could be used to
resolve the coneradicuon berween TRIZ and CALV.

The CAIV method recognizes the following teners:
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Place cost on an equal fooung with performance und schedule and search for the ‘best value’
solunions, not the ‘greatest performance’ or the ‘lowest cost.’

There are rade-offs made berween cost, schedule and performance.

Cost can best be effecuvely controlled in the earliest stages of acquisition, such as the concepr design
stage, before the design is established.

Some other charactensucs of CAIV are as follows:

e CAIVisa buver’s tool to try to control the cost, performance and schedule of a new system,
but it requires the seller 1o parucipate in the deasions.

e CAIV s profoundly different than Design to Cost (DTC), a previous government imnanve.
DTC set a cost goal and forced the design wthin thac goal, while CAIV seeks an opumal
solunon mking cost, schedule and performance into account.

e CAIV deasions are not made by an individual, but in a group called the Cost-Performance
Integrated Process Team, or CPIPT. The CPIPT s compnsed of government and conrractor
personnel.

e CAIV arrempts to control Life Cycle Cost (LCC), not just purchase pace.

e CAIV uses the cost-nisk idenaficanon and management system (CRIMS).

CAILV has the tollowing objecuves:

®  Ser realisuc bur aggressive cost objecnves early in each acquisiion process.

e  Manage asks to achieve cost, schedule and performance objecuves.

e  Devise appropnate metncs for tracking progress in setung and achieving cost objecuves.

*  Moavate and incennvize government and industry managers to achieve program mcenaves.

e  Purm place for fielded systems additional incenuves to reduce operanng and support costs.

-\ few observanons about the practice of CAIV:

1.

[

Ut

CAIV forces the contractor and the government into making trade-offs instead of finding a better
solunon that avoids trade-offs.

CAIV, as a buyer's tool, only has limited incenuve for the seller to create the best system ar the lowest
cost.

CAIV is fundamentally based on estmates, probabilines and best guesses. (For instance: LCC is an
unknowable figure.)

CAIV allows an additonal level of freedom from carlier DTC methods and is thus a natural evoluton
from DTC.

CAILV discourages innovaton and encourages reuse of exisung design.

CAIV and TRIZ appear to be fundamenmnlly incompatible because CAIV is 1 method that encourages
making rade-offs and TRIZ seeks to resolve made-offs.

The contractor or designer does not necessanly have a choice regarding whether or not they wish to
use CAIV. The buver mandares CAIV and 1ts application is presided over by the buyer.
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2.1.3 Design for Manufacture and Assembly™ ™ (DFMA)

Design for Manufacture and Assembly¥* is a disciplined approach to create designs that take into account
manufactunng and assembling concems.

Product Design and Assembd™ lays out the mechanics of DFMA. Especially useful is the extensive informaton
on Design for .\ssembly and the chapter on Injecnon Molding DFM consideratons.

Engineering Design and A nakysis®® has several useful resources. [ts discussion of DFA s relagvely weak, bur it
provides an extensive algonthm and approach for DFM for injection molding complete with several charts and
mbles. One major weakness is that the authors do not establish why cerrain design features may be desirable nor
does 1t discuss how to deade which fearures o use and which to avoid in each given design problem.

Chaprer 17 provides an approach ro solving genenc design problems by guided iteragon. The guided
wteranon method entails using 4 deasion mamx to map the reladonships berween Design Vanables (DV) and
Problem Defiminon Parameters (PDPs). Two examples are given, one with an [-beam design and another wath a
belt-pulley system.

Maheux's shorr arucle’s 1s a tesumony of Nortel's success using DFMA tacncs to reduce the cost of an
clectronic module by almost $300 per unit by reducing the number of parts from 39 to 32 Maheux also
redesigned a cover for a sheet metal box by eliminanng fasteners and incorporaunng snaps and manufacturing the
part out of plasnc. The new part cost 1/3 of the ongmal part (from §78 to $26 per unit).

Design jor mansujactuere - guideliness 1s a tble from the Interner that summarzes the guidelines for DFM:

¢ Mimmze roral number of parts

e  Deveiop a modular design

e  Use standard components

¢  Ensure adequate access and unrestncted vision
e Design parts with muluple funcuons
¢  Design parts with mulnple uses

®  Design parts for ease of fabrcanon
® \void scparate fasteners

*  \Mimimuze assembly direcuons

¢ \Maximze compliance

¢ \Minimize handling

Design jor manupacturability imperative’! 1s a nice overview of DFM concepts. The author points out that
deasions made dunng design account for “0% of the product’s cost, while deasions made dunng producton only
account for 20°% of the cost. The author demonstrates that savings may be available through simplificanon and
standardizagon and that retneval of standardized parts may be possible using group technology. He also provides
the following familiar product design guidelines:

¢  Reduce the number of parts to minimize the opportunity for a defective part or an assembly

error, to decrease the total cost of fabricating and assembling the product and to improve

the chance to automate the process
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Foolproof the assembly design (Poka-yoke) so that the assembly process is unambiguous
Design venfiability tnto the product and its components to provide a nawral test oc
mspecton of the item

Avoid nght tolerances bevond the natural capability of the manufacturing processes and
design in the muddle of 2 part’s tolerance range

Design “‘robustness” mto products to compensate for uncertunty in the product’s
manufacturing, tesung and use

Design for parts ogentanon and handling to minimize non-value-added manual effort. to
avoid ambiguity in ogenting and merging parts and to facilitate automation

Design for ease of assembly by unlizing simple patterns of movement and minumuzing
fastenung steps

Cnlize common parts and matenls to faalitate design acuvites, to mimimze the amount of
mnventory tn the system and to standardize handling and assembly operanons

Design modular products to faclitate assembly with building block components and sub-
assemblies

Design for ease of serviang the product

Crow*? refines huis gwdelines in “Design for manufacturabiity/ assembly guidelines” and expounds on them
as well. The new guidelines are reproduced below:

Simplify the design and reduce the number of parts
Standardize and use common parts and matenals
Design for ease of fabncanon

Design wathin process capabilines and avoid unneeded surface finush requirements
Mistake-proof product design and assembly (Poka-yoke;)
Design for parts onentanon and handling

Minimuze flexible parts and interconnections

Design for ease of assembly

Design for efficient joining and fastenung

Design modular products

Design for automated producnon

Design pnnted arcurt boards for assembly

Cupron® Nylon Product Selection Guide® provides physical properues of vanious thermoplasac nylons, resins for

mjecnon molding, blow molding, profile extrusion and romanonal molding. No cost data or cost modeling dara is

found here.

Product Reference Guade: Capron®, Petra®, Nypef8% is a very shorr, igh-level description of a2 number of
AlliedSignal Plasocs products. It can be used in conjuncrion with the more specific product guides. No prices,
cost dara or cost modeling dan is found here.
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Injecrion Molding Processing Gude jor Cupron® Nylor* contans very specific information regarding how to use
Capron ® nylon in injection molding applications. [t includes part design, machine consideradons, mold and
tooling consideranons, auxiliary equipment, processing informaton and a troubleshooung guide. There is a grear
deal of design for manufacrurability informaton that appears to go bevond recommendanons in DEM/DFMA
texts.

Petra® PET Product Selection Gutde- Recyeted PET (Thermaplastic Pobester) Resin for [njection Molding®™ is a reference
of physical and other properties of AlliedSignal Plasucs’ Thermoplasuc Polyester product.

Modsukus® Design Solutions Guide’® 15 the Baush version of AlliedSignal’s design guidebook. This has everything
from equations to advice on DFM/DFMA. This text expluns a grear deal that is left out of the DFM/DFMA
texts. Forinstance, it expluns when and where nbs, inserts and bosses are used tn parts.

Snaps are extensively used in DF A applicagons. Smap-Fir Desgn Manzal expluns how to select and design

buslt-in snaps for plasuc parts.

2.1.4  ISO-9000**

[SO 9000*'4? is the parent standard for a senes of ntemanonal standards regarding quality systems. [SO
9000 and its assocated standards are internanonal and are recogmized all over the world. If 1 company washes to
do business in multple counmes, registranon to an ISO 9000 standard wall be recognized in all countries that
perform ISO 9000 registranon.

In most of the world, ISO standardizanon can be triced to governmental control, and each country regulates
1ts own standard 10 ts own language. In the United States, the applicable standard 1s ANSI/ASQ 90 and it is
regulated by the Amencan Soaety tor Quality (ASQ) and the Amencan Nagonal Stundards Insatute (ANSI).

[SO 9000 1s similar to CAIV in thart it does not help the designer at all; it 1s supported by an immense
bureaucratc structure; it 1s imposed by the customer; 1t doesn’t make money (or avoid spending 1) and itis
effecavely a construnt of the designer.

ISO 9000 forces its user to keep very good records and define their processes well enough to sansfy an
ourside auditor. Keeping better records may indirectly improve the process. But since there was nothing to
prevent the designer from keeping good records and defined features in the first place, the contbunon of ISO
9000 1s dubtous at best.

Having an ISO 9000 registranon does not assure anvone that a2 company s an innovator or an industry leader
n quality. Instead, it assures that a company has met mnimum stndards of compliance.

Implementng ISO 9000 can be very costly. It requires expense to bring a system up to stndard, expense m
truning company represenmoves to perform an internal audit and the expense of hiring an outside auditor to
register a company. Auditing companies generally send teams to perform audits that can last up to two weeks
while the company pays for their per diesr expenses, duly meetings, mtecruption of work and schedules and
management and departmenml support. Since companies rarely pass the [SO 9000 audit on the first try, there are
additonal expenses of the implemenmton of audit findings and subsequent follow-up visits from the audit team.

ISO 9000 s not relegated to one aspect of the design and manufacturing process. Rather, it is pervasive
throughour the entre producr life cycle.
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Compliance with ISO 9000 is neither necessary nor sufficient for saasfaction of TQM objectves, although
many try to equate the two. ISO 9000 is rarely imposed concurrently with CAIV because CAIV is a governmental
mnanve and ISO 9000 is an indusmal standard (although the govemment has, on occasion, stupulated [SO 9000
registration in consideranon for contractual approval).

Note that the discussions thar follow use the older versions of ISO 9000 standards. There s 2 newer
standard, published in 2000, called ISO 9000:2000. For the purposes of this discussion, there is little difference
berween the new and old standard, and the discussion of the older standard has been retained in the literature
search. The newer standard makes the following changes:

® [t reorders the quality elements mnto 5 subtypes (instead of 20 elements). The 20 elements are snll in the

standard, bur they are incorporated into the 5 secnons. The 5 secnons are
1.  The Quality Management System
2 Management Responsibility
3. Resource Management
4. Product Realizanon
5. Measurement, Analysis and Improvement
s [SO-9001:2000 mcludes an appendix thar maps the 20 quality elements of the earlier versions to the
current version.
*  Itmcorporates the 3 types of registranion (9001, 9002 and 9003) mnto one (9001). In the new [SO-

9001:2000 registranon schema, the company bemng cernfied simply opts out of the clauses that do not

apply.

2141010 The [SO 9000 Family of Standards
There are basically five smndards in the ISO 9000 famuly.
e [SO 9000 Juabty management ind quality assurance standards- guidelines for selection and use: contuns
guidelines for use of the other four standards 1n the [SO 9000 senes.
e [SO 9001 Quality systems: model for quality assurance in design/development, producnon,
mstallatton and serviang.
e SO 9002 Quality systems: model for quality assurance m producnon and installanon
e [SO 9003 Quality svstems: model for quality assurance in final inspecton and test
e  [SO 9004 Quality management and quality svstem elements: guidelines
ISO 9000 is used to determine which of the next three requirements should be used. Depending on the work
of the system being cernfied, either ISO 9001, 9002 or 9003 is selected. [SO 9004 helps managers m building
thetr quality systems and is not a quality requirement, but rather gives suggestons for effecuve quality
management so that the companies can then be qualified to meer the ISO 9001, 9002 or 9003 requirements.
There are 20 different quality svstem elements referenced n ISO 9001. ISO 9002 has the 15 clauses that are
denncal ro ISO 9001 and 3 clauses that are less smngent versions of their I[SO 9001 counterparts. ISO 9003 has
only twelve clauses, nine of which are less stringent versions of their [SO 9001 counterparts and the other three of
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which are less strngent versions of their [SO 9002 counterparts. The following table is mken from SO 9000:

Preparing for registration.
Title Corresponding paragraph number in
9001 9002 9003
Management responsibility 4.1 +.12 4.1b
Quality system panciples +2 42 +.2
Contracr review +3 +3
Design coatrol +4
Document conrrol +.5 44 4.3
Purchasing 4.6 45
Purchaser supplier product +.7 +.6
Product idennficanon and traceabulity 4.8 4.7 +.4
Conrrol of productnon +9 +.8
Inspecnon and tesang 4.10 +.9 4.5
Inspection, measunng and test equipment +.11 4.10 +.6*
[nspecnon and test starus 4.12 4.11 s N
Control of noncontorming product +.13 412 1.8
Correcave actoon +.14 +4.13
Handling, storage, packaging and delivery +.15 114 19
Quality records +.16 +.15 +.100
Internal audits 417 4168
Traunng 418 11 4118
After-sales serviang +4.19
Stansacal techruques +.20 +.18 4.1
a-  less stnngent than 9001
b- less stnngent than 9002

Table 1. Clauses of [SO 9001 through 9003
21412 The clauses of ISO 9001 through 9003

CLAUSE 4.1 MANAGEMENT RESPONSIBILITY
Clause 4.1 deals with Qualiry policy, quality organization and management review. Beanng in mind that I[SO
9000 1s intended to assure that the munimum of acceptable quality standards are followed, clause 4.1 ensures:
e  There 1s an acnve quality policy,
e  There are individuals who have responstbility for the qualiry functon and for venfication,
e  There 15 2 management te to quality and
e \Management reviews quality on a regular basis.
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CLAUSE 4.2 QUALITY SYSTEM

*“The supplier shall establish and mamram a documented quality system as a means of ensurdng that product
conforms to speafied requirements.”

The quality system clause is one of the most potentially damaging clauses in the standard, from the supplier’s
standpomt. With this clause, the supplier is required not only to have a quality system with its attendant polices,
plans and procedures, bur also requires that the quality system be documented. The supplier, therefore, must
create a4 documented policy that becomes the standard by which he is judged from the date of incepdon. If the
standard 1s 100 specific, then he may find himself spending an inordinate amount of tme updatng records and
following procedures. Ifit is too general, then it may not pass audit scrutiny. It is a better idea to keep 1t as
general as possible and only change 1t if the need anises. Unfortunately, m their zeal to be cerufied, many
companies overspecify a quality policy that they do not always follow.

Note the defininon of quality inmnsic i the quality svstem is “conformance to requirements,” not
“delighung the customer” or “‘conanuous improvement.” [SO 9000 does not deal with quality 1n the same way as
TQM, which uses the larter two defimnons.  \gain, ISO 9000 is about maintaining minimum standards and

execunng them flawlessly.
CLAUSE 4.3 CONTRACT REVIEW

The contractor ts requured to establish and mamtan procedures for contract review and coordinanon. The
purpose of the contract review clause is 10 ensure that the contractor regulady reviews hus customer’s
requirements. .\long wath this general requirement, the contractor must assure that he has the resources to
perform the task, the sk is defined and documented well enough for the contractor to perform and the

requirements are the same as those that the conmractor had bid.
Crausk 4.4 DESIGN CONTROL

ISO 9000 does not have anything to say about how a design 1s concetved and how a solunon ts obtaned.
[nstead, [SO 9000 establishes a link berween customer requirements and proposed design assuring that the design
1s mrended to conform to requurements. The standard also establishes that certain roles are idenafied and
followed, that the design requirements are known (input), that the design output meets the requirements and that
the design 1s venfied. Finally, ISO 9000 checks that proposed changes to the design are also properdy documented

CLAUSE 4.5 DOCUMENT CONTROL

ISO requures thar 1 document control procedure 1s m place and is in use. An ISO 9000 auditor will check
thar the necessary documentaton is ready and available for those who need it. The regular review of

documenmnon, changes to documentanon and purging of obsolete documenmnon are also regulated by this
clause.

CLAUSE 4.6 PURCHASING

ISO 9000 secks to establish that purchased product conforms to specification. The process also addresses
venification of output quality of vendors.
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CLAUSE 4.7 PURCIHIASER SUPPLIED PRODUCT

Clauses 4.6 and +.7 are very closely related. Clause 4.7 mandates that the purchaser establishes and maintms
procedures for venfication, storage and mamntenance of purchaser supplied products. Also addressed is the
disposition of noncnnforming parts. [SO 9000 states that the purchaser is responsible for the quality of matenal
he buys and is not absolved by source inspectuon provided by the supplier.

CLAUSE 4.8 PRODUCT IDENTIFICATION AND TRACEABILITY

Where required, the supplier shall establish and mameain procedures for idennfying the product from
applicable dravangs, spectficanons or other documents dunng all stages of production, delivery and installation.

CLAUSE 4.9 PROCESS CONTROL

“The supplier shall idennfv and plan the producnon and. where applicable, instllanon processes which
directly affect quality and shall ensure thar these processes are carned out under controlled condinons.”*!

CLAUSE 4.10 INSPECTION AND TESTING

[nspection and tesung 15 divided mto four parts:
l.  Recemving inspecnon and tesung

2. In-process mnspecnon and testung
3. Final nspecuon and tesung

4. Inspecnon and test records
CLAUSE 4.11 INSPECTION, MEASURING AND TEST EQUIPMENT

*“The supplier shall control, calibrate and muntam inspectuon, measunng and test equipment, whether owned
by the supplier, on loan or provided by the purchaser, to demonstrate the conformance of product o the
speaified requirements. Equipment shall be used in 2 manner which ensures that measurement uncertunty ts

known and is consistent with the required measurement capability.”*!
CLAUSE 4.12 INSPECTION AND TEST STATUS

*“The mspecuon and test status of product shall be idennfied by using markings, authonzed stamps, tags,
labels, rouring cards, inspection records, test software, physical locanion or other suitable means, which mdicate
the conformance or nonconformance of product with regard to inspection and tests performed.”*!

CLAUSE 4.13 CONTROL OF NONCONFORMING PrRODUCT

*The supplier shall establish and maintam procedures to ensure that product that does not conform to
specified requirements is prevented from madvertent use or installagon.” *

CLAUSE 4.14 CORRECTIVE ACTION

The supplier shall establish, documenr and mamein procedures for
1. Invesnganon of nonconforming product;
2 Analysis of all processes, work operations, concessions, quality records, service reports and customer

complaints to detecr and elimmate potenual causes of non-conforming product;
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Ininadon of prevenuave actions to deal with problems to a level corresponding to the nsks
encountered;

4. Applicadon of controls to ensure that corrective actions are taken and are effective and

5. [mplementuon and recording of changes in procedures that result from correctve acton.

