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ABSTRACT

In the design process, failure analysis is the act of error-proofing a new product

before it is manufactured in hopes of limiting product failures that will reach the

customer and potentially eliminating failures during the product’s lifetime.  This type of

failure analysis should not be confused with the analysis that takes place to determine a

mode of failure after a component has failed within its service life.  Currently, the most

widely accepted method of design failure analysis is known as Failure Modes and Effects

Analysis, or FMEA.  FMEA is an activity undertaken by a team of engineers and

designers that study a product and enumerate the failures that they believe could befall

the product.  Suggestions are then made to improve the product through redesigns that

account for the list of potential failures.  Although FMEA has become the industry-

standard for failure analysis, it also has its shortcomings.  Many complain that FMEA is a

tedious and ambiguous process that is guided purely by the subjective analysis of the

practitioners, while still others note that FMEA is often performed too late in the design

process to be of any real value in improving product quality.

To improve on this process of failure analysis, the Elemental Function-Failure

Design Method (EFDM) is presented here as an activity that has been developed to allow

failure analysis to be performed earlier in the process of designing new products and be

guided by historically archived failure knowledge.  The EFDM allows designers to

perform the task of failure analysis at the conceptual design stage using standardized

vocabularies to remove the ambiguity from the process. By performing failure analysis

early in the design process, costly redesigns can be avoided by guiding a design to avoid

failures before a physical (or embodiment) design has been completed.



v

ACKNOWLEDGMENTS

I would like to thank all those people that have helped me during my time at

UMR, most notably those who have helped me through these years that have been joyous

at times and also very trying at others.  I would like to mostly thank my wonderful wife,

whom without her support I would not have been able to complete this work, or any

other.  I love you and owe you much of my success.

I would also like to thank my family for their constant support.  I regret not

spending more time with them during my college years, but hope that they know that they

are constantly in my thoughts.  I love you all, and look forward to seeing you all more

often.  

I would also like to thank the other founding members of the 187 crew for all the

great times that we have spent together here in Rolla and beyond.  Good times.

Thanks also go out to my advisor Dr. Rob Stone as well as Drs. Robert Landers,

Dan McAdams and Irem Tumer for serving on my thesis committee.

This work is supported by the NASA Ames Research Center under grant NCC 2-

5423.  Any opinions or findings of this work are the responsibility of the author, and do

not necessarily reflect the views of the sponsors or collaborators.

Finally, I would like to dedicate this work to my grandfathers, Vernon Knoll and

Don Stock.  Although, they are both gone, I know their engineering spirit lives in me

today and I will strive to mold both my engineering career and family life after the

wonderful, yet too few, memories I have of them.



vi

TABLE OF CONTENTS

Page

PUBLICATION THESIS OPTION................................................................................iii

ABSTRACT .................................................................................................................. iv

ACKNOWLEDGMENTS...............................................................................................v

LIST OF ILLUSTRATIONS.......................................................................................... ix

LIST OF TABLES ..........................................................................................................x

SECTION

1. INTRODUCTION ..................................................................................................1

1.1. THE PROBLEM WITH ARCHIVING FAILURE KNOWLEDGE .................1

1.2. OUTLINE OF MANUSCRIPT........................................................................1

1.2.1. Knowledge Base Population. .................................................................2

1.2.2. Applying the Knowledge Base to Design...............................................3

1.2.3. Wrap-up ................................................................................................3

1.3. HOW TO USE THIS METHODOLOGY IN DESIGN ....................................3

PAPER

1. GOING BACK IN TIME TO IMPROVE DESIGN:  THE ELEMENTAL
FUNCTION-FAILURE DESIGN METHOD..............................................................5

ABSTRACT............................................................................................................... 5

1. INTRODUCTION..............................................................................................6

2. BACKGROUND AND RELATED RESEARCH...............................................8

2.1. Background: Traditional Failure Analysis in Design.................................8

2.2. Related Research: Function-Failure Analysis and Knowledge Base ........ 12

2.3. Related Research: The Concept Generator Method ................................. 14

3. POPULATING THE FUNCTION-FAILURE KNOWLEDGE BASE .............. 15

4. A METHODOLOGY FOR FAILURE ANALYSIS IN CONCEPTUAL
    DESIGN........................................................................................................... 18

5. COMPARISON OF EFDM TO FMEA............................................................. 22

5.1. Failure Analysis Comparison for a New Design...................................... 23

5.1.1. FMEA Results for the Compressor Design ................................ 24

5.1.2. EFDM Results for the Compressor Design ................................ 25



vii

5.1.3. Comparing Results for the Compressor Design.......................... 26

5.2. Failure Analysis Comparison for an Existing Product ............................. 28

5.2.1. Results for Anvil ....................................................................... 28

5.2.2. Results for Inlet Bushing ........................................................... 29

5.2.3. Results for Housing Back Plate.................................................. 30

5.2.4. Comparing Results for the Impact Wrench Redesign ................. 31

6. DISCUSSION AND FURTHER WORK.......................................................... 32

6.1. Advantages and Disadvantages of the EFDM ......................................... 32

6.2. Future Work ........................................................................................... 36

ACKNOWLEDGEMENTS.................................................................................. 36

REFERENCES..................................................................................................... 36

2. LINKING PRODUCT FUNCTIONALITY TO HISTORIC FAILURES TO
IMPROVE FAILURE ANALYSIS IN DESIGN....................................................... 39

ABSTRACT............................................................................................................. 39

1. INTRODUCTION............................................................................................ 40

2. BACKGROUND.............................................................................................. 42

2.1. Current Failure Analysis Methods........................................................... 42

2.2. The Elemental Function-Failure Design Method (EFDM)....................... 44

2.3. Functional Modeling............................................................................... 47

3. METHODS FOR POPULATING FUNCTION-FAILURE KNOWLEDGE
BASES.......................................................................................................... 51