CLAUSE 4.15 HANDLING, STORAGE, PACKAGING AND DELIVERY

*“The supplier shall establish, document and mameun procedures for handling, storage, packaging and
delivery of product.”*

CLAUSE 4.16 QUALITY RECORDS

*““The supplier shall estblish and manrain procedures for idenuficanon, collection, indexing, filing, storage,
mantenance and disposition of quality records.”!

CLAUSE 4.17 INTERNAL QUALITY AUDITS

*“The supplier shall carry our 2 comprehensive system of planned and documented internal quality audits to
venfy whether quality acuvites comply with planned arrangements and to determune the effectiveness of the
quality system.”3!

CLAUSE 4.18 TRAINING

“The supplier shall estblish and mamrun procedures for idenntving the trmning needs and provide for the
tranung of all personnel performing acuvines affecung quality. Personnel performing speafic assigned tasks shall
be qualified on the basts of appropnate educanon, tramning and/or expenence, as required.”

CLAUSE 4.19 SERVICING

“Where servicing 1s specified i the contract, the supplier shall establish and mamean procedures for
performing and venfving that serviang meets the speafied requirements.”*!

CLACSE 4.20 STATISTICAL TECHNIQUES

*Where appropnate, the supplier shall establish procedures for idennfying adequate stnsucal techmques
required for venfying the acceprability of process capability and product characreristics.”*

2.1.5 Zero Quality Control™* (ZQC)

2.1.5.1. Poka Yoke™*

The following 1s from the preface to Poka-yoke: Improving product quality by prevenang defects™:

*““There are three major mspection techniques mn the field of quality controk:

1. Judgment inspection- separates defective products from good ones after processing. [t prevents defects
but being delivered to customers, but does not decrease a2 company’s defect rate.
Informative inspection- invesngates the causes of defects and feeds back this informaton to the

appropuate processes so that action can be taken to reduce the defect mre.

£
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3. Source inspection- a defect 1s a result, or an gffers, usually caused by a simple mistake. Through 100
percent mspecnon at the source, the mistake can be corrected before it becomes a defect. ‘Defects =
Zero’ can be achieved.”

Srastcal process control (SPC) was developed 1n the United States. SPC acnvines are based on the premise
thar 100 percent inspection ts burdensome and nme consuming and can be adequately replaced by sampling
mnspecton and smusncs. .\ccording to Poka Yoke, the use of stansncs s really no more than qualified guesswork
Because there 1s always some discrepancy wath the reality, a certain level of defects is tolerated. In a zero quality
control (ZQC) svstem, however, 100 percent inspecton 1s achieved through Poka-yoke, an approach that s
mexpensive and requires lirtle effort.

ZQC has three components that lead 1o eiminanon of defects:

1. Source inspection- checks for factors that cause errors, not the resulting defect.

2. 100 percent inspection- uses mexpensive Poka-voke (mustake-proofing) devices to wmspect auromancally

for errors or defecuve operaung condinons.

3. Immediate action- operanons are stopped instantdy when a nustake ts made and not resumed unal 1t 15

corrected.

The underdving philosophy of ZQC is based on the following ideas:

I.  Any kind of mistake people make can be reduced or elimunared.

2. 100 percenrt mspecton makes more sense than sampling inspecnon.

3. The user s the best inspector. Therefore, if users test subsequent processes in manufacture, they can

eastly check the parts betore they begin, thus eliminanng defects before they occur.

+.  There are three basic strategies for zero defects:

¢ Don't make products you don’t need (In this regard, ZQC is closely ned to JIT. which was
also developed by Shigeo Shingo).

e Make vour products to withstand any use. Quality can be buidt mnto 1 product by
implementing Poka-voke, automaton and work standardizaton.

e Once vou've made it, use it nghr away.

There are 10 different kinds of errors:

w

e  Forgetfulness

e Errors due to musunderstanding
e Errors in identificaton

e  Errors made by amateurs

e  Willful errors

e [nadvertent errors

¢  Errors due to slowness

e  Errors due to lack of standards
e  Surpnse errors

e [ntendonal errors
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6. There are 10 different kinds of defects
e  Omitted processing
*  Processing errors
e  Errors sernng up workpieces
e  Missing parts
e Wrong parts
e Processing wrong workpiece
* )\isoperauon
e  Adjustment error
e Equpment not set up properly
e Tools and pigs improperly prepared

-

There are five elements of productnon. Defect free products are assured by control in each of these
areas. (Thus 1s closely ued to the concepts behund the Affinity Diagram.)

¢ [nformavnon

e \atenal

e Machinery

o  Me (wotker)
e  Method

8. The five best Poka-voke are:
e  Gude puns of different sizes
e  Error detecuon and alarms
e  Limurt switches
e Counters
e  Checklists
9. A defecr exists in one of rwo states: 1t 1s either about to occur or 1t has already occurred. Poka yoke

has three funcuons to use aganst defects- shutdown, control and warmng.
10. Some hints for establishing Poka voke:

e [dennfy items by their characrensucs.
¢  Detecr devianon from procedures or omitted processes.
e Detect deviauons from fixed values.

11. Dertecton devices used for Poka voke:

o Contact devices- microswitches, limir switches and mechanical devices

e Non-conmct devices- photoelectnic switches for opaque, translucent or transparent objects,

depending upon the need
12. The exght pancples of basic improvement for Pokz voke and zero defects:

e  Build qualiry into processes.
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All inadvertent errors and defects can be elimmared.

Stop doing it wrong and start doing it aght- now.

Don’t think up excuses, think about how to do it nght.

A 60°% chance of success is good enough- implement vour idea now.

Mistakes and defects can be reduced to zero when evervone works together to elimmare

them.
Ten heads are better than one.

Seek out the true cause using the 5 W”s and 1 H (who, what, when, where, why and how).

2.1.5.2.  Just In Time Manufacruring™**

JIT was developed by Shingo and Ohno. The thrust of JIT s to focus on the next step of the producnon
process and whar is needed there. JIT uses a “pull” philosophy of inventory where raw matenals and parts are

pulled from the back of the factory towards the front where they become firushed goods.

2.1.5.2.1.

Lean manufacturing philosophy

JIT is also often called a lean manufacrunng philosophy. The lean manufactunng philosophy s based on the

following™:

Customers can have what they want, when they want 1t withour a penalty.

Improvement 1s always possible and necessary.

Customers are the reason for existence and they must always have a perfect product or
service.

All buffers are wasteful and need to be elimunated.

.\ career consists of solving more difficult problems i 1 mulo-skilled, cross-tuncoonal team

environment.

Lean Manufacturing Strategy”’

Know vour customers and their needs.

Idenufy value-added acuvines and funcuons.

Focus all the businesses’ processes around the value stream of acuvides.
Align your company to the needs of your customers.

Acuvines that wke ume, resources and space but do aot address the customer’s

requirements are non-value added and must be reduced or eliminated.

Esublish perforrnance measurements in all aspects of the value stream.

JIT influences ordering, scheduling and producing of parts and finished products.
From “Just In Time Producnon (JTT)"5%:
*“Just In Time (JIT) philosophy is a system focused on the factory: The smaller lot size, the berter.
And the system is focused on Group technology and the handling and transportaton of (half)-products.
“JIT producing seeks to achieve the following goals:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e  Zero Detects

e  Zero Set-up Time
e  Zero [nvenrones
e Zero Handling

o  Zero Lead ume

e Lot Size of one”

2.1.5.2.3. Zero Defects
From *Just [n Time Producnon (JIT)"*:

“In manufactunng, tradinonally people thought that zero defects producing was not possible and not
necessary. Not possible because of the facr that people thought thar at some level of producuon 1t would be
no longer possible ro produce without defects and not necessary because although there were defects, the
product did reach customer expectanons.

“Iris the aim of JTT for there to be no longer any cause of a defect and therefore all products will meet

(far more) than the expectanons”

2.1.5.24. Zero Set-up Time
From “Just In Time Producton (JIT)"*:
*“Reducing the ser up-umes leads to a more predictable producnon. No set-up nme also leads o a

shorter productnon ame/ producnon cycle and less inventones”

2.1.5.2.5. Zero Inventories
From “Just In Time Producnon (JIT)"%
“Inventones, including work-in-progress, finished goods and sub-assemblies, have to be reduced o
zero. There will be no sub-assemblies, no work-in-progress and no finished goods.
*“This means a different view than in tradinonal manufactunng, where inventones are seen as a buffer agamnst
a flucruaang demand or as a buffer agamnst unreliable suppliers. .Also, i traditional manufactunng, inventory
was buit up to make sure expensive machines were runmng for full capaciry, because only then the houdy

costs were as low as possible.”

2.1.5.2.6. Zero Handling
From *Just In Time Producton (JIT)"%:
**Zero handling i JIT means eliminanng all non-value-adding acavides.”

2.1.5.2.7. Zero lead-time
From “Just In Time Producton (JIT)"%
*“Zero lead umes are a result of the usage of small lots and increase the flexibility of the system. When
there are no lead-umes, the possibility to plan without relying on forecasts becomes bigger and bigger.
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“The JIT philosophy recognizes that 1n some markets it is impossible to have zero lead-umes. Bug, it
makes it clear thar when a firm focuses on reducing lead-umes, this firm can manufacture more flexibly,
gaining 1 compentve advantage over other manufacturers in the same marker.”

2.1.5.2.8. Lot Size of one
From *Just In Time Producnon (JIT)”%:

“A lot size of one makes 1t possible to adapt when demand is changing. If lot-size 1s, for example 100
and demand is changing, the firm ends up with inventory (let’s say 45 pieces) and there will be the possibility
thar this invenrory-level will only slowly decrease. This is because when demand ts increasing agun a new
barch will be produced, which is being sold. The inventory level 1s too low 10 sell and will only be sold by

chance, when someone asks 1 lower amount of pieces.”

2.1.5.2.9. Objectives of JIT*
“Many have the misconcepaon that Just-in-Time (JIT) pamanly concems the reducnon of inventory.
“Fundamenmully JIT have the following objecuves:
e Produce What the Customer Wanrts
e When the Customer Wants It
e In Lot Sizes of One (produce one unir as efficiendy as 1,000 unurs)
e With Prefect Quality (do it nght the first ame)
*“While the above objecaves are not about inventory, 2 measure of how well JIT has been implemented
15 the amount of nventory requured to cover-up mustakes. The level of inventory 1s appropnately a
measurement tool—the result of a successtul JIT implementanon wall be 2 reducnon of inventory. However,
JIT cannot be implemented solely by reducing inventory.  What 1t takes to accomplish this reducnon in
nventory nvolves the entire organizanon.
*“JIT contuns a broad philosophy of contnuous improvement and includes the followmng major
categones of effort thar are interdependenc:
1. JIT Manufactunng

2. Quality at the Source
3. Respecr for People
4. Supplier & Customer Relanons

3. Uniform Scheduling (Level Load, Communicate Cycle Times)

“QOther concepts requures for effectuve implemenmnon of JIT include:

I. Kanban

2. Elecwonic Dam Interchange / Supply Chain Management

*The concept of [IT m distnbution is called Rapid Response or Quick Response.”
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2.1.5.2.10. JIT Manufacturing

JIT Manufacturing Strategy: manufacturing of goods only when needed using as lirdle inventory as
possible, in the shorrest tme possible. With continuous advances in technology, there are always better ways to
produce a product. If am manufacturer does not find a better way for producton, his or her compenton will.

Produce to Exact Demand: Tie into the customer’s informanon system to anticipate product demand. The
supply base must be able to react to customer demands.

Produce One-at-a-Time as a goal: Produce necessary units in the necessary quanaues at the necessary
ames. This s impossible to do 1f machine setups take several hours to accomplish.

Minimize Set-up Time: .\im for less than 10-minute serup umes for every machine in therr factory.

The Economic Order Quantty formula (EOQ) is primanly used to determine opaumum order sizes that
will absorb the setup ame.

Set-up Time can be looked at 1n two different categones: Internal - that part that must be done while the
machine is stopped (ex. changing tools, setung tolerances) and External - that part that can be done while the
machine ts operanng (ex. gernng tools and dies for the next job while the current job is operaung).

Electronic Data Interchange is essennal in reducing order lead umes

Produce with Zero Defects/Strive for no Contingencies - “Draw out human capabilites to the very limit
by placing all people, equipment and materials involved under uniform stress.”

Eliminate Waste- \nything other than the minimum amount of plant, equipment, matenals and wotkers
that are absolutely essenmal to the producuon process.

Overproduction 1s the greatest waste because excess mventory must be stored, and the manufacrurer uses
aw matenals that could be bertter used in products that have higher demand.

Accountants view inventory ias an asset. Manufacturers should view inventory as a liability.

Re-engineer the producnon process

2.1.5.2.11. Quality at the Source

¢  When produang goods only when needed and using goods with minimal inspecnon, any
producton problems become everyone’s problem.

¢  Qualitv control is each emplovee’s responsibility. Source of quality ts at the operanon level,
anyone that adds value to the product.

e Inspecrors inspecung after the fact can usually only find 80%% of defects and inspectors tend
to create an adversary “big brother” atmosphere.

e  The way to reduce defects is to re-engineer the process.

¢ Every Employee should learn Swmusncal Process Control techniques as a tool to determine
whether their mistakes are process oniented or just random variations.

&  Prctce Jidoka, which means, “Stop everything when something goes wrong.” Plan on
assembly line downume of 15 to 30 minutes per day. (Thus i1s a brute force way to be sure

that problems are fixed.)
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e  Ourpur will be reduced ininally.

e New Defininon of a Customer - each operator must regard the next operaton as the
customer. Order entry’s customer is the stock room.

e  Visthility Management - use peer pressure to promote good performance. [f evervone is
mvolved, all can see how things should be done.

®  Re-Engineer producnon processes to be fal-safe (parrs are designed so that there 15 only one
way that can be assembled).

e Machines must always be ready (Preventanve Maintenance). Do not just fix a breakdown;
find our why it broke and fix thar problem.

®  Schedule mamtenance ro anncipate problems and fix before they break.

® Rework costs more mnn the long term than a solunon. I[n companies not pracnang JIT

manufactunng, the cost of poor quality ts 15% to 25% of sales.

2.1.5.2.12. Respect for People

If accountants view employees as expenses, manufacturing companies should view employees as assets. For
JIT to work (for connnuous improvement to work), it 1s essential that employees feel secure m their jobs. \n
employee will be less likely to be nnovaave if he believes that the mnovanon may cost him his job. An
mvesmment in automauon s also easier when employees feel secure in therr jobs.
Quality Circles are also used as a means of communicanon and problem solving

Management by Consensus 1s a slow deasion making process, but once the deasion 1s made, evervone
understands how to mplement it.

The responsibility for decision-muking must be at the line level and may also mnclude such non-tradinonal
players as suppliers. Producnon people are the source of quality improvement and the source of many ideas to

umprove producton.

2.1.5.2.13. Supplier & Customer Relatons

Communicate needs to suppliers. Allow suppliers to ne mto vour mformauon system so they can anuapate
vour product demand. JIT supplier relatons are in effect long-term parmerships: Ideally, there should be two (or
so) suppliers per product family. With two suppliers, guarantee each 40°% of the business, while reserving the
remaining 20% for the better-performing supplier. JIT can be implemertcd in relative isolation by increasing WIP
mventory buffers to account for unreliable supplier delivenies or quality.

2.1.5.2.14. Uniform Scheduling (Level Load, Communicate Cycle Times)

Traditonally, people huave tended to combine the functons of authorizing a production schedule for
immediate acnon and planning a producton plan. Uniform Scheduling is defined to only include gathenng the
necessary resources to meet planned production. The authorization for immediate action is initiated by etther the
Final Assembly Schedule (not the Master Production Schedule) or a Pull (kanban) type system.

Develop a Level Load for the system to provide a smooth demand for manufactruring, thereby making it
easier 1o schedule resources. Load Leveling strives to build the same product mix every day during a given month.
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The alternanve is to minimize change by scheduling a specific part 1o be run only once each month in large lot
sizes. Using load leveling, smaller lot sizes are produced thar tend to more closely match current customer
demand, requining less inventory.

For planning purposes, load leveling allows planners to think in terms of averages. [t 1s easter to work with
averages than with ome-phased events. When vou make some of everything every day. 1 customer can be
furnished with at least a parnal quanary of new product. Most “urgent” customer orders ask for more pieces than
are needed immediately.

Communicate Cycle Times to all support funcnons n the network to tell all mvolved what has to be done to
get ready to meer the planned demand. MRP, especuaily when using the Planmng Bill of Marterial, can be very
useful in uniform scheduling—:\ Planning Bill of Matenal idennfies all the products that compase a family of
parts and forecasts the percenrages that each product represents (the product mux).

2.1.5.2.15. Manufacruring [nventory
[nventory has several leginmate uses in business. Funcuonally, inventory may be of the following types:
e  Buffenng or Caching- When one machine at the beginning of 2 manufacrunng sequence needs to

be cleaned (for example) once per hour to keep the line running, an inventory of parts should be
built up to feed the rest of the line when the machine ts shut down.

* Trnsporrnon- When goods are transported from one pomnt to another, they are usually
transported in large lots, rather than one at a ame.

e  Cycle- To the extent that there ts a processing delay from the nme a customer deaides the item 1s
needed to the nume the part 1s available for use, nventory 1s required to buffer the system for the
length 1f ume required to process, manufacrure and distnbute the 1em.

e  Store of Value- In nmes of high mflanon, one may make money by purchasing an item, stonng 1t
and later reselling 1t at 2 higher price. This type of inventory ts kept for financal and not operanonal

reasons.

e CYA (cover vour assets)- just in case some one makes 2 mistake—forgets to place the order when
required, places the wrong order, or the parts delivered are incorrect or of bad quality. CY'A
wmventory may represent 2/3 of the inventory cost m an organizaton. To the extent that JIT is
successfully implemented, all operatonal inventory types (except ransporration) will be reduced.

215.2.16.  Kanban™
The kanban producton control system 1s a pull type inventory control system.

e  Onginated by Tanchi Ohno at Tovor Motor Company.

e  Like umform scheduling, the Pull system is based on the premuse that there will be vanable flow of
matenals through the plant.

e While high volume ts not necessary, repetition is tmporrant.