3.1. Initial Efforts .......................................................................................... 51

3.2. Two Function-Failure Knowledge Bases at Distinct Levels of Detail...... 52

4. COMPARISON OF FUNCTION-FAILURE KNOWLEDGE BASES.............. 56

4.1. EF1 vs. EF2 ............................................................................................. 56

4.2. Using Each Knowledge Base in a New Design Case............................... 59

5. CONCLUSIONS/FUTURE WORK ................................................................. 62

ACKNOWLEDGEMENTS.................................................................................. 63

REFERENCES..................................................................................................... 64

SECTION

2. BUILDING AND INVESTIGATING LARGE FUNCTION-FAILURE
KNOWLEDGE BASES............................................................................................ 67



viii

2.1. UTILIZING FAILURE KNOWLEDGE FROM MULTIPLE INDUSTRIAL
SECTORS IN A SINGULAR KNOWLEDGE BASE ................................... 67

2.2. SEGMENTING A LARGE KNOWLEDGE BASE ....................................... 69

2.2.1. Comparing Process and Transportation Knowledge Bases ................... 69

2.2.2. Causes of Knowledge Base Differences ............................................... 74

2.2.2.1 Environmental differences ....................................................... 75

2.2.2.2 Design differences ................................................................... 76

2.2.3. Summary of Knowledge Base Differences........................................... 77

2.3. FUTURE WORK .......................................................................................... 78

3. CONCLUSIONS .................................................................................................. 80

3.1. SUMMARY .................................................................................................. 81

3.2. FUTURE WORK .......................................................................................... 82

APPENDICES

A. EF KNOWLEDGE BASE CONTAINING 112 FAILED COMPONENTS ........ 85

B. EFPROCESS KNOWLEDGE BASE....................................................................... 89

C. EFTRANSPORTATION KNOWLEDGE BASE ........................................................... 92

D. FUNCTION-CAUSE KNOWLEDGE BASE..................................................... 95

BIBLIOGRAPHY......................................................................................................... 99

VITA. ......................................................................................................................... 100



ix

LIST OF ILLUSTRATIONS

Figure     Page

PAPER 1

1. The Concept Generator Method. ......................................................................... 14

2. EFDM and Concept Generator Procedure. .......................................................... 20

3. Using the EFDM to Enumerate Failure Modes for a Given Function................... 22

4. Initial Compressor Physical Design..................................................................... 24

5. The EFDM Approach for the Compressor Design. .............................................. 27

6. Exploded View of Campbell Hausfeld 1/2” Air Impact Wrench.......................... 28

7. Compressor Functional Models........................................................................... 35

PAPER 2

1. The EFDM Procedure. ........................................................................................ 46

2. Different Levels of Functional Modeling for an Electric Scale. ........................... 49

3. Functional Models Used to Populate EC1 and EC2. ............................................. 53

4. Functional Models of a Meat Grinder Crank Handle. .......................................... 56

5. Comparison of Functions Within EF1 and EF2. ................................................... 60

6. Compressor Design Using EFDM and EF2.......................................................... 61

2.1. Distribution of Failure Modes in EFP and EFT for ‘Distribute Thermal Energy’
Function. ................................................................................................................ 72

2.2. Distribution of Failure Modes in EFP and EFT for ‘Export Liquid’ Function. ......... 72

2.3. Distribution of Failure Modes in EFP and EFT for ‘Export Mechanical Energy’
Function. ................................................................................................................ 73

2.4. Distribution of Failure Modes in EFP and EFT for ‘Guide Liquid’ Function. .......... 73

2.5. Distribution of Failure Modes in EFP and EFT for ‘Store Mechanical Energy’
Function. ................................................................................................................ 74

3.1. Failure Mode Cause Distribution. ........................................................................... 84



x

LIST OF TABLES

Table     Page

PAPER 1

1. Failure Modes from the NTSB Rotorcraft Accident Study................................... 16

2. Functions from the NTSB Rotorcraft Accident Study.......................................... 16

3. Function-Failure Knowledge Base from NTSB Rotorcraft Accident Study.......... 17

4. Recommended Actions from Failure Analyses of Compressor. ........................... 26

5. Recommended Actions from Failure Analyses of Impact Wrench Anvil. ............ 29

6. Recommended Actions from Failure Analyses of Impact Wrench Inlet Bushing. 30

7. Recommended Actions from Failure Analyses of Impact Wrench Housing Back
Plate. ...................................................................................................................... 31

PAPER 2

1. EF1. .................................................................................................................... 55

2. EF2. .................................................................................................................... 57

2.1. Summary of Information in EF Knowledge Bases. ................................................. 68

2.2. Failure Modes in EFT that are Not Present in EFP. ................................................. 71

2.3. Failure Modes in EFP that are Not Present in EFT. ................................................. 71

2.4. Summary of Information in EFP and EFT. .............................................................. 71

3.1. Failure Mode Causes. ............................................................................................. 84



51

modeling and queried at a less detailed level.  Is this possible in EFDM?  This gives rise

to the one fundamental concern of populating the function failure knowledge base:  Since

it is desired to use EFDM at the black box level for new designs, should actual

component failures be linked to the components’ black box level function or should they

be linked to more detailed component functionality?

3. METHODS FOR POPULATING FUNCTION-FAILURE KNOWLEDGE
BASES

3.1. Initial Efforts

Roberts et al. (2002) constructed the first function-failure knowledge base by

collecting failure information on Bell 206 rotorcraft using National Transportation Safety

Board (NTSB) accident reports.  Components’ failures were determined from these

reports and functional models were developed for each of the failed components.  The

functional models of these components varied between one and five sub-functions to

describe the component.  In this initial test of the function-failure analysis of Tumer and

Stone (2003) the level of functional modeling did not strictly adhere to any of the

aforementioned levels as described by Verma and Wood (2003).  The level of functional

modeling used by Roberts et al. can best be described as fitting between the black box

and design levels.

Previous work by the authors (Stock et al., 2003) used more detail in developing a

function-failure knowledge base using the same failure occurrence information as

Roberts et al. (2002).  In this more recent effort, the authors developed a function-failure

knowledge base after developing reverse engineering level functional models of the

failed components within the Bell 206 helicopter.  When used within the structure of

EFDM, this detailed knowledge base showed improved failure analysis over FMEA.
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3.2. Two Function-Failure Knowledge Bases at Distinct Levels of Detail

To determine which level of functional modeling is best suited for developing a

function-failure knowledge base, an experiment is undertaken in which two knowledge

bases are constructed, compared and used to perform failure analysis during the

conceptual design of a new product within the EFDM framework.  The first knowledge

base to be constructed will utilize component functional models at the black box level,

showing similarity to the method of Roberts et al. (2002).  This function-failure

knowledge base will be referred to as EF1.   The second knowledge base (EF2) will

consist of the function-failure information harvested by Stock et al. (2003).  The

component functional models in EF2 were developed at the reverse engineering level

using the repeatable functional modeling methods of Kurfman et al. (2003).

To develop these two knowledge bases, three matrices are generated.  A single

component-failure matrix is generated and named CFrotorcraft. This matrix contains

information on 25 failed components that span seven systems within the Bell 206

rotorcraft.  These systems include the compressor, engine, powertrain, turbine, airframe

and the fuel and rotor systems.  Multiple systems were chosen since studying systems

across the entire rotorcraft makes for a knowledge base that can be applied to more

diverse design problems.  The 25 failed components exhibited 15 unique failure modes

within the failure mode vocabulary of Arunajadai et al. (2002).  These failure modes were

determined by studying the NTSB reports and relating the information contained therein

to the primary and secondary identifiers for the failure modes within the vocabulary

(Tumer et al., 2003).  Two unique EC matrices are populated, EC1 and EC2.  EC1 is

populated by relating artifacts to their black box functional representation while EC2 is

populated by relating the same artifacts to their reverse engineering level representations.
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The functional models in the second column of Figure 3 represent a sample of those used

to populate EC1 at the black box level.  Similarly the models in the third column of

Figure 3 show a sample of component functional models at the reverse engineering level

that are used to populate EC2.  In doing so, EC1 contains only 11 unique sub-functions,

while EC2 contains 55 unique sub-functions. This is due to the increased detail of the

reverse engineering level functional models used to populate EC2; these functional

models contain between five and 18 sub-functions depending on the functional

complexity of the component under review.  For example, the O-ring component contains

only five unique sub-functions while the more complex fuel governor and tail rotor blade

components necessitate 18 unique sub-functions to completely model their functionality.

In contrast, the black box functional models contain just one sub-function for each

component.

Figure 3. Functional Models Used to Populate EC1 and EC2.
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The function-failure knowledge bases are generated by using equations (1) and

(2) as follows:

† 

EF1 = EC1 ¥ CFrotorcraft                                                        (1)

† 

EF2 = EC2 ¥ CFrotorcraft                                                       (2)

In common terms, equation (1) is populating the function-failure knowledge base

by linking each unique component failure occurrence to that component’s black box

functionality within the knowledge base.  For example, assume that the crank handle of

the meat grinder in Figure 4(a) has two failure occurrences, one occurrence of brittle

fracture and one occurrence of direct chemical attack.  Since the black box functionality

of the crank handle is ‘convert human energy to rotational energy,’ a value of ‘1’ would

be added to the EF1 cells that relate ‘convert human energy to rotational energy’ to brittle

fracture and to direct chemical attack.  Conversely, populating the function-failure

knowledge base at the reverse engineering level, as shown in equation (2), will relate

component failure occurrences to every sub-function within the reverse engineering level

functional model of the crank handle.  In this case, the functional model of the crank

handle contains 12 sub-functions as seen in Figure 4(c).  Therefore, if the crank handle

were entered into EF2, a value of ‘1’ would be added to each of the cells relating these 12

sub-functions to brittle fracture and direct chemical attack.

Another important point to note in the derivation of EF1 and EF2 is that the

component-failure (CFrotorcraft) matrix is binary in data representation.  That is, it

contains only ‘0’ and ‘1’ for numerical values.  This is done to ensure that one

component does not unfairly skew the knowledge base simply because more failure

information was available for it.  For example, using the case above, if it were known that
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the meat grinder crank handle failed four times via brittle fracture and once via direct

chemical attack, they would still both be entered into CF as the value ‘1.’  Thus at this

point, the number of failure occurrences has not entered into the function failure

knowledge bases.  Future work in this area involves using the number of occurrences for

each failure mode to guide designers in assessing failure probability for their new design.

Since the CF matrix is binary in data representation, it is imperative that many different

components exhibiting the same functionality be entered into it in order to avoid

normalizing the knowledge contained therein.  EF1 can be seen in Table 1.

Table 1. EF1.
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Change Gas 0 0 0 0 0 0 0 0 0 2 0 0 1 1 1
Convert RotE to PnE 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0
Guide PnE 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Guide RotE 0 0 0 0 0 0 0 0 2 2 0 0 0 1 0
Regulate Liq 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1
Secure Solid 0 0 0 0 0 1 1 0 0 2 0 0 0 1 3
Stabilize Solid 0 1 0 0 0 2 0 0 0 1 0 0 0 0 1
Stop Gas 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stop Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Transmit PnE 0 0 0 0 0 0 0 1 0 2 1 0 0 0 1
Transmit RotE 1 1 0 0 1 1 0 1 0 2 0 1 1 1 0
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Figure 4. Functional Models of a Meat Grinder Crank Handle.

4. COMPARISON OF FUNCTION-FAILURE KNOWLEDGE BASES

4.1. EF1 vs. EF2

The EF1 function-failure knowledge base can be seen in Table 1 and EF2 can be

seen in Table 2.  Upon initial examination the most glaring difference between the two

knowledge bases is the fact that EF2 contains far more sub-functions than EF1.  This is

directly related to the size of EC1 and EC2, as explained above.