In a kanban system, a card 1s used to signal when it is dme for a batch of inventory at a workstation to be replaced.
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®  The barches are rypically small (lasung a few hours). Such a system requires nght schedules
and frequent set-up of machines. Small quanunes of everything must be produced several
omes a day.

e The kanban system must run smoothly because any shortages have an almost immediate

impact on the entire system.

2.1.6 Kanban Card Calculadons
The amount of WIP inventory is controlled by the number of cards that are in the system. The number of
Producton Cards is given by the formula
Ad * (Wt + Pr) * (1 +SS) = CQ, where: (6)
e \d = \verage Daly Demand dunng the month for the part
e Wt = Wunng ume ar the work center for the card to be in a posinon for it to be produced
(queue ume).
e Pt = Processing ume, including serup ome for one contuner of parrs
eSS = Safety stock (up to 10% of daily demand, or one contaner of parts)
CQ = Contuner Quanary Productnon Cards The formula can be modified for Cards for outside suppliers:
Ad - (2 +Td) = (1 +SS) = DD " CQ, where: @)

e Td = Transit Delay, the number of addinonal scheduled tnps that will rake plice berween
the ume the card 1s picked up and the acrual delivery of matenals. It takes a minimum of two
vistts to complete the transacnon (1 picks up card, 2 delivers martenals). However, 1f the
supplier 1s far away or cannot immediately comply wath the instrucnons on the card, 1t

mntroduces a delay reflected in the size of Td.
¢ DD = Delivenes per Day currently scheduled

2.1.7 QFD®™

Quality funconon deployment (QFD) was developed in japan in the 1970s, paimarly by Akao®). QFDsa
customer-daven quality management svstem geared toward creating higher customer sausfacton. Many
compaanies throughout the word have used QFD throughout markenng, R&D, engineenng and manufactunng
stages of product development.

QFD mtegrates a number of different TQM tools of quality developed in Japan. .\mong them are the
Afhnity Duagram, The Fishbone (or Ishakawa) Diagram and bminstorming. These tools of quality represent a
qualitntave systemanc approach to decomposing systems. [t must be noted that in QFD and in ail these methods,
the Japanese percepuon of quality is not relegated to merely quality control, but mther applies to the entre
producuon process from conception to retrement. The methods that are also a part of TQM are described in
greater detal n the secton devoted to TQM.

Typically, 2 complete QFD system ts composed of four phases, which deploy the customer needs throughout
the planning process. [n QFD, each phase’s important outputs (“hows”) generated from phase mpurts (“whats”)
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become the mpurs for the succeeding phase. Each phase is represented by an mput-outpur or what-how marrix
that is easy 1o understand and convenient to use. The four phases are descnbed below.

2.1.7.1.  The four phases of QFD
The QFD process has four phases:
I. Product Planning (House of Quality)
2.  Design deployment (Parts Deployment)
3. Process Planning
4. Producnon Planming
QFD links these phases through the use of four QFD matnces, linked together as depicted below:
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Figure 1. Reladonships Between the Four Matrices of QFD
Each of the QFD marnces has a speafic structure, which can be genemlized in the following House of
Quality (HOQ) armangement
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Figure2.  Product Planning (House of Quality)
21711 Phase 1- Product Planning

The product planning or HOQ phase 1s the first. This phase begins with customer desires, correlates those
desires with rechnical system expecrations and ends with a listing of the most effective technical system

expectatons (o meet customer desires. The steps to accomplish this goal are descabed in the secuon “How to

construct 2 QFD marix.”

2.1.7.1.2 Phase 2. Design deplovment (Parts Deployment)

The outpurt of the first phase 1s the key technical measures. The next logical challenge of design s to discover
the proper part chamctedstics. The second QFD matrix uses the output of the first as its WHAT column. The
part charactenstics desired are placed in the HOW row. The method of analysis is identical to that of the HOQ

matrix described below in the secton “How to construct 2 QFD marrix.”
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2.1.7.1.3. Phase 3. Process Planning

The ourtput of the second phase is the key parts characrensucs. The nexr logical challenge of design is to
discover the proper manufactuning process. The third QFD matrix uses the outpur of the second as its WHAT
column. The process operanons desired are placed in the HOW row. The method of analysts is identical to thar

of the HOQ matrix descibed below in the section “How to construct 2 QFD matnx.”

2.1.7.1.4 Phase 4. Producdon Planning

The output of the third phase 1s the key process operanons. The next logical challenge of design 1s to
discover the proper production plan. The fourth QFD martmx uses the output of the third as its WH.AT column.
The producton requirements desired are placed in the HOW row. The method of analysis is idenncal to that of

the HOQ matrix descrnibed below in the section “How to construct 3 QFD mamx.”
2.1.7.15. How to construct 2 QFD mamx

THE WHAT cCoLUMN

First 1t 15 necessary to understand the customer’s needs and expectanons. These needs are listed 1n the
leftmost column of the QFD matnx called the WHAT column. In order to get the most out of the QFD process,
1t 1s important to ke special care when lisang the WHAT column tems. [t ts recommended that the following
sumple procedure be used:

I.  \ssemble a group of people with different funcnonal interests (called an [ntegrated Process Team or
[PT). The group should include the customer (or an advocate for the customer, such is 2 member of
sales), 2 user of the current product, engineenng, quality assurance and management. The 1deal size of
this group 1s between 5 and = people.

[ B

Allow the group to brainstorm the needs of the customer. The mnal brmnstorming session should be

allowed to contunue unul all ideas are exhausted.

3. Using an Affinity diagram, divide the bramnstormed ideas nto logical groups. Elimunate redundanaes
and ideas beyond the third level of indenrture.

4. If the list 15 extremely large (over 40 items), it may be necessary to reduce its size further. Within

affimiry grouptings, the number of subgroups may be further reduced using a nomunal voung

techmque. Note thar 1t 1s not absolutely necessary to reduce the size ot the column eardy. The

process of applying QFD may reduce the number of needs anyway.
RELATIVE IMPORTANCE RATING

Using the [PT, mate each “customer want” on a scale of zero to five, where zero cotresponds to something
that 1s relatively unimportant to the customer, and five is something thev feel is absolutely vitmal.

[n acrual expenence, it may be difficult for the [PT to understand the need for this step. Many customer
advocates think that everything is important and will give 2 maximum score, or five, for each item. Such an
approach, although well intentoned, will defeart the purpose of the QFD exercise. Care should be taken to assure
thart there 1s some relative ranking berween the ttems.
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Another possible problem that may occur later is that items that are highly correlated to each other may both
carry the same mmportance raung. The porch of quality, described above, 1s used to idennfy correlated and
redundant customer needs.

The numencal value of the relanve imporrance miting is the vanable g; for the i* “customer want.”

COMPETITIVE ANALYSIS

The [PT decdes a vanable score from one to five of each of the followmng factors, which are entered into the
QFD matrix on the far nght side m columns:

1. Company’s current marker state for each WHAT (C1,).

Company’s planned state for each WHAT (C2,).
Company’s planned targert state for each WHAT (C3,).

|2

.kN

4.  Company’s required improvement rate for each WHAT (C4, = C3,/C2) (8)
5. Raw weghe for each WHAT (C5, = Cl1, ~ C4) 9)
6. Demand weight (also called final imporrance raang) for ecach WHAT (i = C5, / £C5,) (10)

The final importance ranng s in the aghtmost column of the QFD matrnix, and it summarnzes the relaave

importance of each customer need.
LisT OF HOWS OR TECHNICAL SYSTEM EXPECTATIONS

Next, a list of all technucal svstem expectanons is constructed. The techmical system expecrations are the ways
in which the customer’s needs are met. The goal of the QFD exerase 1s to meer all of the customer’s nceds 1 the
most techmcally sound, efficient, economical and effecnve way possible. Without the QFD, engineers would have
to arave at the best technical approaches using their collecove expenence and research. The QFD matnx
provides a stmple tool ro help sort out and prioninze each method of meenng customer expecranons.

The list of HOW's 1s generated by an [PT. The [PT that generates the list of HOW's may not be the same
group as that which produced the list of WHATSs and compared them. Like the eadier [PT, it should consist of
five to nine individuals. The HOW [PT members are cither members of the design team or are suppliers to or
customers of the product of the design team.

The HOW IPT uses a cause and effect diagram to develop a list of HOW's for consideration. Other names
for the cause and effect diagram are the fishbone diagram and the [shakawa diagram. Another vanadon of the
cause and effect diagram is the CEDAC, or the cause and effect diagram with the additon of cards. .\ descripnon
of how to construct a cause and effect diagram is found below.

Once generated, the list of the HOW's is placed on the top of the QFD i a row. In the next row is the trget
goal for each WHAT. In the area below these two rows s a marnx where each WHAT is compared to cach
HOW.

TARGET GOALs RoOw

The targer goals row is optonal [t provides a relaave mnking of each HOW submitted for consideraton. If
1r1s to be used, the [PT selects a1 mnng between one and five for each HOW. The mtngs are recorded as the
varable 4, where / represents the j& HOW column.
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THE RELATIONSHIP MATRIX

The relanonship mamx is used to track the strength of the intemction between each WHAT and WHO. The
vagable 7 1s used ro designate the mteracnon of the &2 WHAT and the 2 HOW. [f they are strongly correlated, 2
score of 9 1s given; if they are medium correlated, a score of 3 is given; if they are weakly correlated, a score of 1 is
given; and if they are uncorrelated, a score of 0 1s given. The values are decided by the HOW [PT.

TECHNICAL RATINGS (TECHNICAL COMPETITIVE ASSESSMENT)

The technical mung assessment 1s a score calculated o descnbe the technical viability of each HOW'. [t1s
designared by the vanable 4 and 1s placed in the first row under the relanonship matnx. The equaton for the /2 4
value is:

4=Z Rk (1

PROBABILITY FACTORS

\\n opuonal probabiliry factor for cach HOW is deterrmuned by the HOW' [PT. The vartable P, takes on a
value of zero to one and designates the probability that each HOW can be used.
The probabiliry factor 15 used ro more heavily wesght the HOW's that have the greatest probabulity of success.

ABSOLUTE SCORE

-\ sentes of calculanons are made from the vanables already determined. The first 1s the _\bsolute Score, .\;.
The absolurte score 15 placed n the next row below the probability factor:

A=¢gP 13

RELATIVE SCORE

The relaave score gives 1 value between zero and one and is placed in the final row of the HOQ. The
highest values are given the greatest consideranion in the final design. The lower value HOW's are not discounted
altogether because the matrx 1s also used to assure that all of the WH.ATS are addressed in the final design. The
equation for R, 1s:

R=A /A, &

ROOF OF QUALITY

The Roof of Quality 1s used to assess the cross correlanion between different HOWs. Although it is often
omutted from the HOQ m applicanon, it provides valuable mformanon about technical contmadictons. (Technical
contmadictons are commoniy called engineenng trade-offs. In TRIZ theory, an invennon advances when
technical conmadictons are resolved.

For each HOW-HOW’ interaction a correlagon value is assigned:

¢ 9- srong postuve correlaton
® 3 medium positive correlation
¢ |- weak positive correlation

e  0- no correlaton
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e  -l- weak neganve correlanon
e -3- medium negatve correlagon
e -9- srrong neganve correlaton
HOW’s that are strongly correlated may be redundant. [t may be useful to eliminate the one wath the lower
relanve score. HOW's thar are strongly negaavely correlated may represent technical contradicnons. Although
QFD does not have answers regarding resolunon of technical conmdictions, TRIZ theory has a wealth of
mnformation regarding technical contradicton resolunon.
TiE PORCH OF QUALITY

The porch of quality ts used to evaluate the correlanon berween different WHATs. The porch of quality 1s
used 1o assess the correlatnon and mrerrelanonshsp berween customer wants. It also can be used as another way 1o
reduce the number of WHATs. Correlanons in the porch of quality are only performed at the lowest level of

ndenture.

2.1.7.2. The weaknesses of QFD

Jacobs et al®” present basic overviews of the history and applicanons of QFD. It contains a cursory
descapuon of how QFD is used, and 1t posits that QFD s hard to implement because its users may freely modify
i

Goel® presents QFD as a framework in which other methods can be mncorporated. In fact, QFD 15
extremely arbitrary 1n 1ts applicanon and it requires altemare methodologies to bolster its results. On the other
hand, QFD promotes teamwork, and 1t 1s a useful tool to visualize the customer’s destres and brng these desires
mto the purview of the design engineer. [t1s a ssmple and logical approach, but 1t lacks ngor. In order to be
effecuve and meaningful. QFD must be used with more ngorous methods.

2.1.8 Robust Engineering '™
Robust Engincering’ '™ is a disciplined approach to rake into account vanous tnput parameters of a design by
expenimentanon before commutnng to a1 final design. There are two popular approaches to Robust Engineenng:
¢  The methods espoused by Tagucht and his followers thar drasucally reduce the number of design
combinanons considered by reduang interacnons and
¢  The methods espoused by Box and his assoaates that oy to munimize design test consideranons without
sacofiang number of interactions considered.
Phadke™ establishes and explains Taguchi’s Loss Function as well as Taguchi’s Design of Expeaments
(DOE) and Response Surface Methodology (RSM). There are three kinds of Quality Loss Funcuons:
*  Nommal the Best (NTB)- there s some trget. nominal value. Any value above or below it has some
quality loss assocated with 1. This loss may be symmetnc or asymmernc.
s Largest the Best (LTB)- the larger the value, the more desirable 1t 1s. Profitis 2 LTB vanable, for
msmance. The quality loss functon 1s generally infinite at zero and becomes asymptotc to the x-aar as it
grows without bound.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

8 Smallest the Best (STB)- the smaller the value, the more desimable it 1s. Loss is 2 STB value. The Quality
loss function is generally zero at zero and increases without bound as the value mcreases. Although the
shape of the STB functon is 2 modeling exerase, it generally accelerates rapidly the further 1t gets from
the targer. A pambolic shaped funcuon is very popular to modet STB.

Schmidt and Launsby™ discuss Tagucht’s Loss Function, DOE and RSM. These authors are clearly
advocates of a special form of RSM called Central Composite Design or CCD. CCD 1s useful in reduang the
number of expenments needed to estblish a design soluton space while sull maintining informanon on
mnreractuons berween Design Vanables (DVY). These methods generlly only deal with one Problem Defimtnon
Paramerer (PDP) ar a ume, making them unartracave for more complex design problems.

Box and L™ show that innovaton is a direct result of the process of sequennal leamning. As such, a
statsuaan offers livle assistance if all he can do is set up stansacal models because he s not able adapuvely 1o
leam the relevance of these models from i1 design standpomnt. Box and Liu posit that the stansacans must be an
nregral part of the design process to use stansucs as a tool to help design evolve from wrong assumptions to valid
ones.

Box and Liu 1s useful in 2 study of TRIZ for several reasons. First, it validates the basic theory of TRIZ that
mnnovanon need not be merely a flash of insight left to chance. Instead. innovanon can be summoned by a
disaplined approach. Box and Liu’s disciplined approach is to take concepts of engineenng and statistics and
svnergisucally combine them. Altshuller’s method s to take the concepts of engineenng and physics and
synergisucally combine them.

Another importanr point 1s thar Box and Liu are ralking about Response Surface Methodology (RSM) as a
method of design opumuzanon. They correctly point out that RSM affecovity ts munumuzed if the model developer
has no engineenng background because the wav the expenment 1s constructed depends on engineenng
assumpuons. TRIZ effecavely is also munimzed if a pracutoner of TRIZ does not have a working knowledge of
several different disaplines and cannot bridge the gap berween engineering and other sciences.

RSM 1s a tool to opumize a design when much of the design 1s already complete, and the final step of setnng
parameters to munimize vanaton while maximzing performance (robusmess) is all that 1s left. RSM 1s a poor and
cumbersome method to find the general solunon of a problem, while TRIZ is an excellent method to find a
general solunon of a problem. RSM works within currenr understanding of the soluton calculus, while TRIZ
offers new, often radical approaches. Neither RSM nor TRIZ can effectively be used to identify problems that
have not vet been observed.

In the second part of “Staustics as a Catalyst to Leaming™ 2, Box discusses the evolutionary method of the
scienafic method. As such, the sequennal leaming process works from deducave reasoming to inductve reasoning
and back to deductive reasonmg in a cyclic fashion. Starting with a model, the scientist deduces the way the
system 1n 1ts environment should behave. Then the saenust is confronted with dara that conflicts with the model.
The saennst must then revise the model inducuvely by merging the new dam into the old model From the new
model, the saenust conanues to deduce behavior unal another contradicnion is presented and the model must
again be revised. Box poinrs out that factonal designs can aid in inducuve reasoning by idenafying mteracuons
and promoutng robust solutions.
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Thas agamn bnngs nto focus another TRIZ concept, the concept of technical and physical contradicuon. In
TRIZ, an eary and essenual step in problem formaton is the identfication of a technical contradiction. A
technical contradiction is a situation where what is desired (the data) is at odds with what methods are known to
work (the model). It is important to idenufy the contradiction because the contradicion must be idennfied in
order for it to be effecuvely removed or minimized. TRIZ has no mechanism to assure robusmess in the final
design and is very awkward in idennficaton of interacnons except to categorize them as “useful” or “harmful.”
RSM can be used to quannfy these vague concepts of useful and harmful interactions, as it can also be used to
promote robustness of the final design.

2.1.8.1. Quality Loss Function™"

Phullips and Cho™ propose an empirical loss functon of the form:

ELF(y) = bo + by + bay2 + bays + ... + a4

To replace Tagucht’s quadranc Loss Funconon (QLF) for nomnal-the-best (NTB) case:

QLF (y) = C (y-yo? (13)

Thetr loss funcuon 1s then used to ser upper and lower speaficanon limits (USL, LSL) to minimuze towal costs
grven fixed costs for scrap, rework and inspectuon.

They show rwo examples of this approach in the arucle, one 1s a first order with two lines from the targer
value and the other 1s a quadrauc. They state that the quadranc is the most popular. Note that Taguchr’s QLF s a
spectal case of their quadrarc funcuon that can be established in the absence of dara. Taguchs starts with
speaficanons and wntes 2 QLF; they start with dam and denve the equanon for a QLF.

Although their method offers a2 more general solunon to the QL equanon., it does not deal wath the
fundamental problem of the funcnon increasing without bound at the limits. .in empirical soluton unplies that
empical daea 1s available and usually 1t 1s not. It is more important with a QLF for the general shape to reflect
reality and to use 1t to model decreases in quality due to deviation from a target value.