Knowing that many functions will be needed within the knowledge base before it

can be applied to diverse design problems, it is easy to see that many more failed

components within the knowledge base will be needed before this style of population will

result in a knowledge base robust enough for use with EFDM.  In other words, EF1 in its

current state could only be used in design cases that contained the functions within its

limited scope.
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Table 2. EF2.
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By contrast, E F2 exhibits 55 unique sub-functions after populating it with

information from the same 25 components as EF1.  Using the same logic as before, if EF2

was to be used in an EFDM design case, it would prove helpful for designs that could

include five times the functionality as EF1.  Therefore, populating a function-failure

knowledge base at the reverse engineering level of functional modeling requires fewer

failed components to arrive at a more useable knowledge base.  In addition, it is

hypothesized that linking failure modes to every sub-function occurrence of a given

function and flow pairing will yield a robust knowledge base for use in conceptual

design.

It is interesting to note that even though knowledge bases EF1 and EF2 contain

exactly the same components and failure modes, populating them at different levels of

functional abstraction (the only difference in their population) can lead to greatly

different representations of the knowledge contained therein.  Even though EF2 contains

more function-flow pairings it is important not to jump to the conclusion that it is a better

knowledge base simply because of this fact.  To further investigate the quality of the

knowledge representation in each knowledge base and to determine which is best-suited

for use in the EFDM, it is important to compare the failure mode distributions within

each knowledge base.

Figure 5 shows the differences between the two existing knowledge bases, EF1

and EF2.  For seven of the 11 functions within EF1, the failure distribution contained

therein is the same as that within EF2.  The failure mode distribution for three of these

functions can be seen in Figure 5(a), (c) and (e).  This behavior is the result of the given

functionality appearing in the reverse engineering models for only the components for
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which it was in their black box model as well.  On the other hand, the four sub-functions

that exhibited different failure mode distributions between the two knowledge bases,

‘change gas’, ‘convert rotational energy to pneumatic energy’, ‘guide rotational energy’

and ‘secure solid’, can be found in many reverse engineering component models but not

as frequently in the less detailed black box level models.  The most glaring case of this

situation occurs for the sub-function ‘secure solid’ as seen in Figure 5(f).  ‘Secure solid’

is the black box sub-function for only six of the failed rotorcraft components but occurs

in twenty-four of the reverse engineering level functional models.

By studying Figure 5, it can be seen that certain failure modes do indeed occur

more frequently for some functions.  None of the sub-functions within either EF1 or EF2

exhibit an even distribution of failure modes.  Depending on the breadth of the

knowledge contained within the knowledge base, this distribution of failure modes allows

a designer to predict the failure modes that are most likely to occur for their new designs

based on desired product functionality.  This fact can streamline the design process by

ensuring that some degree of failure avoidance is designed into the initial physical

representation of a new design or redesign.

4.2. Using Each Knowledge Base in a New Design Case

In this section, a design problem is proposed to test the utility of EF1 and EF2

within EFDM.  To do so, a design problem is developed that meets with the functionality

present within the two knowledge bases.  In this comparison, a small hand-held air

compressor will be designed.  This compressor should be powered by a hand held electric

drill and be capable of clearing debris from an area such as a workbench.  A design for

this device has previously been developed using the EF2 knowledge base (Stock et al.,

2003).  Note that this material is being repeated for completeness.  This design, as well as
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the design methodology can be seen in Figure 6.  In this product design case, using

EFDM with knowledge base EF2 led directly to the inclusion of shaft support bearings,

increased heat transferring area, improved chucking interface, and a filter screen for the

incoming air passage on the compressor.

Figure 5. Comparison of Functions Within EF1 and EF2.
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Figure 6. Compressor Design Using EFDM and EF2.

Following the same design process with EF1 is quite difficult and shows the

inherent problems in using a knowledge base with few sub-functions.  When generating

the list of common failure modes from the black box function ‘convert rotational energy

to pneumatic energy,’ there are less selection criteria for possible concept variants and it

appears that this detracts from the thorough failure analysis usually seen in EFDM.

When using EF1 for this task, only three possible failure modes are generated, less than

half of the seven potential failure modes generated by using EF2.  Noticeably absent in

the list from EF1 is high cycle fatigue and any thermal effects.  Further EFDM analysis

shows that the possibilities of galling or seizing within the rotating componentry are also

ignored when knowledge base EF1 is used.
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It is difficult to develop a completed design with EF1, but it easy to note that the

failure analysis would be much less thorough than if knowledge base EF2 were used.

Strictly adhering to the recommendations within EFDM leads to an overall design similar

to that seen in Figure 6 but does not include shaft support bearings, incoming air filter or

thermal finning.  Additionally, fatigue analysis would not likely be conducted, even

though it was conducted when EF2 was used in the design case.  Because of this,

preliminary results show that it is preferred that future function-failure knowledge bases

be developed using methods similar to that used in the generation of EF2.  Generating a

function-component matrix with functional models at the reverse engineering level leads

to a knowledge base that can be better used in the EFDM design process.

5. CONCLUSIONS/FUTURE WORK

The knowledge-base driven failure analysis tool improves the design process by

limiting redesigns and increasing the importance of failure analysis.  Methods such as the

Elemental Function-Failure Design Method (EFDM) can decrease the necessary time to

conduct failure analyses (Stock et al., 2003) and by moving failure analysis to conceptual

design can make it more powerful and influential in product design (McKinney, 1991).

However, as in all design, the strength and breadth of the user’s knowledge base is the

key to EFDM.  A main advantage of EFDM is that the user does not need to possess a

vast intellectual knowledge base.  EFDM’s function-failure knowledge base dictates the

effectiveness of the analysis that is performed.  EFDM is truly a case of being “only as

good as your knowledge base.”  Knowing this, substantial effort has been undertaken to

determine the best level of component functional model abstraction to arrive at the most

robust and versatile knowledge base.
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This paper has presented two approaches for populating the elemental function-

component (EC) matrix, using a black box level of functional modeling and using a more

detailed reverse engineering level of modeling.  Encoding knowledge into the EC matrix

with reverse engineering level models yields a more robust function-failure knowledge

base for use within EFDM.  Not only is encoding information at this level an efficient

method to populate a large knowledge base, it has been shown that such a knowledge

base allows for a more thorough failure analysis during conceptual design.  Therefore

EFDM can be used to the best of its capability in performing failure analysis in

conceptual design, minimizing the need for costly and time-consuming redesigns.

Future work in the area of function-failure knowledge base population will focus

on developing larger knowledge bases and applying them to disparate design cases to

evaluate the utility of EFDM.  Archiving the number of failure occurrences and failure

severity will increase the ability for designers to assign failure probability to their new

designs based purely on product functionality.  It is also desired to populate similar

knowledge bases with past FMEA information in order to supplement the knowledge

bases that contain actual failure occurrence information.  Work is underway to evaluate

this methodology by archiving design knowledge from NASA and applying the EFDM

techniques at the JPL Product Design Center.
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2. BUILDING AND INVESTIGATING LARGE FUNCTION-FAILURE
KNOWLEDGE BASES

2.1. UTILIZING FAILURE KNOWLEDGE FROM MULTIPLE INDUSTRIAL
      SECTORS IN A SINGULAR KNOWLEDGE BASE

In order to further explore the method of function-failure knowledge base

population outlined in Section 3 of Paper 1, an extension of the study in Section 3.1 of

Paper 2 is undertaken to populate a large and diverse knowledge base for use in the

EFDM.  In order to apply the EFDM to a variety of design cases, a diverse function-

failure knowledge base is needed.  To be effective, the knowledge base should span as

many function and flow pairings as possible, and to achieve this, must be populated with

design and failure knowledge from a wide range of failed components.  To harvest this

knowledge previously investigated failure case studies are reviewed.  References for this

activity are explored (ASM, 1979, Hutchings and Unterweiser, 1981), and the Handbook

of Case Histories in Failure Analysis (ASM, 1992) is found to be the most suitable

source of substantial design and failure knowledge.

This handbook is published by the American Society for Metals and includes over

100 detailed case histories of components that have failed in a variety of industrial

sectors.  For each failed component, the product’s functional importance and mode(s) of

failure are recorded.  This allows for a component functional model to be developed at

the reverse engineering level (Verma and Wood, 2003) and for the applicable failure

mode(s) to be determined from the vocabulary of (Tumer et al., 2003).

In this follow-on study, the 115 case histories are studied, and functional models

and failure modes are recorded for each failed component.  Three of the case histories did

not include an actual component failure, so they are not included in the study.  Nine of
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the remaining case histories contain multiple failure modes while the remaining 103

contain only one failure mode.  This leads to 123 total recorded failure modes.  Twenty-

seven of the 51 failure modes in the vocabulary of (Tumer et al., 2003) are present in

these 112 failed components.

Functional models of the 112 failed components at the reverse engineering level

yields 1507 individual function-flow pairings.  This corresponds to an average of

approximately 13 sub-functions per component functional model.  These 112 components

have also yielded 115 unique function-flow pairings, which is more than double the

amount of function-flow pairings in the function-failure knowledge base used for the

design examples in Sections 5.1 and 5.2 of Paper 1.  A summary of this information is

shown in Table 2.1.

Table 2.1.Summary of Information in EF Knowledge Bases.

EFROTORCRAFT EF112

Failed Components 25 112

Total Failures 64 123

Total Functions 328 1507

Functions/Component 13 13

Unique Functions 55 115

Unique Failures 15 27
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Upon populating the function-component (EC) and component-failure (CF)

matrices and computing the function-failure (EF) matrix, i.e., the knowledge base, it can

be seen that many more function-flow pairings are present in this knowledge base than in

any previous knowledge base.  This will allow the EFDM to be applied to wider range of

design problems that include function-flow pairings that were not present in the previous

knowledge bases.  This EF knowledge base is shown in Appendix A.

2.2. SEGMENTING A LARGE KNOWLEDGE BASE

Another reason for conducting this exercise of function-failure knowledge base

population is to get an initial determination whether a widely applicable knowledge base

can be developed, or if smaller, more industry-driven knowledge bases will be more

productive within the EFDM framework.  To determine whether or not this is the case,

the 112 failed components were separated into three industry domains.  The first domain

covers any component from the transportation sector, which includes, but is not limited

to, road vehicles, trains, planes and spacecraft.  This classification is known simply as

‘Transportation.’  The second domain, known as ‘Process,’ includes all failed

components from manufacturing or processing equipment.  This classification covers

components used in power generation, chemical processing, metal fabrication and many

other similar areas.  The third domain, ‘Other,’ is simply a blanket classification to catch

the failed components that do not specifically fit into the above domains.

2.2.1. Comparing Process and Transportation Knowledge Bases.  Upon distributing

the failed components into the above domains, 67 of the failed components fit into the

Process domain, 29 in the Transportation domain and 16 were left to fall into the third

domain.  Similar to the overall function-failure knowledge base calculation, the Process

and Transportation components were entered into two EC and CF matrices and then
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computed into two EF knowledge bases that can be compared.  These knowledge bases

will be referred to as EFT for the Transportation domain and EFP for the Process domain.

Knowledge bases EFP and EFT can be seen in Appendices B and C, respectively.  Initial

review of these two EF knowledge bases, EFP and E FT, shows EFP to be somewhat

larger, containing 96 unique function-flow pairings and 22 unique failure modes.  On the

other hand, EFT contains only 15 unique failure modes and 68 unique functional pairings.

Interestingly, 11 failure modes appear in both EFP and EFT but this leaves four failure

modes in EFT that do not appear in EFP, these can be seen in Table 2.2.  Conversely, this

leaves 11 failure modes in EFP that do not appear in EFT, these can be seen in Table 2.3.