Spinng and Yeung™® 1s an expansion of a 1993 work by Spiring that proposes using an inverted normal
probabulity density funcunon (inverted normal loss funcuon, INLF) as a quality loss funcnon. The 1993 paper was
turther amplified by one of their references.

The DNLF addresses some of the complaints regarding Taguchi’s QLF in thart it 1s munumal at the targer value,
increases monotonically and reaches a quanafiable maximum. (QLFs do not reach a quanafiable maximum). The
INLF is symmetnic and cannot account for differences mn the associated losses for scrap and rework.

To address the symmerry problem, the authors suggest using other inverted probability density funcuons and
call them inverted probabulity loss functnons (IPLF). They demonstrate using [PLF that a vanerty of loss function
shapes ure possible creanng continuous functions that are symmetnc or asvmmernc and can be applied to virtually
any loss funcnon scenaro. They give some examples of how they have applied [PLFs.

It appears thar an [PLF is descapuve of already-established Quality specificanons. It is unclear how to
estblish the proper [PLF from the many available and how to validate that the one selected is the right one. The
pracucal significance of the IPLF is very exating- if a probability distnbution (usuaily normal) is used to descabe
the distnbunon of units between rwo Lmits, then its inversion could demonstrate the quality loss as a result of
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missing the target. The fact that probability dismbutions tead to flatten our addresses the major problem with
Taguchi’s loss funcrion. The unfortunate part of Spinag and Yeung’s method is the complexity of the equations.

Kros and Mastrangelo™ demonstrated that the QLF is not appropriate in some circumstances. Tagucht’s
method defines pertormance mn terms of signal-to-noise (S/N) ranos, which are intrinsically tied to the QLF. This
paper ties to estblish a relanon berween the LF, S/N rano and the three general quality charactensacs (NTB,
STB, LTB). The authors refer to a technical paper by Maghsoodloo relauing STB and LTB QLFs to S/N ranos.

Nonquadrac LFs considered ure (1) two-sided asymmernc, (2) absolute error, (3) stepwise and (4) cubed.
All of these have the same problem as Taguchi’s Quadrmtic Loss Function in that they increase wathout bound,
although they all address the problem with asymmeny.

Kapur and Cho™ arte Taguchi: Quality efforts duning product/process design are called “off-line quality
control” Off line quality control 1s further divided mnto three phases: svstem design, parameter design and
tolerance design. Taguchi manly focuses on parameter design to mummize product vananon. [f parameter design
15 madequate, then vananon s further narrowed through tolerances.

There are three steps for on-line QC: (1) diagnosis and adjustment, (2) prediction and correcton and (3)
measurement and disposinon. [n the thied step, products are deemed conforming or nonconforming based on
the LF tolerances esmblished off-line.

Although Taguch sets tus QLF from tolerance speaficanon, Kapur and Cho set their tolerances by
considening the QLF. Kapur and Cho™ use Taguchr’'s QLF for STB and LTB. but use asymmetnc LF for NTB.

Moorhead and Wu™ expand Tagucht’s two-step QLF to 2 complicated five-step procedure in the presence of
1 noanquidranc loss funconon. Only an asymmemmc loss funcnion 1s considered. Thetr method uses an 4 pron
adjustment factor.

Kapur and Cho’s method 1s designed more for stansucans than for engineers. \though 1t has very clear
proofs associated with it, there is no indication that 1t acruzlly hus any relevance to a real problem. The Moorhead
and Wu™ method may be very good, but it ts more likely to be used by stansticans than by engineers because 1t 1s
so difficult to follow.

Layne® addresses the problems encountered ar Allison Transmission with a designed expenment for a gear
hardenung process n which there were six disanct responses of interest. The author wished to opamize all six
responses stmultaneously and devised three different approaches to do so. The first method used defined a loss
functon that would be minimized when the six responses were close to their target values and was standardized
by dividing the predicted value for the response by the standard error esumate for that response:

Loss =Z”: i —rarger

(16}
‘= standard error,

Where: w;is the “importance level” (an arbitrary weight provided by the user), “r.” is the predicted value for
the response and “targer” is the targer value for the response.
The second method, obtained from the stanstcal literature, was to use a desirability function, D:

D =(Iﬁ[d;)yﬂ )
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Where d, is the desimbility of one response. It takes on a value berween 0 (unacceprable) and | (ideal). The
desirability functon, D, is therefore maximized and also has a range of 0 to 1. The destrability function s defined
as follows:

For LTB:

d;=0,ceeeiiiieiccene iV, SV

r
V: —_V-. ; .
di =(_'_-'__ ,........J_f Vimm <V S.vi.ma; a8

-Vx’.max - -vi.mux

7S RO /2 Y S
For NTB,

E
—vi --vi,mm .
d, —[—-— reeeeeeeeeaeeeaaee e, if Vi SV <c,

¢, -V

- iJmun
t
V.~ V.
- i -t max y
do=| = | e, if ¢, <V, S Vi (19)
c! —-v‘.m
=0, e if V> VmaxrOF Vi < Vimin
By extension, for STB:
di=leiiiiiiiiii, if V. <Y, o
1’4
V.=V,
-1 < .nun ;.
di =[—__ LA l-f —Vl.mm Syi < -v:.rmx (0)
-vx.rmx --vi.mm
d;=0,ecinniiiiiiiian, fv.2V

The values of r, 5, t and u are weighnng factors that are set by the user; ¢,1s the arget value. For NTB, the

functuon can be symmetric or asvmmernc.

Layne’s third method is a distance tuncunon. The distance funcnon takes mrto account correlations between

funcuons.

_[(x-1)z(Y-T) &
' (x}(XX) " z(x)

D(Y-T) @

Where Y is the vector of predicted responses, T is the response target value vector, z (x) ts the vector of
factor levels for a given observauon, X is the design matix and X is the sample covarance matrix of the
responses. The distance function is minimized to obtain the best soluton.

Layne’s first solution required setung arbitrary weight factors and increasing the amount of loss from the
rarger linearly as one gets further away from the target. As a loss function, it was infedor, therefore, to Taguchi’s
QLF and other standard loss functions. Layne’s second method also requires an arbitrary decision on the part of
the user to set weights for leaving the target. Solver® has a hard time dealing with the desirability function unless
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the ininal values lie within the acceptable region because the desirability 1s “0” and does not gradually increase
outside the targer region. The third method uses matrx algebra and was not considered because of its inherent
complexity.

2.1.9 Theory of Constraints* " * * (TOC)

Goldram developed the Theory of Constramnts*10-3146. Dertmer discusses the thunking process behind TOC.

According to Dertmer, TOC answers three questions in its thinking process:
e  What needs to be changed?
e  What does it need to change to?
e How should the change be caused?

The thunking process* uses a sequenual set of five tools: CRT, CRD, FRT, PRT and TT. Ths arncle
descnbes each of these tools and illustrates how they fit into the overall thinking process. The foundaton of the
thinking process ts a set of logical rules governing cause-and-effect relanonshups called the Categories of
Legiumate Reservanon. They are:

e  Clanry- 1 complete understanding of whar 1s communicated

e  Ennry Exastence- the factual validity of what is communicated

e  Causality Existence- a proposed cause produces the stated effect

e  Cause mnsufficiency- a proposed cause ts not sufficient, in 1tself, to produce the effect

e  \ddinonal cause- another independent cause produces the same effecr

e  Cause-effect reversal- the stated effect ts actually the cause and vice-versa

e  Predicted effect existence- an intangible cause can be validated by simultaneous independent
effect

e  Tautology- the stated effect 1s offered as the ranonale for an intangible cause

Dettmer® posits that TQM has fallen short in many mnstances because it treats quality as an overarching
problem 1n 1 wide vanety of applications when it is not the prinaple cause of low profimbility. Instead, a
consideration of the enare system would dictate whether quality needs to be addressed first or something else
needs to be addressed first. One could extend the logic of the artcle to TRIZ because TRIZ treats inventveness
as a panacea for all problems.

TOC mkes a system focus in which a weak link ts used to define where resources should be focused. If one
were to look at the enure system as a chain, if one link of the chain were to break, the system would break as well.
[f the weak link is strengthened, then the enare system is strengthened. [ quality 1s the weakest link, then TQM
may offer the best solution to the system. But before commitung a large amount of money to TQM, it would be
wise to first know where the svstem needs to be improved. The weakest link 1s called the system wnstraint n TOC.

Goldrar has idennfied five focusing steps in ideanfving the system constraint and strengthening the system:

e  Idenafy the constraint. This s usually done through the use of Current Reality Tree (CRT)
or Coaflict Resolugon Diagram (CRD).
e Exploir the consmraint. By this, the implication is to get the most from the constraint- to

strengthen 1t
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Subordinate everything else to the exploiratnon of the constraint. There may be other system
clements that suffer as a result of exploinng the constraint. This subordinanon must be
enough to make the construnr no longer the system constraint.

Elevate the constraint. This means increasing the constraint’s capacity, changing a policy or
removing the constrmnt altogether. Keep elevaung the consmamne unnl the construnt s
finallvy broken.

Go back to the first step and idenufy the next constramnt. In doing so, avoid merna. [n this
usage “inerna” implies thac all earlier decisions are open to reexaminanon. This 1s necessary

because svstems are interdependent by nature.

There are seven types of constraints idennfied at the system level:

Marker

Resource

Matenal

Supplier/ Vendor
Financal
Knowledge/competence

Policy

In order to figure our what to change, Goldratt has concetved of five logic-based tools, listed below. The
first two help to idenafy the current state. The third helps to visualize the system wath the construnt removed,
and the latter two help to identify how to cause the change.

Current Reality Tree (CRT). .\ CRT 1s 2 tool of TOC that answers the quesuon- “what
needs to be changed?” The CRT 1s a logtc diagram thar reflects the current state of a system
in terms of the causes and effects that create that system. There are three types of logical
operators used i 2 CRT: an AND gate represented by an ellipse, an OR gate represented by
multiple cause arrows termunatng at a single effect and a MAAG-AND GATE represented by
a double tnangle. MAG-AND is a cumulaave effect. Below 1s a part of the CRT drawn for
the .\irbag case study discussed in Chapter 4
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Airbag
fatality
AB Deploys Person too
— =
Signal to Driver too Passenger
ABon deploy Close too Close
Mechanical Accelerometer Seat Occupant
Sensor Sensor Forward Slumped

Figure 3. Example of Current Reality Tree (Airbag Case Study)

Contflict Resolunon Diagram (CRD). .\ CRD 1s another tool of TOC that answers the
quesnon- “what neceds to be changed?” A Conflict Resolunon Diagram or Evaporaung
Cloud 1s a diagram thar displays an effect (common objective) with two different causes
(requirements), each of which has a sub-cause (prerequisite). The Prerequusites are n
conflict with each other. The TOC approach to solving these conflicts is to supenmpose a
solunon or “injecuon” to sansfy both requirements. The injection may not sausfy the
prerequusites, so long as the objecuve and the requirements are met. Below is an example of
a CRD drawn for the .\irbag problem of Chapter + (note that this is not a solunon suggested
wn Chapter 4):

Requirement 1 [Precequiate 1
Able to see ad (Move seat
forerard
Common Injection (o
Objective: break conflict).
Duve Safely sit on 1 cushion

Prerequiate 2
| Seat moved
back

Figure4. Example of Current Resolution Diagram for Airbag Problem

Future Reality Tree (FRT). A Future Reality Tree is a tool of TOC that answers the
queston- “what does the system need to change to7” A Future Reality Tree postulates the
effects that a change (injection) would have on a current system. It cun be drawn by
changing an “Undesimble Event” in 2 CRT to a “Desimble Evenr” with the additon of
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some change called an injecuon. Below is an dllustratdon from the Airbag example (note this
1s not a solunon suggested in Chapter 4):

Airbag fatality
Airbag Person too
Deploys Chse to
From the CRT
Lile is saved
Airbag Person tno
i ety
ag

[jnicc&u: ]
Driver is wearing a
protective suit

Punxe Reality Tree
Figure 5. Example of a Future Reality Tree

e Prerequsite Tree (PRT). A prerequsite tree 1s another tool of TOC that answers the
questnon- “what does the system need to change 107" [t 1s compased of objecuves,
Intermediate Objecuves and Obstacles.  Each Objecuve is shown to be compused of
Intermediare Objecnves, and the relanonship berween Intermediate Objecuve and Objecuve
1s opposed by the Obstacles. Extending the dlustranon from the FRT above, if we asked a
drver to wear a protecuve suit, then we would expect there would be resistance by the drver
to wear the swt. A PRT drawn for this problem may look like this:
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Driver wears the Sust

Driver wants to wesz the suit

Suit does not interfere with clothing

Figure 6.

Suit is transpaoent

Example of Prerequisite Tree

45

e Transinon Tree (TT). .\ Transimon Tree 1s a tool of TOC that answers the queston, “How
should the change be caused?” A Transiaon Tree shows each desired Effect of a process to
be compnsed of three things- Reality, Need and .Acuon. Reality is a statement about the

status quo. Need s why an acnon must be raken. Action is what needs to be done i order
to change the starus quo. Back to the .\irbag example- if the desired effect is to increase the
distance berween the dnver and the arbag, a TT could be drawn that looks like this:

Effect [ncrsese
dstance betwesn the
dowes snd the Axbag

RealityShort imaxtuad doven ut up
to0 dose to swenng wheal

Figure 7.

Finally, Goldratt has idennfied how we may know what we are improving. For this, Goldratt recommends

Neesd [f daver 13 watiun 3 mches of
the Auxbag it the trme of impact, the
dawver could be inlled

Actien: Store the Aubag m the
dashhosed, not the 1tseong
calumn

Example of Transition Tree

adopting more meaningful measurements of Throughput (T), Inventory/Investment (I) and Operanng Expense

(OE). These measurements give a clearer picture of 2 company’s true state than the more familiar Net Profit

(NP), Rerum on [nvestment (ROT) and Cash Flow (CF). T, OE and I are intinsically related to Net Profit NP),

Retumn on Investment (ROI) and Cash Flow (CF).

In terms of overall approach, Goldrart recommends the following pdonties:

e Maxamuze T first
e Reduce [ second
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e Reduce OE zbird

Dettmer also demonstrates thar projects that are not manufacrunng based are hard ro define in terms of T,
OE and I. Projects are usually measured in terms of Performance, Schedule and Cost:

®  Performance- did the deliverable conform to all requirements and specificanons?
e  Schedule- was it delivered when promised?
e  Cost- did it exceed the allowed budger?
Dermer suggests that the following poonues be used for project management
e Increase Performance jirss.
®  Decrease Schedule second.

&  Decrease Cost third.

2.1.10 TQM- Quandtaave and Qualitative methods™
The .ur Force has published 1 42 page manual on TQM* tools of quality, including:

2.1.10.1.  Qualitanve tools for generanng ideas:
Brainstorming

Bramnstormmg 1s a tool that does not mvolve analysis. [t builds a “shopptng list” of ideas about a speafic problem
or topic. This guide suggests the followng steps in brunstormung:
s  \Wate the problem or topic on a blackboard or flipchart where evervone can see 1t

®  Strucrured brunstorming gives everyone an equal chance to paruapate.
®  Free-form bramstormung gives everyone an equal chance to paruapate.
®  Switch to silent brunstormung if team members can’t resist analvzing the contnbunons.
The Five “Whys”
Conunue asking “why” unul the root cause of 4 problem s revealed.
Mental Imaging
Visualize achieving vour goals.
& Relax
s  Imagine what would happen if ideal condinons exsted
&  ssess the current conditons
e Define the gaps- the differences berween the current conditions and the deal condinons

e  [dennfy obstacles that stand berween the current state and the ideal stare.

2.1.10.1.1. Qualitaave tools for decision-making
®  Meert tn a swnable place.

o Combine items where possible.

e  Number each item on the list.
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¢ Base deasions on dara.
e  Understand the politcs and types of decisions.
e No decision- no involvement- the issue is avoided.
¢ Deasion by a powerful minorry- (20% involvemenr)- minonty may be only one person;
other individual input 1s not invited.
e Bartening- (40% involvement)- compenng powerful individuals or cliques make “trade offs.”
e Consultanve deaston- (50% involvement)- decisions made by powerful individual about the
expert opinion.
e Muajonry vote- {(60°% involvement)- minimal discussion of mmonty pomnt of view; the
mnoary concedes.
e \Majonry rule- (80°% involvement)- decision made by minonty vote, but minonty viewpoints
are explored as well.
e Consensus- (100° involvement)- needs and wnterests of all explored and a umified team
solunon 1s developed nto an acuon plan.
Multi-voting
The results of a brain storming session are put nto a list. Each member of the group votes for half of the
items on the list. The items receving the most votes receive immediate artennon.
Nominal Group Technique
Nomunal group techmuque (NGT) 1s a structured way to generate and poonnze 4 list. Here 1s the process:
e  Use a sienr branstorming session to generate ideas.
e  Assign a lerrer to each idea.
e Each member individually pronnzes the ideas; the worst idea recetves a score of one, the
next better idea recewves a score of two and so on.
®  .\dd the torals and the idea with the highest score recerves the highest pnonry.
Pair wise Ranking
Thus 1s a structured method to rank a small list of ideas in priornity order:
¢  Construct a pair wise mammx with an intersection of each group of two 1deas. For wnstance, 1of

there are five ideas, 1t would look like this (the top box represents idea 1 paired with idea 2):
1

v H» W N
&
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Figure 8.

Pair-wise Ranking Matrix

Rank each pair. For each pair, put the number of the one you prefer in each box. For instance, in the

example below, 2 is preterred over 1, 1 is preferred over 3, 2 is preferred over 3 and so on:

1
2 2 2
3( 1 2 3
4 1 2 3 4
5| 5 5 5 5
Figure 9.  Pair-wise Ranking Matrix Example
Count the number of umes each alternaave appears in the mamx.
Rank all items
Alternanv 1 2 3 4 5
e
Count 2 3 1 0 +
Rank 3w 2ud 4 5t 1=
Table 2. Pair-Wise Ranking Example Resuits
Force Field Analysis

Visualize issues or concepts nfluenang the problem or goal using force field analysts.
e Define the objecuve.
e  List the forces. Forces are the key factors that promote or hinder success.
¢ Poonnze each force in terms of tts relauve impact on the goal.
¢ Implement by strengthening the forces that promote success and weakening or removing the

forces that promote fatlure.

Goal
Promoeng Forces Inixtwng Forces

> | €
> | &
>|&

Force Field Analysis Diagram

Figure 10.

2.1.10.1.2
Flowchart

Qualitaave tools for process analysis
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A flowchart shows how a whole process works from start to finish and idenufies crdcal phases of a process.