Based on the failure knowledge within these two knowledge bases, the failure modes in

Tables 2.2 appear to be more likely to occur for transportation components while the

failure modes in Table 2.3 appear to be more likely in processing components.   A

summary of the dimensionality of EFP and EFT is given in Table 2.4.

To better understand the differences between EFP and EFT, Figures 2.1 through

2.5 show the distribution of failure modes for four function-flow pairings that appear in

both knowledge bases.  These figures show that differences exist in the distribution of

failure modes between EFP and EFT.
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Table 2.2.  Failure Modes in EFT that are Not Present in EFP.

Fretting Fatigue Fretting Wear

Impact Fracture Surface Fatigue

Table 2.3.  Failure Modes in EFP that are Not Present in EFT.

Abrasive Wear Cavitation Erosion Corrosion Fatigue

Creep Deformation Wear Direct Chemical Attack

Electrostatic Discharge Erosion Corrosion Pitting Corrosion

Selective Leaching Thermal Fatigue

Table 2.4. Summary of Information in EFP and EFT.

EFP EFT

Failed Components 67 29

Unique Functions 96 68

Unique Failure Modes 22 15
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Figure 2.1. Distribution of Failure Modes in EFP and EFT for ‘Distribute Thermal
Energy’ Function.
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Figure 2.3. Distribution of Failure Modes in EFP and EFT for ‘Export Mechanical
Energy’ Function.

Guide Liquid

0

1

2

3

4

5

6

7

Bi
ol
og

ica
l C

or
ro

sio
n

Ca
vi
ta

tio
n 
Er

os
io
n

Co
rro

sio
n 
Fa

tig
ue

Duc
til
e 
Ru

pt
ur

e

Er
os

io
n 
Co

rro
sio

n

Hyd
ro

ge
n 
Dam

ag
e

Lo
w C

yc
le
 F
at

ig
ue

Pi
tti

ng
 C

or
ro

sio
n

Se
le
ct
iv
e 
Le

ac
hi
ng

Th
er

m
al
 F
at

ig
ue

Br
itt

le
 F
ra

ct
ur

e

In
te
rg

ra
nu

la
r C

or
ro

sio
n

St
re

ss
 C

or
ro

sio
n

Hig
h 
Cy

cle
 F
at

ig
ue

Th
er

m
al
 S

ho
ck

Fr
et
tin

g 
Fa

tig
ue

Gal
va

ni
c 
Co

rro
sio

n

Failure Modes

U
n

iq
u

e
 F

a
il
u

re
 M

o
d

e
 O

cc
u

rr
e
n

ce
s

Process
Transportation

Figure 2.4. Distribution of Failure Modes in EFP and EFT for ‘Guide Liquid’ Function.
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Figure 2.5. Distribution of Failure Modes in EFP and EFT for ‘Store Mechanical Energy’
Function.

2.2.2. Causes of Knowledge Base Differences. Consider the failure mode distributions

for ‘export liquid’ shown in Figure 2.2.  When reviewing this function in both the process

and transportation sectors, it can be observed that stress corrosion is the predominant

failure mode in processing equipment, but is rarely seen in transportation components.

This could likely be attributed to a couple of factors:

• One cause could be the differences in liquids that are exported in the

different sectors.

• Another could be due to differences in the design processes of the

components used to populate the respective knowledge bases.

Before a decision can be made to determine whether smaller industry driven

knowledge bases or one large transcendent knowledge base can be used for all new
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designs, we must first determine which is the most likely cause of the differences

between knowledge bases such as EFP and EFT.  To further investigate which is the most

likely cause, the following sections will further discuss these two causes and evaluate

their impact on the EFDM theory.  To eliminate any confusion between the two possible

causes, they will be referred to as ‘environmental differences’ and ‘design differences.’

2.2.2.1. Environmental differences. The discussion of environmental differences

will focus on the example from previous section: the case of the disparate failure mode

distributions for ‘export liquid’ between EFP and E FT.  To further explain, stress

corrosion is defined as a failure mode that occurs when stresses are found in the presence

of a corrosive media.  As, previously noted, stress corrosion is more likely to occur for

‘export liquid’ in processing equipment than transportation equipment.  (Similar

statements can be made for ‘guide liquid’ as seen in Figure 2.4.)  This could be

attributable to the fact that in transportation components (in this study, airplanes,

helicopters, automobiles, etc.) the ‘liquid’ in question is usually gasoline (or other petrol

products), water, and oil.  These liquids could be much less corrosive than those that may

be present in the processing equipment.  Many of the components classified as “process”

hale from the chemical processing industry, and are therefore likely to be ‘exporting’

liquids such as hydrochloric acid and other similarly corrosive agents.

Looking at how this could affect the EFDM from a design standpoint introduces

some interesting situations.  If a designer is working on a new product to export liquid on

a subway train (a transportation device), is it necessary that they investigate stress

corrosion as a likely failure mode?  The designer’s time could be more likely better spent

investigating failure modes that have a tendency to occur on other similar products.  If
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this is indeed the case, and knowledge base sectors differ because of the environments

that they work in, it is proposed that function-failure knowledge bases be directed

towards certain product classifications so that an designer can efficiently parse through

the failure mode distributions to find those that are most likely to occur for their

particular design.  However, if environmental differences are not the cause of knowledge

base differences, this could lead to errors in the design process.

2.2.2.2. Design differences. Let us consider an alternate viewpoint for this

discussion.  It is possible that at some point in history, the transportation industries

conducted a study of the failures that befall many of their products and determined that

stress corrosion was a very likely failure mode.  With this in mind, when designing the

products that populate EFT the designers were fully cognizant of stress corrosion and

successfully designed components to avoid it altogether, thus keeping it out of EFT.