The steps to construct a flowcharr are:
e [denufy the process and its strt and finish points.
e Descnbe the current process using the standard flowchart svmbols.
e  Charrt the ideal process.

® Search for improvement opporrunines. Find areas thar hinder or add litde or no value.

I[denufy feedback loops. Look for areas where the ideal process differs from the current

process.
e  Update the chart.
Affinity diagram

An affinity diangram takes verbal mformanon and organizes it nto a visual pattemn. [t starts with speafic ideas
and moves to more broad categones. Affinury diagrams can help idenafy key areas needing improvement.
e  Cluster the deas into related groups.
e For each group, create and affinity card thar has a short statement describing the ennre
group of ideas.
e  (Cluster related cards- create groups of affimty cards then create affimry cards for those
groups. Keep doing this unal the groups become too broad to make sense.
e  Create an affimity diagram.
Cause-and-effect diagram
This dingram examines the relanonships between a given outcome and the factors mfluenang the outcome.
[t moves from the general to the more speafic.
¢  Speafy the problem to analyze.
e  List the major categones of factors mtluenaing the etfect being studied (use the four “Ps”
policies, procedures, plant and people).
¢ [dennfy the factors and sub factors.
e I[dennfy the significant factors.
¢  Pnoanze the list of causes.
Thematic content analysis
Themaac content data is used to find patterns m maw data. [t uses mformanon from questionnaires,

mrerviews and surveys.
2.1.10.1.3. Quanuaratve tool for process analysis
Pareto chart

Pareto charts are used to idenufy the few most significant causes of a problem.
¢  Idenufy the possible problems.

e Use exisung reports or collect new data on the process. Count the aumber of occurrences

for each possible cause.
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e [Iabel the chart
e Plot the dara.

2.1.10.1.4. Quandradve tools for the analysis of process dara:
Check sheet

e  Helps collect dara easily

e Converts raw data inro useful informanon
Histogram

e Displays the underying distnbution of a process

e [lustrates the toral vanability in the process
Scatter diagram

e  Shows relanonship berween vanables

¢ [denafies possible causes of problems

e Shows changes n a process over ame

e  Helps recogmze abnormal behavior n 1 process

¢ Shows center ponrt and vanaton of a set of scores

s Can be displayved repeatedly 10 show trend
Control chart

e  Gives a derailed look ar trends and vananon

e  Shows changes 1n a process over ume

¢ Includes process daven control limuts
Process capability ratio

¢ Links conrrol charts to customer requirements

e Relates process vanability to tolerance requirements

2111 TRIZM>*%2
Tools of Classical TRIZ ? 1s 2 handbook for classical TRIZ. It contains the following chapters:
Pattemns of Evolution of Technological Systems.

According to Altshuller’-™ technological systems evolve according to certam patterns. Altshuller developed
aighr patterns of technical evoluton.

1. Scages of evolunon of the technological system
Evolution toward increased ideality

&)

Non-Uniform development of system elements
Evoluton toward increased dynamism and controllability

Sl
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5. Increased complexity followed by simplificanon

6. Evolutnon wath matching and mismarching elements

~. Evolution roward micro-levels and increased use of fields
8. Evolunon toward decreased human involvement

ARIZ

ARIZ 1s a Russian .\cronym for the Algonthm of Invenuve Problem Solving. [t was designed, developed
and modified by Altshuller. Each version of ARIZ*-?2 s followed by the last rwo digits of the year of revision.

Tooks of Classical TRIZ™ contains Altshuller’s final work, ARIZ-85. There have been subsequent changes made by

those who came after him. ARIZ-85 has nine parts:

I.

!J

3. Formulaung the Ideal Ulamate Result and Physical Contradicnon
4. Mobilizing and Unlizing Substance-Field Resources

5. .\pplving the Knowledge Base

6. Changing or Subsatuang the Problem

~.  \nalyzing the Method for Resolving the Physical Contradicnon
8. Capitalizing on the Solution Concept

9. Analyzing the Problem Solving Process

Contradicnon Table.

Analyzing the Problem
Analyzing the Problem Model

Altshuller defined 39 system charactensucs as being the most often assocated with technical contradictions

(design trade-offs). The contradiction table 15 a 39 x 39 mawx of all the charactenstics on the rows and columns.

To use it, first look up the charactenstc vou wish to improve and go to its approprate row. Next, locate the
column of the characteristic that degrades as a result. Where the row and column intersect are aumbers that

correspond to the torty inventuve pancples. The 39 chamctensncs are listed below:

1.

-

e

oo

Y

9.

10.
11.
12
13.
14,
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Weighr of moving object
Weight of stanonary object
Length of moving object
Length of stanonary object
Area of moving object

Area of stadonary object
Volume of moving object
Volume of stationary object
Speed

Force (Intensity)

Stress or pressure

Shape

Seability of the object’s composttion
Strength



15. Duraton of acuon of moving object
16. Duraton of action by statonary object
17. Temperature

18. Mluminanon intensity

19. Use of energy by moving object

20. Use of energy by stanonary object
21. Power

22. Loss of Energy

23. Loss of substance

24. Loss of [nformaton

25. Loss of Time

26. Quanary of substance, matter

27. Reliabulity

28. Measurement accuracy

29. Manufacrunng precision

30. Object-affected harmful factors

31. Object-generated harmful factors
32. Ease of manufacrure

33. Ease of operanon

34. Ease of repur

35. Adaptabdity or versanlity

36. Device complexaty

37. Dafficulty of detectng and measunng
38. Extent of automaton

39. Producuvity

40 Inventive Principles

Based on Altshuller’s patent research, he defined 40 general invenuve panciples® * for the resolution of
techmcal contradicnons:

l. Segmentaton

2. Taking out

3. Local quality

4. Asvmmertry

5. Merging

6. CUniversality

<. “Nested doll”

8. Anuo-weght

9. Preliminary anu-actuon
10. Preliminary acton
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11. Beforehand cushioning
12. Equipotentality

13. ‘The other way round’

14. Spheroidality - Curvarure
15. Dvnamics

16. Parnal or excesstve actuons
17. Another dimension

18. Mechanical vibration

19. Penodic acuon

20. Connnury of useful acnon

21. Skipping
22. “Blessing in disguise” or “Tum Lemons into Lemonade”™
23. Feedback

24. Intermediary
25. Self-service
26. Copying
27. Cheap short-living objects
28. Mechanics subsurunon
29. Pneumancs and hydraubcs
30. Flexible shells and thin films
31. Porous matenals
32. Color changes
35. Homogenewy
34. Discarding and recovenng
35. Parameter changes
36. Phase transitons
3. Thermal expansion
38. Swuong oxidants
39. Inert atmosphere
40. Composite matenals
Separation Principles
In order to resolve physical contradictions (a charactenistc is self-opposing), Altshuller recommends using
separation panaples:
l. Separadon of opposite requirements i space;

2. Separaton of opposite requirements tn tme;
3. System transition la- combining homogeneous or heterogeneous sysiems nto a super-system;
4. System transition 1b- transidon from a system to an ano-system or fo a combination of svstem and

ana-system;
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5. System transiton lc- the whole system has a property, C, while its parts have a property, unt-C;
6. System mansition 2- transition tc 2 system that works on the micro-level;
Phase transiton 1- changing the phase state of a part of a system or of its environment;

8. Phase mansinon 2- Dynamic phase state of a system part;

9. Phase transinon 3- Unlizadon of phenomena associated with phase transitons;

10. Phase mansttion + Replace 2 mono-phase substance with a dual phase state substance;

11. Physical-Chemical transition- substance creanon/eliminanon as a result of

composition/decomposition, ionization/recombinaton.

Substance-Field Analysis

Substance-Field (also called “*Su-Field” or “S-Field™) .\nalysis 1s a TRIZ analyncal tool for building funcnonal
models for problems related to exisung or new technological svstems. Substances may be matenals, tools, parts,
people or environments. Fields may be mechanical, thermal, chemucal, electncal or magnenc.

System of Standard Solutions

Five classes of 76 stndard solunons are offered. The classes are:

Class 1. Building and destroving Su-field models

Class 2. Enhanang Su-field models

Class 3. Transigon to the Super-system and Micro-levels

Class 4. Standard Solunons for Detecnon and Measurement

Class 5. Standards for Applying the Srandard Solutons

Technical Effects and Phenomena

To use these, vou look up vour objectuve from a list of 29 objecuves. Once vou locate vour objecuve, vou
look 1t up on a table of physical effects. The rable of physical effects lists several effects that have been used to
solve sumilar problems. The effects themselves are listed alphabencally after the wmble of physical effects. The 29
objectives are:

Objecave 1. Measure Temperature

Objecuve 2. Decrease Temperature

Objecuve 3. Increase Temperature

Objecuave +. Subilize Temperature

Objectve 5. Detect an object’s position and movement

Objective 6. Control 2n Object’s movement

Objecuve ~. Conrrol Liquid and Gas Movement

Objectve 8. Control flows of aerosols

Objecuve 9. Move mixtures, create solunons

Objecnve 10. Separate mixtures

Objecuve 11. Srabilize an object’s posinon

Objecuve 12. Create/ control force, create high pressure

Objecuve 13. Control friction

Objecuve 4. Destroy an object
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Obijecuve 15. Accumulate mechanical and thermal energy

Objecuve 16. Transfer energy

Objecnve 17. Esublish interaction berween moving and swble objects.

Objectuve 18. Measure an object’s dimensions

Objecuve 19. Modify an object’s dimensions

Objecuve 20. Check the state and fearures of a surface

Objecuve 21. Modify surface fearures

Objectve 22. Check the state and fearures of the volume of a substance

Objecnve 23. Modify an object’s volume fearures

Objecuve 24. Create and stabilize an object’s structure

Objecuve 25. Detect electncal and magnenc fields

Objecuve 26. Detect radiation

Objecuve 27. Create radianon

Objecuve 28. Control elecromagnenc fields

Objecuve 29. Control light

nd Suddenly the [nventor Alppeared™ 1s 1 book wmtten for children studying phyvsics and chermustry (from 6%
grade through high school). [t does not cover all of the forty prinaples or ARIZ or Su-Field analysts in great
depth. It tkes invennve problems and illustrates their solunons by teaching a few panaples at a ame. The 27
“methods, effects and mcks” used 1 this book are different than the other lists of TRIZ because it 1s designed to
get children srarted in TRIZ, not to be an exhaustve discussion.

Creativsty as un Exact Saence' 1s a difficult translanon to read. [t covers the moavadon of Altshuller in
developing TRIZ methodologses, the punaples of Su-Field analysis, mechamsms for elimmanng contradicnons,
discussion of ralented thought processes, the forty invenuve panaples, evolunon of systems and the strategy and
science of invention. In the appendix is ARIZ-"", some of the standard solutions and an index of physical effects.

+0 Princples: TRIZ Keys to Technical Innovazion® 1s a discussion of each of the forty panciples and an applicaton
of the contradicnon matrix. This version of the contradicuon matnx is handy for solving problems because it lists
all 40 1nvenave solunons and all 39 charactensucs on cach sheet.

~An [ntroduction to TRIZ: The Russian Theory of Inventive Problem Solving 1s a short descripuon of the essennal
TRIZ in clear English. It covers technological evolution, the forty inventve solutions, the contradiction matrix,
Su-Field analyss, resolunon of physical contradictions and a litde [deanon-TRIZ. [tis a good reference to
become acquamted with the basics of TRIZ, although it is inadequate to solve problems in any depth and does
not conun a copy of ARIZ in any form.

In “Advanced TRIZ Developments at the Leonardo DaVina Insarute,”? Kowalick explaias his company’s
mtroduction 1o TRIZ in the 1980s and then discusses some problems with the applicanon of TRIZ in the United
States along with his company’s efforts to address these problems. The problems he found with TRIZ are copied
below.

“AREA # 1. PROBLEM-SOLVING ALGORITHMS. The currenr algonthm used by the TRIZ community
1s “ARIZ” -Algonthm for the Solution of Inventive Problems. ARIZ is periodically upgraded and refined by the
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Russian TRIZ community. Reacnons by American engineers anempnng to use this algonthm have generally been
negauve. ARIZ is long and cumbersome, tme-consuming 1o leam and far from “user-foendly.” It is narrowly
focused, aiming at “the best” design solunon. It does ot offer many, if any, design alternanves.

ARE.\ # 2. FUNCTIONAL LANGUAGE. “Su-Fields” is the funcuonal language used in TRIZ to describe
generic relanonships among essennal “objects™ and “acnions™ in the technical system. “Subsmnce-Field” (also
called “S-Field” and “*Su-Field’) models are used to descabe genenc problem struanons as well as genenc solunon
situations. The TRIZ commumiry has generated a large Su-Field dambase. The core of this darabase is a collecnon
of “standard solutions” - relationships berween standard generic problems (expressed as Su-Field models) and
standard generic solutions (also expressed as Su-Field models). Seventy standard soludons have been idenufied.
The man problem with Su-Fields is thar they are not complete. They inadequately express and descnbe
engineenng functons. Users of the TRIZ approach - parucularly new users - find it difficult to create Su-Field
models that validly descnbe objects and actons of their techmical systems. Su-Fields have always “suffered” from
being incompletely developed.

Kowalick prefers to work with “mads”™ instead of substance fields. Trads seem more intuinve, but Substance
fields are more familiar to engineers who have had to solve problems in Smocs and Dynamucs. The tmportant
1ssue 1s to be able to find a rechmique thar 1s easv enough to use that it will not be summanly disgussed.

AREA #3. FUNCTIONAL DECOMPOSITION. To some limut, a functon can be divided or
“decomposed” nto sub-funcuons that occur sequenunally. This fact 1s well known and is a pracoce used in
tradinonal value analysis/ value engineenng (VAVE). The result 1s a “Functional tee diagram” descnbing the
funcuons of a technical system. TRIZ and other problem-solving pracutoners currendy use Su-Field analysis,
funcnonal analysis and flow-charnng techniques to descnbe funcnonal relationships among parts of a technical
system. The generanon of funcuons (and goal statements connected with them) is, however, sall a subjecuve
process. This process 1s not conduave to developing a berter understanding of 2 problem situanon. The process
umadequately assists problem solvers who want to quickly hone n on the nght problem defimnon.

AREA #4. TRIZ INSTRUCTION AND TRAINING. [ninally the only TRIZ truning available in the west
was from TRIZ pracunoners trom the former USSR. A severe language problem stll prevents effecuve
communicanon. There are also cultural problems. With a few exceptons, TRIZ providers from the former USSR
do not understand the needs of westemn compantes. Too often, their “style of service” has mncluded customer
mnumidaton (sometnmes involving legal threats or huganon about mtellectual property) and a lack of customer
consciousness. One former USSR TRIZ provider is on record as statng that “total quality”” practices are
ummportant. .Another problem: TRIZ as raught in the former USSR is t0o often presented in a stacty
“academic” way. One former USSR pracuuoner recenty stated, “It takes rwenty years to leam TRIZ.” Yer,
engineers from Western companies want to be able to use and apply TRIZ to real problems and to obtan design
solutions tn several days. The number of Westem consultnts and trainers who offer TRIZ traming and consulung
1s hmuted. Among these, only three (in the author’s opmion) are capable of actually applying the TRIZ approach -
during a traiming session - to real probiems. There are also natonal secunty consideranons connected with the use
of non-cnzen consultants and with firms who emplov non-citizen TRIZ practtioners.

AREA #5. TRIZ FOR ELEMENTARY SCHOOLS, HIGH SCHOOLS and UNIVERSITIES.
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Kowalick wants to mcorporate TRIZ rruining into US educanon.

AREA #6. BIOMEDICAL AND PHARMACEUTICAL TRIZ APPLICATIONS.

This 1s a report of the success Kowalick has expenienced in this field.

ARE.A #7. TRANSLATION INTO ENGLISH OF TRIZ ARTICLES FROM OTHER LANGUAGES.
Many of the older TRIZ books wrtten in Russian and published in the former USSR, are obsolete or outdated.
There are, however, recent TRIZ books, aracles and reports from vanous counmes (former USSR counmes,
Israel, the Netherlands, Germany, etc.) on current applicatons and advanced developments. Unanl recenty, this
mformaton was unavalable in English.

ARE\ #8. A\CCELERATED PROBLEM SOLVING. Little efforr has been made by the TRIZ commumity
to accelerate the problem solving process. [n part, this 1s because of the fragmenmnon that has occurred in the
former-USSR TRIZ communiry. Many former USSR pracutioners have moved to other countnes. The
populanon of TRIZ organizauons in countnes of the former USSR has steadily decreased. There 1s mummal
organized effort to advance the TRIZ approach (with the possible excepnon being in the area of inventon
software). Even wath invention software, the role of TRIZ has been significanty de-emphasized.

Barkan™! discusses the basic problem formulation steps that are necessary in any problem solving process.
“Siruanon analysts- a must first step in a problem solving process™ is very clear and useful in helping to define the
necessary steps to complete 2 process. First, he states that a project process involves the following five steps:

®  Recogmze a need: state the funcuonal requirements cleardy
e  Generate ideas on how to fulfill the need
¢  Develop viable concepts based on generated ideas
e  Perform design based on the concepts
e Implement the design
Next, Barkan develops his basic problem solving model, which consists of three steps:
o  Orgamze the knowledge about the system/ siruanon
¢  Develop a functuonal model of the system/siruaton
®  Analyze the model for problem solving 1deas.

Although dhis arncle was found mn a TRIZ joumal, its concepts are useful whether or not TRIZ is used. His

general framework 1s useful in creanng a model that encompasses :deas from the many models in the technical

literarure today.

2.1.11.1.  TRIZ Theory of Technical Evoluton

211111 Classical TRIZ Approach™™

Slocum ' and Mann”" discuss the method that TRIZ uses to idennfy the potennal for design improvement
using S-curves. (Note: “S™ refers to the shape of the curve). The method suggested is to develop four curves
from exisung dara and compare the shape of the four curves to Altshuller’s S-curves. The four curves are:

1. Performance Vs. Time

2. Number Of Inventons Vs. Time
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3. Level Of Invennon Vs Time And

4. Profirability Vs. Time

Slocum used data from patent acuvity of self-heaung container technology. He presents curves for this
technology, bur the curves do not exhibit any of Altshuller’s prescnbed trends. He, therefore, concludes that the
technology, although at least 23 vears old, is snll in the infancy stage and is ape for improvement. Asacasein
point, the author demonstrates that the level of performance over ume 1s subjectve and depends on the arbitrary
measure the analyst uses- he uses two different measures and obtuns different results. The number of inventions
vs. ume is a hard measurement to obrun because it requires going through mullions of patents in different
lunguages around the world. Patents are not generlly cross-referenced in a way thar facilitates this kind of seacch,
either. The level of invenuon vs. ame cannot be accurately reported because of the level of subjectvity in the
analyst’s assignment of level of inventnon and because of the potennal mix of different levels in a given dam point.
Protirabulity vs. nme is the eastest 1o interpret, but it is impossible to know when the profitability has reached a
peak unnl designers are acrually replaang the design with another design of a system that subordinates .

Slocum shows several fundamental flaws with TRIZ as 1t 15 currenty pracuced. First, Altshuller’s curves
descnbe the evoluton of systems in general but do not prescrbe the potenual for improvement in parncular.
Slocum 1s trying to use TRIZ as a shorrcut to find where designs can be improved and is using the marketas an
mdicaton of whether ideas are marure or not. Unfortunately, evolunon of systems cannot be translated from the
macro level. [r1s a good idea to look at the descnptors to see how things are evolving 1n a grven design evolunon,
bur 2 mustake to use the daa as 2 ponmary mouvation for pursuing design.

[a another arucle!™, Slocum demonstrates the predicave theory of S-curve Descrptors using hermenc
technology. .\lthough the theory appears sound on the macroscopic level, it is very hard to establish on the
mucroscopic level and sull does not appear to be as prescnpave as Slocum would like for us to believe. When he
1s done with presenang charts that do not appear to exhibit the features he claims that they do, he announces that
he has discovered this technology to be in the decline stage after full matunty and thar the market 1s now ready for
new design ideas and technology.

Mann”" uses a case analysis of refrigerant compressions to analyze S-curves. His conclusions are reproduced
below (wording changed shghty to reflect Amencan spellings of words):

1. TRIZ memmcs for assessing the relauve marunty of a technology have been successfully applied to

gage the maruney of the refrigerant compressor industry.

IS

The metncs can often be difficult or even impossible to calculate accurately. In either event, the

process of analyzing 1 given industry sector can be both arduous and ame consuming.

3. Use of simpler metncs like ‘cost reduction’ or ‘symptom curing’ patents may offer quicker, qualitatve
assessment measures.

4. Product mamnry knowledge 1s an imporrant business metnc. Compantes need to know how mature
their technology 1s.

5. They also need to know whether the technology has the ability to jump to new S-curves through step
change mnnovatons.

6. TRIZ-predicted trends of evolution provide very potent means of making this kind of assessment.
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Knowledge that a step change improvement 1s possible then gives dse to an optumizaton versus
mnnovanon R&D strategic decision.

8. Most companies opt for ‘opamizanon.’

9. ‘Opumuzing’ companies evenrually get purt out of business by ‘innovatng’ compantes.

In Mann’s arucle, ““The (predictable) evoluton of useful things,” he reviews The Emlution of Usetie Things by
Professor Henry Perroski. [n the arncle, Mann draws several parallels with TRIZ theory and Petroski’s work.
Some of his conclusions follow:

1. Many useful things follow the TRIZ concept of evolution from mono-system to bi-system to poly-

systems. The evolunons of the fork and of clothing fasteners are tendered as examples.

{9

The noaon of “‘form follows funcuon” is misleading. For many objects, 1t 1s not funcnon that drves
new design but rather madequacies in the current design, a destre for fashion or a need to follow the
current and furure trends.  Mann refers to these trends as “‘form follows failure,” “form follows
fashion” and *form follows where the future leads.”

Fev* demonstrates that transinon ts rarely smooth but does move 1n a predictable tashion. “Transion from
solid strucrures to fragmented or finely dispersed media 1s one of the prevailing trends of evolution of
technological svstems.” Fev demonstrated the predictable fashion by dividing the technological system into four
segments: engine, transmission, control means and working means. The results were the following conclusions:

“Evolunon of technological svstems ulong the lines of increasing frgmentation s associated with a conflice
To enhance the system’s pomary tuncnon, the system’s working means should make a transtaon to the micro-
level: however, this transinon may generate 1 wave of undesirable effects in the overall system.

“This conflict 1s resolved by non-uniform evoluton of the panaple parts of a system: firse, the engine and
TANSmUssIon SGALT transidon o the micro-level and then the working means undergo the mdical micro-level
manstormatons.

“Transition of the engmne and the transmussion to the micro-level proceeds through speafic phases. These
phases, when pur together, form a line of increasing fragmentation (or line of transinon o the micro-level).

“While using the line for conceprual development of next-generation products, the law of shortening of
energy flow path and the rule for idenufving the name of physical effects can be benefically used.”

Frenklach? states that when two or more systems are joined, they create a super-system. When a super-
system 1s the result of 1 combinanon of a system and its ant-svstem, it becomes a very powerful tool capable of
control, smbilizanon and dynamizaton. Frenklach also provides an algorithm to achieve construction of a super-
system:
¢ Determine the funcuon of a system.
¢  Determine the ang-funcuon and the system that performs 1t.
¢ Jomn together the system and the ann-system.
®  Determine the stabilizanon and dynamic functions of your super-system.
¢  Determine the field types for the funcuon and ang-funcnon.

e  Equate the field types, if necessary.
¢  Transit to one carrier that performs the functional block.
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e  Change the field types for the actions to transit from a macro system to a micro system.

Ranranen’s “Levels of Solutions”® is an expansion of Altshuller’s work on the five levels of innovanve
solunon. Rantanen demonstrated thar the relative percentage of inventions in the varous classes changes over
nme. Ranmaen also potnts out that knowledge of the innovanve level is useful in guiding a soluton to higher
levels. He states, “TRIZ and tools of TRIZ are based on the selection and study of high level mventons. The
evaluanon and classification of solunons make it easier to leamn and use innovanve technology of design.” The
author also states thar the objecuve 1s not only o improve products, but also to improve the capability to develop
berter producrs.

Rantanen’s arucle, *‘Polysystem Approach to TRIZ™,” proposes using TRIZ by considening muluple
contradicnons and muluple subsystems at one ume. The lustraton is the development of the bicycle and the
author clearly makes his point. Ranrmnen shows four ways TRIZ can help in polysystem design:

o “Engineering contradiction 1s the contradiction tn a bisystem. [f we have an engineenng contradicnon, we

always have an altemnare system, too. .\nd we have an alrernate engineenng contradicnon.”

o “Phyaal Contradiction. If we have the physical contradicnon, we have a bisystem. \ltemanve systems

have opposite physical propernes.”

o “ldeal Final Result. Ideal final result 1s a polvsystem of features gotten as the result of successive

combination of alternanve svstems.”

e "+RIZ. The rwo pluses formula conrtans in a hidden form the key concepts of ARIZ. The formula

helps to learn and use ARIZ.”

The author also goes on to demonstrate that the polysystem approach ts simpler when used in the context of
Computer .\uded [nnovanon (CAI) and extols the virtues of TechOptimizer for performing polysystem

opumuzaton.

211112 Directed Evolution- Ideadon/TRIZ Approach'" >
There are basically three kinds of technological forecasung:
1.  Tradidonal technological forecasung that 1s based on probabilistic modeling of future charactenstcs

of systems.

19

TRIZ forecasung 1s based on pre-determined Pattemns of Evolunon. TRIZ forecasung 1s disunct
from tradinonal forecasung in that it does not just predict the future; it attempts to control 1t as well.

3. Directed evolunon, developed by [deanon Intematonal, takes TRIZ forecasung to a higher level. It

adds depth ro the pattemns of evoluton and basically subjugates all invention processes to the idea of
directed evolunon.

Directed Evolunion 1s based on postulates. (TRIZ in Progressi™? lists 11 postulates, which are reproduced
below. Bush!! lists five “main” postulates, which are Postulates 1, 4, 8, 10, respectively plus a fifth, *“Market
Daven Evoluton.” Market Driven Evolunion is therefore listed here as Postulate 12. In Clarke’s “Stategically
evolving the future: directed evolunon and technological svstems development!2,” he lists 5 postulates, 1, 12, 4, 10
and 11.)

Postulate 1. Partems of evoludon
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e Based on the study of the history of evolutnon, typical “correct” evolutionary steps can be
identified that represenr the line of evoluton. Typical evolutionary mistakes can be
idennfied as well.

e Predicton of the furure can be replaced by idennficanon of pre-determined future steps on
applicable lines of evolunon.

¢ Typical mistakes can be avoided in the furure.

Postulate 2. The ddving force of evoluuon

e .\ system evolves toward greater [deality.

e  Anv man-made system can be improved in the direcnon of enhanced quality and useful
funcoons and/or 1n the directon of reduced cost and other harmful effects.

e Not every problem can be solved but every situaton can be improved.

e .\ system’s evolutnon depends on the subjectve human esumanon of whar is useful and what
1s not useful.

Postulate 3. Generaton of change combined with selectnon

Any technological svstem evolves in such a way thar first vanous deas are generared that result in system
changes or in new systems being bult. Later, 2 selecnon process 1s applied by which the best system for sanstving
the requirements is chosen.

Postulate 4. Evoludon art the expense of resources

e A\ system’s evolunon proceeds via the consumpnon of resources exisung tn the svstem itself,
its neighbonng svstems and the system environment.

e In the process of a system’s evolunon, resource consumpuon makes 1t more difficult to
mobilize resources.

® A number of sequenual transinons to different kinds of resources occur, for example- from
readily available to denved resources and from simple resources to “smart” or intellectual
resources.

Poswlate 5. Excessiveness of an exisung system

e The majority of existng technological systems have redundant resources; that s, they have
more resources than are necessary to perform their intended functon.

e Neary any “untouched” system may be forced to work mote effecuvely, perform additional
funcoons, etc.

Postlate 6. Co-evolution of different systems

e  Dafferent technological svstems create resources for one another.

e  Different technological svstems cause limitations for one another.

e Changes in one technological system can directly or indirectly lead to changes in other,
connected systems.

e  Feedback relanonships might occur between different systems as they evolve.

Postulate 7. Co-evolution of systems belonging to different hierarchical levels
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Systems belonging to different hierarchical levels are nghdy connected in their evoluton and

evolve mn coordinanion with one another.

A super-system can force its systems or subsystems to evolve according to its own lines

rather than allowing them to follow their own hnes.

Limiranons that occur m a subsystem mughr hold back the evolunon of the ennre system.

Postulate 8. Short versus long-term forecasung

A system’s short-term evolunion depends pnmanly on the system’s inherent resources.
Long-term development, including the emergence of new generauons, depends on the
evolunon of overall technology and/or marker rather than on the given system’s paruculars
and resources.

Short term forecasung based on the given system’s rrends and on the opinions of experts

mught be suffictendy accurate.

Long-term forecasung for 1 given system must be based on the analysis of the evolunonary

trends of the overall technology and market.

Postulate 9. There are a limited number of ways to perform a funcnon

Postulate 10.
[ ]

[ ]
Postulate 11.
[ ]

Postulate 12.

It 1s theorencally possible to exhaust all possible ways of performing a given funcnon.

[f all methaods of performing a given functuon are exhausted, then an insurmountable patent
fence can be developed.

[n fields where many professionals have been working for a long ime and in the presence of
compennve pressure, the possibility of further evolunon may be nearly exhausted.
Altemanve 1n evolunon

[t 1s possible to direct the evolunon of a system by managing 1ts resources.

[f 4 specific problem has not been solved to date, there 1s no guarantee that [deanon/TRIZ
methodology will provide one. If there 1s at least one solutnon to a problem developed,
Ideanon/TRIZ can be used to help idenufy muluaple other solunons.

Any single, patented solunon can be arcumvented.

Standard ways to solve problems

Common ways exist to solve problems or improve a system using the Pattemns of Evolutnon.
These ways can be revealed via analysis of the history of nvennons, allowing mnnovanon
knowledge to be collected and transferred.

Market Drven Evolution ’

For complex systems, the market selects from among altemanves based on suaopoliacal

forces.

The technologies behind altemanves that were not selected are available as resources for

future evoluton.

Trends, Patterns and Lines of Evolution
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Technical Evoluton can be broken down into frends, patterns and fnes of evolution. An Evelutionary trend is a
sequence of events directly and/or indirectly connected through cause-effect relationships. Each event leads to
the nexr one and thus increases the probability of irs emergence.

Trends are easily recogmzable through a historical analysis of the evolunion of specific svstems. The following

limitauons on trends apply:

Real evolunon is a result of numerous trends and is not simply the “sum” of these trends.
Mulnple trends ure usually connected through complex and non-linear relanonships.

Similar rends may look different and lead ro different results, depending on the siruanon.

A speafic trend does not stay forever, but rather has its own life cvcle.

Each wend has inertia and remamns for some ume ifter the condinons under which ir
ongmated have changed.

Each trend has its own, ofter. unclear reasons and mechamisms. At the same tme, simular

mechanisms may be responsible for different trends, while similar trends may be caused by

different mechanisms.
Evolunonary trends are usually daven by feedback mechamisms. The fact thar a speafic

trend already exasts helps for it to conanue to exist.
Every trend has its own “weight” or “power” associated with the number of people invoived
and the strength of the involvement. The tend’s power may change over ume following

changes in the overall situagon.

Two opposite trends may co-exist.

Altshuller offered a next generanon of forecastng tools: a system of partems and lines of evolunon as the

result of logical analysis and the genemlizaton of available trends. The Patterns of Ewoéution represent a compilation

of trends that document strong historically recurning tendencies m the development of manmade or natural

systems. Once idenufied, these pattemns have predictung power and thus consutute the theorencal base of the
TRIZ methodology.
The first set of patterns of technological Evolution were discovered and described by Altshuller in the oud-

1970s:
1.

0P

oo

Completeness of the engineered system

Energy flow in the engineered system

Harmonizadon of the synchronization rhythms or parts in an engineered system

Increasing ideality of an engineered system

Non-uniform evolution of subsvstems consarunng an engineered svstem

Transitgon to the overall system

Transition from macro- to micro-level in the engincered system

Increasing the substance-field mvolvement

Stages of evoluton (infancy, growth, maturty and decline)

10. All systems evolve according to the s-curve.
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Alrshuller’s work was connnued by the Kishinev TRIZ School and later conanued by the Ideanon Research
Group. The resulung revision, resoructunng and extension of this work produced the following ser of Parterns of
Technologzcal Evolution (Clarke lists the first 8 in his work):

1) Evoluton toward increased ideality
e  Every system performs functons that generate useful effects and harmful effecrs.
¢ The general direcuon for svstem improvement maximizes ideality as determined in the
markertplace.
®  The creanon and selection of invenuve solunons i1s based on efforts to improve the level of
marker idealtry.
2) Non-uniform development of systems elements
®  Each system component has tts own s-curve.
e Duitferent components usually evolve according to their own schedules.
e Different svstem components reach their inherent limits at different omes resuluing in
contradictuons.
¢  The component that reaches its limut first can hold back the overall system.
®  The eliminanon of contradictions allows the system to unprove.
3) Evolunon roward increased dynamism and controllability
¢ Increasing system dynamism and controllabdity allows funcuons to be performed with
greater tlexibility or vanery.
4) Evolunon toward increased complexity followed by simplificanon
¢  Technological systems tend to develop first toward ncreased complexity and then toward
simplificanon.
5) Evoluton with marching and musmatching elements: system elements are marched or musmatched to
improve performince or to compensate for undesired effects. A typical sequence of evolunon would be:
¢  Unmatched elements
¢ Marched elements
¢ Mismarched elements
¢  Dynamuc matching and mismatching
6) Evoluton toward micro-levels and the increased use of fields
¢  Technological systems tend to transition from macro svstems to micro systems. Dunng this
transttion, different types of energy fields are used to achieve better performance or control.
T} Evolution toward decreased human involvement
e Systems develop to perform tedious functions, thus freemng people to do more ntellectual
work.
8) Evolution toward increased involvement of resources

After the ininal lines of evolunion were developed, more detailed descaptons, called Zres were identfied.

Lines of Evolution show typical sequences of stages that a system follows in the process of its evolution. Typicaily, a
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pattem inciudes muldple lines. The [deanon Research group has idennfied over 300 lines for technology and over
50 lines for market evolunon, providing an individual or enterpase with powerful predicuon tools.

The followng Lines of Evolution are reproduced from TRIZ in Progress:
9) Lines of Evoludon: Strucrural

e Line of evolunon of models

e Line of evolution of models for harmtul effects

e Line of evolutuon of models of insufficient funcuons
10) Lines of Evoluton: System

e Line of transinon to the micro-level

* Line of increasing degrees of freedom

® Line of increasing the amount of performed funcuons

e [Line of modifying stable states

e [Line of increasing controllabiltey

e Line of sequence of marching and mismatching

e Line of changing the tvpe of marching in the system

e Line of changing the type of mismarching i the system

e  Line of matching of thythms

e Line ot building and developing bi-systems

¢ Line of buslding and developing poly-systems

e Line of sequence of simplificanon

e Line of transition to a rencular system

¢ \ddiuonal lines
11) Lines of Evolunon: Substance

e .dding new substances

e  Line of adding substances in different physical condinons

e Line of using resources at different levels of an object’s strucrure

¢  Line of marching of substances

e Line of shifing of matching substances

e  Line of musmatching of substances

12) Lines of Evoluton: Field
e [ine of main tendencies in the use of fields

®  Line of using fields in the evolunon of a technological system

13) Lines of Evolunon: Process

e  Line of mcreasing the level of process controllability

e Line of changing the tvpe of process
e Line of controlling the process using flows
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¢ Line of unlizing ume resources
e Line of controlling the space of a process
¢ Line of involving the environment
e Line of controlling the process by changing the medium
14) Speafic Lines of Evolunon
e Speaal line of evoluton for models of measurement systems
e  Speaal line of using informadonal resources
e  Specil line of marching the work piece to the ool
e Specul line of a tool’s evolunon
e  Speaal line of simplificanon of manufacrunng process
e Speaal ine of marching the rhythms between transporung and processing

Steps of Directed Evoludon

TRIZ in Progress?, Clarke!? and Bush'! provide basic processes to apply directed evolunon. Although Bush’s
formulanon s slighdy different, they all basically constst of the following steps:

Step L. Analyze the system’s evoluton to date.

Step 2. Develop potennal scenanos for furure evolunon.

Step 3. Define direcnons and make deasions.

Step +. Structure mtellectual capiral.

Step 5. Prepare an acuon plan and support implementagon.

The Stages of the classical S-curve

Stage 0- 2 system does not vet exast bur important condinions for its emergence are developing.

Stage 1- 2 new system appears due to a high-level invenoon and begins development slowly.