This may sound far-fetched but consider the attention that aircraft designers pay

to the possibility of fatigue failures.  This stringent design attention is likely to reduce the

occurrences of high-cycle fatigue for the function of ‘guide pneumatic energy.’ If only

aircraft components were used to generate a knowledge base known as EFAIRCRAFT, it is

likely that high cycle fatigue would not have a large presence for the function of ‘guide

pneumatic energy’ because of the care that designers give to avoiding it.  However, if a

knowledge base was populated with failure knowledge from vacuum cleaners

(EFVACUUM) it is likely that high-cycle fatigue would be evident for the function of ‘guide

pneumatic energy’ simply because it is unlikely that vacuum cleaner designers approach

the design process with the same strict procedures for avoiding fatigue in their products.
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So how would this affect the design process?  Consider a new designer following

the EFDM procedures by using EFAIRCRAFT to generate a list of likely failure modes for a

component to guide pneumatic energy on a prototype airplane.  The designer would get a

list of failure modes that would not include high-cycle fatigue among the likely modes of

failure.  So, in their design and analysis, the designer would not address fatigue failures

and the resulting design could likely have catastrophic repercussions.  However, if they

had used a knowledge base which included failure information from a wide spectrum of

failed components, such as vacuums, etc…, the designer would have seen high-cycle

fatigue in the list of likely failure modes and addressed this possibility within the design.

2.2.3. Summary of Knowledge Base Differences. In reviewing of the consequences of

relying on either one transcendent knowledge base for all design cases or smaller sector-

oriented knowledge bases for use when designing within that sector, it should be noted

that the consequences of using a singular wide-reaching knowledge base are less than that

of the alternative.  Based on the previous examples, if smaller industry-driven knowledge

bases are used within the EFDM framework, the main advantages are the time-savings

induced by reviewing a smaller, more direct list of failure modes.  However, this is only

fruitful if the distribution of failure modes is driven by environmental causes, because if

the failure mode distribution is driven by differences in the design process between

sectors, the designer is essentially tip-toeing through a minefield by not addressing very

likely failure modes like the aircraft designer missing high-cycle fatigue in the above

example.

Without further research into whether or not failure mode distributions are

influenced by environmental or design differences between sectors, it appears that the
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safest way to implement the EFDM procedures is with the use of a knowledge base that

includes failure knowledge from a wide-range of engineered products that span many

sectors.  This would yield the most thorough failure analysis of new designs and make the

most advances toward being failure-free.  This however could be affected by further

research into what causes the disparate failure mode distributions between different

engineering sectors.

2.3. FUTURE WORK

Looking at this situation even more rigorously yields the idea that it is likely that

such singularly directed knowledge bases would have great differences if they were even

populated within the classifications used here.  Consider if a knowledge base was

populated using failure knowledge from automobiles while another was populated using

knowledge from space shuttles.  Although both of these knowledge bases would fit in the

transportation classification, it is likely that they would be very different.  Cars and

spaces shuttles operate in very different environments and are designed, built and used on

very different scales; not simply in size but also in cost, media exposure, etc…  So, it is

likely that these two function-failure knowledge bases would be very different, but where

does one draw the line?  It is also likely that a knowledge base populated with failure

knowledge from an automobile engine would very greatly from one populated with

failure knowledge from automobile interior upholstery.

This is an interesting area for future work, but it is proposed from experience that

end-user products be used to classify failed components.  By this, it is meant that a failed

door handle on a 1984 Honda Civic be classified into an automobile or transportation

classification, since the end-user product is the vehicle itself, the door-handle is just one

component of the vehicle.  Similarly the electric motor in a household vacuum cleaner
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would be associated with the end-user product of ‘vacuum cleaner,’ not as a “stand-

alone” motor.  It is hard to determine what classifications should be made, but such a

problem will likely iron itself out as more knowledge is archived.  At current, the overall

knowledge base of 112 failed components offers a suitable starting point to continue the

development of one large transcendent knowledge base that could then be parceled into

more directed knowledge bases to continue looking at the differences between sectored

knowledge bases and what causes these differences.
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3. CONCLUSIONS

Consider the case of a large automotive corporation.  Let’s assume that this

corporation has been designing, manufacturing and selling cars for 100 years of the same

general design: front-engine, four-wheeled, passenger cars and trucks, for example.  (We

can all think of a few such companies.)  It can be assumed that in 100 years of

automotive design and manufacturing, this company has developed a very immense

intellectual base of knowledge for use in the auto industry and that this knowledge has

been passed from engineering generation to engineering generation as the decades came

and went.  That is to say, the engineers at the company can, with great skill, design

quality water pumps and gas tanks to meet the needs of the car-buying public.  However,

what happens to all of this evolutionary knowledge when the company shifts its focus and

begins to design and manufacture fuel-cell powered vehicles or hybrid gas-electric

powered vehicles.

The Elemental Function-Failure Design Method (EFDM) and the underlying

theory proposed here allows for this knowledge transfer in matrix form, and moreover

allows the knowledge of potential failure modes based on historical data or experience to

be applied in new areas.  More succinctly, it allows the knowledge gained during 100

years of making gasoline-powered vehicles to be applied in new areas without such a

breadth of experience.  Somewhere in a fuel-cell powered vehicle there is a component

(or group of components) that is converting some potential energy to rotational energy at

the wheels and it is likely that this function has been used on some other vehicle over the

past 100 years.  If this is indeed the case, and failure knowledge for that component was

archived in a usable manner, then the EFDM allows designers to use that knowledge to
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their advantage when designing this new component.  If this type of knowledge archiving

is in place and used, this would allow such a corporation to always possess applicable

historical experience even when wading into uncharted water, such as fuel cell powered

vehicles.

3.1. SUMMARY

This thesis presents the EFDM as a method for increasing the impact of failure

analysis on the design process by conducting this analysis as early in the design process

as possible and then using the knowledge of likely failure modes to guide designers

towards a failure-free design while minimizing the reliance on time-consuming and

costly redesigns.  The procedures for using the EFDM are presented here and are shown

to address some of the observed shortcomings of current design failure analysis practices

such as FMEA.  In addition, the process of populating knowledge bases which link

component function to likely failure modes is presented and examined to determine the

best methods for integrating this historical knowledge into the design process.