Stage 2- begins when society recognizes the value of the new system.

Stage 3- begins when the resources on which the onginal system 1s based are mostly exhausted.

Stage 4 begins when 1 new system (or the next generanon of the current system) emerges to replace the
exastng one.

Stage 5- begins if the new system does not complerely replace the exisung svstem, which sull has hmated
applicaton.

Deviations from the classical S-curve

There are rtwo notable deviations from the classical S-curve:

The Crocodile Back- caused by difficulties in transitioning from Stage 1 to Stage 2. [n 1t, there are a sedes of
unsuccessful attempts followed by a successful one. The reasons for the unsuccessful artempts are usually either
because the system is launched before it is ready for commerctal use and sale or because the market is not ready 1o
accept the new system.

False Third Stage- due to one of the following:

® A\ serous roadblock has not been overcome.

e  There s a lack of compettion and thus there is lirde need for improvement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



® A sub-system has reached 1 “dead end” and 1s holding the entire system evoluton.

®  Premarure aging has occurred as a result of organizanonal decsions.

2.1.11.2.  TRIZ- Ideal Final Result"*'"*

Rananen'’ discusses the need to think in a different way in order to solve problems. He points out that
TechOpumizer software generates altemanves in many areas where an individual could be stuck. The conclusion
of the arucle 1s “*don’t improve quality, don’t cut costs and don’t decrease the ame to marker... instead... increase

the mnovaave power of the company.”
Domb!™ defines and expounds upon the defininon of the [deal Final Result, or IFR. The IFR 1s used to

define and bound a problem smrement before trying to idenafy the solunon. The IFR asks the questons, “What
do vou wanr?” and “What would be the deal siruanon if vou had solved the problem?” Without an [FR, a sub
opumal design solunion based on incorrect percepaons of real needs may evolve.

According to Domb, “the [FR has the following 4 charactensucs:

e  Elimunates the defiaenaes of the ongmnal system.
e  Preserves the advantages of the onginal system.
e Does not make the system more complicated (uses free or available resources)
e Does not introduce new disadvantages.”
Using the [FR helps a designer 1o
e “Encourage breakthrough thinking
e  I[nhibtt moves to less ideal solunons (reject compromuses)
® Lead to the discussions that will clearly establish the boundanes of the project.”

[FR 1s an enabling tool that enables the designer to realize the full potenual of TRIZ methods.

The heart of applicanon of TRIZ problem solving techniques is a problem statement thar includes the
wdennficaton of rechnical and physical conrradicnons and the ideal final result. [f vou start with a problem that
asks why a certun behavior occurs, then it 1s very difficult to develop a proper problem statement. Frenklach
idenafies such a problem as a diagnosnc problem and he solves it wath TRIZ by first transforming 1t 1nto an
mnvenave problem of the form “How can we obtan the result?”

Domb’s arucle, “Using the Ideal Final Result to define the problem to be solved!*3,” 1s a further elaboranon
of Domb’s tutonal on [FR of February 1997. This aracle moves from the [FR to ask questons to move toward
the solution of problem ar hand. To do this, Domb ates five questons used in ARIZ:

e “Whatis the final aim?

e  What is the ideal final result?

®  Whars the obstcle to this?

e  Why does this mrerfere?

e Under what condinons would the mterference disappear? Whart resources are avalable to

create these condinons?”
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[FR helps to eliminate prejudice and premarure sub-optimal solutons to problems while focusing design
effort on the real problem. IFR works well with both traditonal TRIZ and I[dealiry.

2.1.11.3. TRIZ- Contradictons™ '"*"?

Rovzen'"” provides an overview of TRIZ and how it works. The author explamns the concept of nventive
panaples and the contradicuon matrx and explans how they are used. The author refers to ARIZ as the
standard form of TRIZ problem solving, although he does not define it in detul. The author also refers to sixteen
standard techniques that can be used 1o shorten the ARIZ process, but he does not provide the actual techniques.

The potnt of this paper is to introduce the strength of TRIZ. The strength 1s that TRIZ does not seek to
design by making trade-offs but rather designs by eliminatng contradicuons. [ts mdical approach ensures faster
and more reliable design changes if it is followed properly.

Altshuller’s contradicnon matnx ts a 39 by 39 mamx in which a fearure”® to be opumized is selected from the
rows on the left and a fearure that may have to be sacrificed is found tn the columns on the top. Domb’s arncle is
an excellent companion to the mawnx because 1t defines each of the 39 fearures.

Mann'"” demonstrates that TRIZ 1s not to be regarded as a panacea to remove all contradicnons from ail
problems. Instead, TRIZ 1s nghty regarded etther as a discrete contradicuon resolunon or as a conanuous one.

A discrete contradiction resolunon 1s one that removes the present contradicnon, but invanably it mntroduces new
contradictions or compromuses.

-\ conuanuous solunon ts one where the onginal compromuse is not removed, but the new design plices the
design on a new curve in which the rade-off is less severe.

If TRIZ 1s scen as 1 method to improve contradicnon trades mstead of to climunate them, then the pracuce
of TRIZ can be seen to be a joumey in which one moves along contradicnon chans towards conanuous
tmprovement.

Domb’s arucle, *“Using .\nalogies to Develop Breakthrough Concept'™,” is a short arncle used to explun
how to use analogies to solve problems. [n teaching, Domb instructs students to use the tools of TRIZ to find an
mvenave panaple and then to take the nventve panaple and draw the substance-tield assocuated wath trs
analogies or examples. Next, the praciuoner 1s nstructed to draw his own problem’s Su-Field by murronng the
one used in the analogy.

In response to Domb’s arucle on analogies'!’. Rantanen!® describes how there may be two systems that
solve the same problem but made different trade-offs. (For example, a mechanical watch trades the desirable “no
bartery” chamctensac with the undestrable “complex system” charactensac. [f's complement, 2 Quartz wartch, is
simple but requires a battery.) [n order to opumize, take the useful effect of both systems and combine them. {In
our example, a quartz watch wathout barteries, erther solar powered or self- winding.)

2.1.11.4.  TRIZ- 40 Invenuave pdndplcs”"- 1t

Tate and Domb’s “40 Inventive Principles With Examples”!!° is a reference arucle. [t rikes each of the 40
mvenave pranaples, subdivides them and provides a familiar example of an inventon that uses each one. The
ariicle ts so mmportant and useful thar 1t is reproduced in its enurety below:

40 Inventive Principles With Examples
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Panaple 1. Segmentaton
Divide an object nto independent parts.
Replace mainframe computer by personal computers.
Replace a large mruck by a rruck and wailer.
Use a work breakdown strucrure for a large project.
Make an object easy to disassemble.
Modular furniture
Quick disconnect joints in plumbing
Increase the degree of fragmentanon or segmenmnon.
Replace solid shades with Venenan blinds.
Use powdered welding meral 1nstead of foil or rod 1o get better penetranon of the jont.
Panaple 2. Taking out
Separate an interfenng part or property from an object or single out the only necessary part (or
property) of an object.
Locate 2 noisy compressor outside the building where compressed air 1s used.
Use fiber opuacs or 1 light pipe to separate the hot light source from the locanon where light 1s
needed.
Use the sound of a barking dog, withour the dog, as a burglar alarm.
Panaple 3. Local qualtry
Change an object’s structure from uniform to non-untform; change an external environment (or
external influence) from uniform to non-uniform.
Use a temperature, density or pressure gradient mnstead of constant temperature, density or pressure.
Make each part of an object funcnon in conditons most suitable for its operanon.
Lunch box with speaal compartments for hot and cold solid foods and for liquds
(Part C connnued on the next page.)
Make each part of an object fulfill 1 different and useful funcnon.
Penal wath emser
Hammer with nad puller
Mulu-functon ool that scales fish. acts as a pliers, a wire stipper, a flat-blade screwdaver, a Phillips
screwdnver, mamcure set, etc.
Ponaple 4. Asymmety
A. Change the shape of an object from symmemcal to asymmerncal
Asymmetrical mxang vessels or asvmmetncal vanes in symmetrnical vessels improve mrxing (cement
trucks, cake muxers, blenders).
Pur a flar spot on a cylindrical shaft to amach a knob securely.
If an object is asymmermical, mncrease its degree of asymmerry.
Change from arcular O-angs to oval cross-secton to specialized shapes to improve sealing.
Use asugrmatc optics to merge colors.
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Panaple 5. Merging
Brng closer rogether (or merge) idenncal or ssmilar objects; assemble identcal or stmilar parts to
perform parallel operatons.
Personal computers in 1 network
Thousands of microprocessors in a parallel processor computer
Vanes in a venalanon system
Electronic chips mounted on both sides of a arcuit board or subassembly
Make operations connguous or parallel; bong them rogether in ame.
Link slats together in Venenan or verncal blinds.
Medical diagnosnc mstruments that analyze multiple blood parameters simultaneously
Mulching lawnmower
Panaple 6. Cnuversality
Make 2 part or objecr perform muluple funcnons; ehminate the need for other parts.
Handle of 1 toothbrush contuns toothpaste
Chuld’s car safety seat converts o a stroller
Mulchmg livmmower (Yes, it demonstrates both Panaples 5 and 6, Merging and Unuversaliry.)
Team leader acts as recorder and umekeeper.
CCD (Charge coupled device) with micro-lenses formed on the surface
Pancple ~. *Nested doll”
Place one object mside another; place each object, in um, nside the other.
Measunng cups or spoons
Russian dolls
Portable audio svstem (microphone fits inside wransmutter, which fits inside amplifier case)
Make one part pass through a cavity in the other.
Extending radio antenna
Extending pointer
Zoom lens
Seat belt retraction mechanism
Remractable wrcraft landing gear stow mside the fuselage (also demonstrates Panaple 15,
Dynamusm)
Panaple 8. Ana-weight
To compensate for the weight of an object, merge it with other objects that provide lift.
Inject foaming agent nto a bundle of logs to make it float better.
Use helium balloon to support advertsing signs.
To compensate for the weight of an object, make it mteract with the environment (e.g. use
aerodynamic, hydrodynamic, buoyancy and other forces).
Aircraft wing shape reduces ar density above the wing, increases density below wing, to create Lft.
(This also demonsmates Principle 4, Asymmerry.)
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Vortex stnps mnprove lift of aircraft wings.
Hydrofoils lift ship out of the water to reduce drag.
Panciple 9. Prelimtnary ana-action
[f it will be necessary to do an action with both harmful and usetul effects, this action should be
replaced with ann-acoons to conrrol harmful effects.
Buffer a soluton to prevent harm from extremes of pH.
Create beforehand stresses m an object that will oppose known undesirable working stresses later
on.
Pre-stress rebar before pouring concrete.
Maskmng anything before harmful exposure: Use a lead apron on parts of the body that wall nor be
exposed to X-rays. Use masking tape to protect the part of an object not being panted.
Panaple 10. Prelimmary acnon
. Perform, before it 15 needed, the required change of an object (ather fully or parnally).
Pre-pasted wallpaper
Steqlize all instruments needed for a surgical procedure on a sealed tray.
Pre-arrange objects such that they can come into acuon from the most convenient place and
without losing ame for thetr delivery.
Kanban arrangements 1n 2 Juse-In-Time factory
Flexible manufactunng cell
Panaple 11. Beforchand cushioning
Prepare emergency means beforehand to compensate for the relauvely low reliability of an object.
Magneac strip on photographic film thac directs the developer to compensate for poor exposure
Back-up pamachurte
Alternate wir system for aircraft instruments
Panaple 12. Equipotentality
In a potenual field, imur posinon changes (e.g. change operanng condinons to elimnate the need to
tatse or lower objects 1n a gravity field).
Spnng loaded parts delivery system in a facrory
Locks in a channel berween 2 bodies of water (Panama Canal)
“Skallers™ 1n an automobile plant thar brang all tools to the dght positon (also demonstrates
Ponaple 10, Prehminary Action)
Panaple 13. ‘The other way round”
[nvert the action(s) used to solve the problem (e.g. instead of cooling an object, heat ).
To loosen stuck parts, cool the inner part instead of heatng the outer part.
Bang the mountn to Mohammed, mnstead of banging Mohammed to the mountan.
(Part B continued on the next page.)
Make movable parts fixed and fixed parts movable.
Romate the part instead of the tool.
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Moving sidewalk wath standing people
Treadmill (for walking or running in place)
Tum the object (or process) ‘upside down.”’
Tum an assembly upside down to insert fasteners (especially screws).
Empty gramn from contuners (ship or railroad) by invernng them.
Panaple 14. Spherowdality - Curvarure
Instead of using reculinear parts, surfaces or forms, use curvilinear ones; move from tlar surfaces to
sphencal ones; from parts shaped as a cube (parallelepiped) to ball-shaped structures.
Use arches and domes for strength 1n architecture.
Use rollers, balls, spils and domes.
Spiral gear (Naunlus) produces contnuous resistance for weighr hifing.
Ballpotnt and roller point pens for smooth ink distnbunon
Go trom linear to rotary moton, use centntugal forces.
Produce linear moton of the cursor on the computer screen using 4 mouse or a trackball.
Replace wnnging clothes to remove water wath spinning clothes in a washing machine.
Use sphencal casters instead of cylindncal wheels 1o move furmirure.
Panaple 15. Dvnamics
Allow (or design) the characrensacs of an object, external environment or process to change to be
optumal or to find an opumal operanng condinon.
Adjustable steenng wheel (or seat, or back supporr, or murror posinon...)
(Part B conanued on the next page.)
Drvide an objecr 1nto parts capable of movement relauve to each other.
The “burtertly” computer keyboard, (also demonstrates Pranaple ™, “Nested doll.”)
If an object (or process) 1s ngid or inflexible, make 1t movable or adapuave.
The flexable boroscope for examining engines
The flexable sigmotdoscope for medical examinauon
Panciple 16. Parnal or excessive actions
[f 100 percent of an object 1s hard 10 achieve using a given solunon method then. by using “slightdy
less’ ot ‘slightly more’ of the same method, the problem may be considerably caster to solve.
Over spray when painung, then remove excess. (Or, use a stenal—this 1s an applicanon of Ponaple
3. Local Quality and Panaple 9, Preliminary ana-acton). ’
Fill, then “top off” when filling the gas mnk of vour car.
Ponaple 17. Another dimension
Move an object in two- or three-dimensional space.
Infrared computer mouse moves in space, instead of on a surface, for presentuons.
Five-axis curting tool can be posiioned where needed.
Use a mula-story arrangement of objects instead of a single-story armangement.
Casserte with 6 CD’s to increase music ume and vanety
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Electronic chips on both sides of a panted arcuit board
Emplovees *“disappear” from the customers in a theme park, descend into a tunnel and walk ro their
next assignment, where they retum to the surface and magically reappear.
Tilt or re-orient the object; lay it on irs uide.
Dump truck
Use “another side’ of a given area.
Stack microelectronic hybad arcuits to improve density.
Panaple 18. Mechanical vibraton
Cause an object to osallate or vibrate.
Electric carving knife with vibraung blades
Increase iuts frequency (even up to the ultrasonic).
Dismbure powder with vibranon.
Use an object’s resonant frequency.
Destroy gallstones or kidney stones using ultrasonc resonance.
Use piezoelectic vibrators wstead of mechamcal ones.
Quartz crystal osallanons dave high accuracy clocks.
Use combined ultrasonic and electromagnenc field osallinons.
Mixing alloys i an inducton fumace
Panaple 19. Penodic acnon
Instead of conanuous acnon, use penodic or pulsanng actions.
Hirung something repeatedly with a hammer
Replace a conanuous siren with a pulsed sound.
If an acnon 1s already penodic, change the periodic magnitude or frequency.
Use Frequency Modulation to convey mnformanon, instead of Morse code.
Replace 2 conunuous siren wath sound that changes amplitude and frequency.
Use pauses between impulses to perform a different acnon.
In cardio-pulmonary respiranon (CPR) breathe after every 3-chest compressions.
Panaple 20. Connnuity of useful action
Carry on work conunuously; make all parts of an object work ac full load, all the ume.
Flywheel (or hydraulic system) stores energy when a vehicle stops, so the motor can keep running at
opumum power.
Run the bottleneck operanons in a factory conunuously to reach the optimum pace. (From theory
of constraints, or take nme operanons)
Eliminate all idle or intermuittent actions or work.
Pant dunng the return of a panter carnage—dot matrix printer, daisy wheel ponters and inkjet
panters.

Panciple 21. Skipping
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Conducrt a process, or certun stages (e.g. desrrucnble, harmful or hazardous operations) at high
speed.
Use a high-speed denust’s dnll to avoid heaung assue.
Cur plasac faster than hear can propagate in the matenal 1o avoid deforming the shape.
Paonaple 22. “Blessing m disguise” or *““Turn Lemons into Lemonade”
Use harmful factors (paruculady, harmful effects of the environment or surroundings) to achieve a
postuve effect.
Use waste heat to generate electnc power.
Recycle waste (scrap) matenal from one process as taw matenals for another.
Eliminarte the pnmary harmful acuon by adding it to another harmful action to resolve the problem.
\\dd a buffenng marenal to a corrosive solunon.
Use a helium-oxygen muix for diving, to elimnare both mtrogen narcosis and oxygen potsoning
from air and other rurrox mixes.
Amplify 4 harmful factor to such a degree thar it 1s no longer harmful
Use a backfire to eliminate the fuel from a torest fire.
Panaple 23. Feedback
Introduce feedback (refernng back, cross-checking) to improve a process or acton.
Auromaunc volume control 1n audio arcuits
Signal from gyrocompass 1s used to control simple arrcraft autopilots.
Stansucal Process Conrrol (SPC) -- Measurements are used to deade when to modify a process.
(Not all feedback svstems are automated!)
Budgets—Measurements are used to decide when to modify a process.
If feedback 1s already used, change 1ts magniude or influence.
Change sensiovity of an autoptlot when wathin 5 mules of an arport.
Change sensiuvity of a thermostat when cooling vs. heanng, since it uses energy less efficientdly
when cooling.
Change a management measure from budget vanance to customer sansfacnon
Panaple 24. ‘Intermediary’
Use an mtermediary carner arucle or mmtermediary process.
Carpenter’s nal set, used berween the hammer and the nail
Merge one object temporanly with another (which can be easily removed).
Potholder to carry hot dishes to the mble
Panaple 25. Self-service
Make an object serve itself by performing auxiliary helpful funcuons
-\ soda fountmn pump that runs on the pressure of the carbon dioxide that is used to “fizz” the
drnks. This assures that drnks will not be flar and eliminates the need for sensors.
Halogen lamps regenerate the filament duning use—evaporared material is redeposited.
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To weld steel to aluminum, create an mterface from alternanng thin stips of the 2 matenals. Cold
weld the surface into a single unit with steel on one face and copper on the other, then use normal
welding techniques to attach the steel object to the interface and the interface to the aluminum.
(This concept also has elements of Panaple 24, Intermediary and Panaple 4, Asymmerry.)
Use waste resources, energy or substnces.
Use hear from a process to generate electnairy: “Co-generanon.”
Use amimal waste as fernlizer.
Use food and lawn waste to create compost.

Paonaple 26. Copving
Instead of an unavailable, expensive, fragile object, use simpler and mexpensive copies.
Virrual reality via computer instead of an expensive vacanon
Listen to an audiotape mstead of antending a serminar.
Replace an object or process with opncal copies.
Do surveving from space photographs instead of on the ground.
Measure an object by measunng the photograph.
Make sonograms to evaluate the health of a fetus, instead of dsking damage by direct tesung.
If visible opucal copies are already used, move to infrared or ultraviolet copies.
Make images 1n intrared to detect heat sources, such as diseases i crops or intruders 1n a secunry
system.

Panaple 27. Cheap short-living objects
Replace an inexpensive object with a mulople of inexpensive objects, compnsing certain qualines
(such as service life, for instance).
Use disposable paper objects to avord the cost of cleaning and stonng durable objects. Plasnc cups
n motels, disposable diapers, many kinds of medical supplies.

Panaple 28 Mechanics subsatution
Repiace a mechanical means with a sensory (opticcal, acoustc, tste or smell) means.
Replace a physical fence to coanfine 1 dog or cat with an acousnc “fence” (signal audible to the
animal).
Use a bad smelling compound in natural gas o alert users to leakage, instead of a mechanical or
electncal sensor.
Use electnic, magnenc and electromagneuc fields to interact with the object.
To mix 2 powders, electrostancally charge one positve and the other neganve. Either use fields to
direct them, or mix them mechanically and let their acquired fields cause the grains of powder to
pair up.
Change from stagc to movable fields, from unstructured fields to those having structure.
Eardy communicanons used omm directional broadcasung. We now use antennas wath very demiled
structure of the partem of mdiaton.

Use fields in conjunction with field-actvated (e.g. ferromagnetic) particles.
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Hear 2 substance conmaning ferromagnetic matenial by using varying magnetic field When the
temperature exceeds the Curne point, the matenial becomes paramagnenc and no longer absorbs
heat.
Pancple 29. Pneumartcs and hydraulics
Use gas and liquud parts of an object mnstead of solid parts (e.g. inflatable, filled with quids, ar
cushion, hydrosmuoc, hydro-reacuve).
Comfortable shoe sole inserrs fillgd with gel
Store energy from deceleranng a vehicle in a hydraulic system and then use the stored energy to
accelerate later.
Panaple 30. Flexible shells and thin films
Use flexible shells and thin Glms instead of three-dimensional structures.
Use inflaeable (thin film) structures as winter covers on tenms courts.
[solate the object from the external environment using flexible shells and thin films.
Floar a film of bipolar matenal (one end hydrophilic, one end hydrophobic) on a reservorr to limut
evaporanon.
Panaple 31. Porous matenals
Make an objecr porous or add porous clements (inserts, coanngs, etc.).
Dall holes 1n a structure to reduce the weight.
[f an obyject 15 already porous, use the pores to introduce a useful substance or funcuon.
Use 1 porous metal mesh to wick excess solder away from a jomt.
Store hydrogen n the pores of a palladium sponge (Fuel “tank” for the hydrogen car—much safer
than stoang hvdrogen gas).
Panciple 32. Color changes
Change the color of an object or 1ts external environment.
Use safe lights in a photographic datkroom.
Change the transparency of an object or its external environment.
Use photolithography to change transparent matenal to a solid mask for semmiconductor processing.
Similardly, change mask matenal from transparent to opaque for silkscreen processing.
Panaple 33. Homogeneiry
Make objects mteracnung with a given object of the same matenal (or matenal with idenacal
properues).
Make the contamner our of the same matenal as the contents to reduce chemical reactions.
Make a diamond-curting tool out of diamonds.
Panaple 34. Discarding and recovenng
Make pornons of an object that have fulfilled their functions go away (discard by dissolving,
evaporaung, etc.) or modify these directly dunng operation.
Use a dissolving capsule for medicine.
Spuankle water on comstarch-based packaging and warch it reduce its volume by more than 1000X?
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Ice structures: use water ice or carbon dioxide (dry ice) to make a template for 3 rammed earth
structure, such as a temporary dam. Fill with earth, then, let the ice melt or sublime to leave the final
structure.
Conversely, restore consumable parts of an object directly in operation.
Self-sharpening lawn mower biades
Automobile engines that give themselves a “tune up” while running (the ones thar say *100,000
mules between tune ups’)

Pmnaple 35. Pammeter changes
Change an object’s physical state (e.g. to a gas, liquid or solid).
Freeze the liquid centers of filled candies and then dip in melted chocolate, instead of handling the
messy, gooey, hot hquid.
Transport oxygen or nitrogen or petroleum gas as a liquid, instead of a gas, to reduce volume.
Change the concentranon or consistency.
Liquid hand soap 1s concentrated and more viscous than bar soap at the poimnt of use, making 1t
easter ro dispense tn the correct amount and more sanitary when shared by several people.
Change the degree of flexibility.
Use adjustable dampers to reduce the noise of parts falling into a conruner by restcung the mouon
of the walls of the container.
Vulcanize rubber to change 1ts flexability and durability.
Change the temperature.
Ruuse the temperature above the Cune pont to change 2 terromagnenc substance to a paramagnenc
substance.
Rase the temperature of food to cook it. (Changes taste, aroma, texture, chemical propernes, etc.)
Lower the temperature of medical speamens to preserve them for later analysis.

Punaple 36. Phase transitions
Use phenomena occumng dunng phase transidons (e.g. volume changes, loss or absorpuon of heat,
etc.).
Water expands when frozen, unlike most other liquids. Hannibal is reputed to have used this when
marching on Rome a few thousand vears ago. Large rocks blocked passages in the Alps. He poured
water on them at night. The overrught cold froze the water and the expansion split the rocks into
small preces, which could be pushed aside.
Heat pumps use the heat of vaponzaton and heat of condensadon of a closed thermodynamic cycle
to do useful work.

Panciple 37. Thermal expansion
Use thermal expansion (or contraction) of materials.
Fit a aghr joint together by cooling the inner part to contract, heaung the outer part to expand,
puttng the joint together and retumning to equilibrium.
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[f thermal expansion 1s being used, use mulnple matenials with different coefficients of thermal
expansion.

The basic leaf spnng thermostat: (2 meuls with different coefficients of expansion are linked so that
1t bends one way when warmer than nominal and the opposite way when cooler.)

Panaple 38. Strong oxidants
Replace common ar with oxygen-ennched air.

Scuba diving with Nitrox or other non-ar muxtures for extended endurance
Replace enriched air with pure oxygen.
Curt at a higher temperature using an oxy-acervlene torch.
Trear wounds in a high-pressure oxygen environment to kill anaerobic bactena and ad healing.
Expose wr or oxygen to iomizing radianon.
Use 1onized oxvgen.
[omze atr to trap pollutants i an air cleaner.
Replace ozonized (or ionized) oxvgen with ozone.
Speed up chemucal reactons by 1onizing the gas before use.
Pancple 39. Inert atmosphere
Replace 2 normal environment with an mert one.
Prevent degradauon of a hot metal filament by using an argon atmosphere.
AAdd neurral parts or inert additves to an object.
[ncrease the volume of powdered detergent by adding inert ingredients. This makes it easter to
measure with convenunonal tools.

Prnaple 40. Composite matenals

Change from uniform to composite (multple) matenals.

Composite epoxy resin/carbon fiber golf club shafts are lighter, stronger and more flexible than
metal. Same for airplane parts.

Fiberglass surfboards are lighter and more controllable and easier to form mto a vanety of shapes
than wooden ones.

Williams and Domb’s “Reversibility of the 40 principles of problem solving”!!! is a very simple and profound
paper. Every one of the 40 panaples of problem solving can be reversed. The authors point out that some of
the reverses are already found i1 TRIZ (symmemc) and some are not (asvmmetric). The author states that the
asymmetric complements may not be invennve in nature. Note that the premise of DFMA, for instnce, 1s thata
more complex part is better than 1 less complex parr if it reduced the towl number of parts. Such an approachisa
complement to the TRIZ panaple 27 (Principle 27. Cheap short-living objects - Replace an inexpensive object
with a muluple of inexpensive objects, comprising certain qualities (such as service life, for instance). Ul
dispasable paper objects to avord the cost of cleaning and storing durable objects. Plastic aups in motels. dispasable diapers and many
ksnds of medical supplies) such an approach was onginally thought to be in contradiction to the theory of TRIZ.

TRIZ panaple 13 is “the other way around,” and the authors apply thus idea to TRIZ irself.
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2.1.11.5. TRIZ- ARIZ'™

Marcom!'?? presents the ARIZ algonthm in a way thar is visual and easter to follow than the standard ARIZ
questonnaire. In her version, she uses a flow chart for the overall process and *knowledge maps”™ for each ser up
sub steps. She also adds notes for clanficanon. She hasn’t changed ARIZ much, bur she has made it more usable.

2.1.11.6. TRIZ- Effects'™"*

Frenklach!'3 classifies technical effects in terms of the object to be transformed and the field by which it1s
mansformed. The mnsformanon may be qualirative, meaning it changes from one state to a new state or it may
be quanutatve, meaning that a descnpuve propenty is changed, like a raise n temperature. Once these operators
are defined, the inventor must pose questons relanng to how to achieve the destred effect, how to elimnate
undestrable side effects, how ro control the effect and the development of the substance, how to measure the
effect and what other effects may be associated wath the effect.

Ranunen!! listed eleven applicanons of effects:

e  Effects databases as a smart encyclopedia
e Evolunon trends and effects

e  Funcoonal analysis and effects

e Engincenng contradiction and effects

e  Physical contradiction and effects

e  Forty panaples and effects

e  The resources of the system and effects
e  Srandard solunons and effects

e  Feature transfer and etfects

e  Effects databases as 1 knowledge orgamizer
e Ideal final result and effects

2.1.11.7. TRIZ- Operators'"**"
In “Efficent Use of the System Operator!!3,” Frenklach demonstrates the use of a system operator. To

create a system operator, first create a mble, conceprualize the system in its past, present and future contexts and

also conceprualize the system as 2 component of a greater super-system and a super-system to varous subsystems.

Undesirable effect Subsystem System Super-system
(CDE) System Operators

Past Effect of past UDE Past UDE thar Effect of past UDE
on subsystem, possibly caused the present one. on the past super-svstem.
precipitating changes to
subsystems.

Present Effect of the UDE Describe the UDE in Effect of present
on subsystems. the present system. UDE on the Super-

svstem.
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Furure Effect of the new New UDE that wall Projected effect of
UDE on subsystems. emerge when the present | the new UDE on the
one 1s chminated super-system.

Table 3. System Operators

In “Efficent Use of the DTC Operaror!s,” Frenklach states, “the DTC (dimensions, nme, cost) operator is
aimed at breaking the psychological stereotypes which are connected with an object to be improved.” This
operator was developed by Altshuller and discussed in Creafivity as an Exact Saence. In order to use the operator,

try to think of vour problem with each of these factors carried to an extreme-

e  Whar if the size of the system was increased without bound or decreased to subatomc
levels?

e What would happen if the operanon of the system was sped up to a nanosecond or
expanded to a million vears?

e  Whar would happen if the system were free or paceless?

e \s with the svstem operator, these parameters can also be considered tor the super-system

or the subsystem.

Savransky!!” enumerates more contradictions tor consideration. The classical TRIZ contradicnons are first

defined and discussed (technical and physical). Next, Savransky defines and discusses the following

contradictons:

L.

I

e
b

Mathematical contradicnons- these anse in the context of automated control. Savransky descnbes a
svstem of equatons that ts inconsistent. (@ +b =x,a +b =v,a=b).
Natural Contradicnons
e Fundamentl physical laws- absolute zero and the speed of light
e Cosmological contradicnions- related to Earth- vou cannot have a pure hydrogen exhaust. for
mstance.

Human Contradictions

Individual- human limitanons, lack of memory, fear of failure

e  Managenal- ime management limitanons, decision-making and leadership styles
e  Organizatonal- working within the corporate framework

e Cultural- prejudice to change, Western versus Eastern views of goals

Resistance to change is therefore defined as a type of human conmdiction- we expect more profits, but we

don’t want to do anything different. When mntroduang a new idea, 1t is 2 good idea to idenufy this contradiction
and resolve 1. If TRIZ experts only deal with technical and physical contradictions, they may have a hard ome
working with others or within organizanons.

2.1.11.8. TRIZ- Case Studies'*'*

Mann!'® has been given a problem to solve and he solves it using TRIZ. He discusses how one approaches a
problem with TRIZ and demonstrates that there is room for even more improvement. He shows that a careful
construction of an [FR not only shows the ideal (if unobrainable) solution, but also can be used to decide how
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close 1o the [FR one can travel, by taang back the path to present methods from the [FR. He not only solved
the present problem, but lso offered a berter solution that would not work within the confines of his problem
statement.

The problem was for a compention so he could not change it to suir a larger need. The problem, as stated,
was twofold:

1. Design a new, fulsafe wheel locking nurt system that can be readily used for high speed wheel changes
dunng a formula one race.
Design 2 failsafe device that locks the wrench to the nut unal an automaunc locking mechanism is
acuvated, which would prevent the nur from coming off the axle.
Mann discusses the formulaton of an [deal Final Result (IFR) for this problem. His [FR is to change the

{2

svstem to one that does not require wheel changes. Such 1 solunon may more appropuately concentrate on are
design than nut design. However, in the absence of such a solution, a better self-locking nut 1s a good start.

Mann discusses several possible current methods of securng nuts and posits that the most likely three
methods are 2 Nvloc nut, a Claveloc aut or an arnght nut. Alshuller would have removed Nyloc mmediately
from consideraton because 1t introduces a foreign substance. Mann demonstrates that all three have a
fundamental problem in thar they lose their locking propertes with repeated use.

Having dispensed with these methods, Mann rumed to the [nvenave pannaple of merging- finding a auc that
acts as if it were two nuts m 2 double jam configuradon. .\fter idennfying this possible solunon, he discovered
such a hybad nut in Hlinois Tool Works, patented in 1997, This nut would obwiate the need for a failsafe
mechamsm because 1t does not degrade wath use, but the author was confined to the compenton problem
formulanon.

In this case, the author did not have to design but merely discover a design presendy in existence. Had the
author designed a new nut or 4 new ure-lug-nut sysrem, he would have had to do more than merely buy a nut out
of a catalog. He cleardy has delineated the approach he would recommend to obtain such a solunon but was
unable to develop it in the ume construnts of his project. This article was a very nformatve applicaton of TRIZ
panaples to real problems.

In his second case study?™?, Mann begins by defining the problem of bicycle seat design as an artempt to
compromise between the need for support and the need for freedom of movement. The design s therefore very
narrow so that the bicyclist may peddle wathout chafing his legs. The problem is that it is very uncomformble to
sit on 1 narrow seat. Mann points out thar the design of a bicycle seat is an example of design compromise. A
fundamenml panaple of TRIZ is that compromises are to be avorded.

[n TRIZ, the technical contradiction 1s that the seat must be 374z in order to be comformble, but it must be
narrow in order to allow freedom of movement. Using Altshuller’s contradiction matnx, the thing to be improved
1s the “length of a Smatonary Object” and the thing that tends to worsen is the “Shape.” The contradiction matrix
suggests a design that uses one of the four invenuve pnnaples:

e The other way around
¢  Curvature tncrease

e  Dynamic Parts, or
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®  Nested Doll

Mann combined the idea from “the other way around” to “make moveable parts fixed and fixed parnts
moveable” with an idea of “dynamic parts” to *“divide an object into parts capable of moving relauve to each
another.” The resulting design is 2 seat with rwo moveable parts that move with the bicyclist's legs, a design
found from ABS Sports.

This is a good example of how TRIZ works, but Mann designed nothing. The design from ABS sports
already exasted and he merely recommended it. Had Mann the resources to opumuze a design, he could have
taken the idea from .ABS sports and worked with its rotadonal axis, contours and interior mechanisms to create
the ideal bicycle sear configuranon. RSM would be an excellent resource to create 2 much better design, given that
TRIZ had already identfied the general form of the design.

In a third case study'Y, Mann provides another idea of how to apply 1 TRIZ pnnaple 1o an extsung problem.
After applying the disapline of TRIZ, Mann discovers an available solunon. The problem is that flanged jomnts 1n
large engine casings are exposed to high temperature and pressure and thus require a large number of bolts.
Mauntenance on these engines is complicated because all the bolts must be removed and they may be difficult 1o
remove because of the property changes merl expenences when exposed to heat over time.

Mann idennfies the Technical contradicnon as “there must be a large number of bolts to seal the flange” and
“there must be few bolts for ease of muntenance and weight reducnon.” Using Altshuller’s contradiction Matnx,
we ire trying to improve the followmng:

e The weight of a stanonary object
e Ease of operauon
¢  Device Complexaty
When we do inprove these things, the following things tend 1o worsen:
¢  Smabiliy
¢ Reliabiliry
From the matnx, the following nvenave panaples are suggested:
®  Another dimension
e Takingour
o  Flexble shells and thin films

Mann chose the first and found a patented flange that used fewer bolts because one side of the flange was
curved away causing greater tension. Mann did not opumize the design further. He could have spent some otme
defining the nghr angle of curvature, the dght metal composition of bolts and the nghr bolthole geometry for
maximum seal with mumtmum bolts. He also could have discussed the design of the nuts and bolts, using the self-
locking bolt he unearthed in Apnl of 1999. He does not offer design opamizaton because TRIZ has firushed
with the design when it solves the basic form of the solution.

Helicopter engines deliver a great deal of power and are extremely sensinve to contminaton!®. For this
reason, helicopter engines are firted with an inlet protection device. The inlet protection devices m use today were
first developed in the mid-1970s and have changed very little since then. The physical contradiction inherent in
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this design lies 1n the fact that the dust removal ducr area must be large enough to trap the maxtmum amount of
dust, and it must also be small enough to minimize the amount of wasted air pumped through it. A second
physical contradiction is that the air duct must be large to allow the most air to pass throu