The EFDM is shown to be an applicable failure analysis method for both new

designs and redesign cases.  It conducts very similar, if not more thorough, failure

analysis as FMEA, but has the ability to perform this analysis much earlier in the overall

design process than is possible when using classical FMEA practices.

When populating knowledge bases for use within the EFDM framework, the

failure mode vocabulary of Tumer et al. (2003) and the functional basis (Hirtz et al.,

2002) are shown to accurately and completely describe the functionality and modes of

failure for many components.  The functional basis and the failure mode vocabulary form

a quality foundation for this work and assure that the knowledge bases will not become

ambiguous or grow to overly large dimensionality as time passes.
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Several different knowledge base population and segmentation methods are

investigated in this thesis.  This thesis has shown that populating knowledge bases with

detailed component functionality leads to suitable knowledge bases for use in both new

design and redesign cases.  The question of knowledge base segmentation remains

unanswered though.  It remains to be seen whether segmenting large transcendent

knowledge bases into smaller technology-driven knowledge bases will lead to better

failure analysis but the groundwork for future research in this area is introduced in

Section 2.

3.2. FUTURE WORK

The generation of new knowledge bases and the augmentation of existing

knowledge bases is an unending procedure and must be continued in order to keep the

EFDM relevant to new design problems.  To that end, new failed components must be

sought out, investigated and entered into the knowledge bases whenever possible.  To

arrive at a truly wide-reaching and applicable method of failure analysis knowledge bases

must be expanded to cover more electronic and computer-based products.  Before this

can occur, however, the failure mode vocabulary must be expanded to better fit these

technologies.

More research in the area of knowledge base segmentation could also lead to

failure analysis methods that are better suited for certain industries while retaining their

ability to be applied across many technological borders.  Before this can be accomplished

though, guidelines for segmenting a large knowledge base must be researched and

developed.
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Another area for future work lies in the archiving more knowledge from failed

products in similar matrix form.  While conducting the experiment in Section 2, it was

attempted to more closely mimic the knowledge capture aspects of FMEA by archiving

failure cause in addition to failure mode.  For each of the 112 failed components

investigated in this experiment a cause for the failure mode of each was also archived and

computed into a function-cause matrix which is similar to the function-failure matrix, or

knowledge base.  The analogous procedure of computation replaced the component-

failure matrix with a component-failure cause matrix and post-multiplied it with the

function-component matrix to arrive at a knowledge base which links functionality to the

likely causes for failure.

The causes used in this procedure were a list of causes harvested from the

investigation of the 115 case studies.  The terms in the list can be seen in Table 3.1.

These terms are meant to cover all the failure case studies in this experiment and are not

intended to be an exhaustive compilation, simply a starting point.  The completed

function-failure cause matrix can be seen in Appendix D.  Figure 3.1 shows the general

trend of failure mode causes for a few of the functions within the matrix.  It can be seen

that the shape of the distribution of failure cause percentages are similar for the three

functions shown, however, some small differences do exist.  For example, it can be seen

that problems with materials selection are more likely to occur for ‘export gas’ than for

‘store mechanical energy’ or ‘export solid.’

It is hypothesized that this knowledge concerning failure mode causes can be used

to predict what will cause likely failure modes predicted using the EF knowledge base.
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However, research in this area is at its earliest stage and needs to be further explored

before it can be implemented into the EFDM framework.

Table 3.1. Failure Mode Causes.

Assembly Design-Improper Analysis Design-Material Selection

Maintenance Manufacturing Material Defect

Shipping and Handling User Abuse – Environment User Abuse – Excessive
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APPENDIX A.

EF KNOWLEDGE BASE CONTAINING 112 FAILED COMPONENTS



86

The following pages provide the function-failure knowledge base for the 112

failed components discussed in Section 4.  This knowledge base is further broken down

into EFTRANSPORTATION and EFPROCESS in Appendices B and C, respectively.

Table A.1. Function-Failure Knowledge Base for 112 Failed Components.
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Change Gas 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Change Hydraulic Energy 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Change Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Change Rotational Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Collect Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Contain Liq 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Contain Solid 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Convert Electrical Energy to Electromagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Convert Electrical Energy to Optical Energy 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Convert Gas to Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
Convert Hydraulic Energy to Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Convert Liquid to Gas 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Convert Liquid to Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Convert Mechanical Energy to Translational Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Convert Pneumatic Energy to Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
Convert Pneumatic Energy to Rotational Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0
Convert Rotational Energy to Hydraulic Energy 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0
Convert Rotational Energy to Mechanical Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Convert Rotational Energy to Pneumatic Energy 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 1
Convert Rotational Energy to Translational Energy 0 0 2 0 0 1 0 0 1 0 0 0 0 0 1 2 5 0 0 1 1 0 1 0 0 0 1
Convert Solar Energy to Status Signal 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Convert Translational Energy to Mechanical Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Convert Translational Energy to Rotational Energy 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Couple Solid 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 1 4 0 0 1 1 0 1 0 0 0 1
Distribute Electromagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Distribute Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Distribute Liquid 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 0
Distribute Mechanical Energy 0 0 2 0 0 0 0 0 0 0 1 0 0 0 1 3 1 1 0 1 1 0 1 0 0 0 1
Distribute Solar Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Distribute Thermal Energy 0 0 3 0 2 2 0 0 2 1 0 0 1 0 0 5 1 1 2 1 2 1 5 0 0 2 2
Export Electomagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Export Electrical Energy 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0
Export Gas 0 0 0 0 2 2 1 0 1 0 0 1 0 0 0 2 0 0 2 2 2 0 6 0 0 1 0
Export Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0
Export Hydraulic Energy 0 1 3 2 0 0 1 0 2 1 0 2 0 0 0 2 1 0 2 0 2 0 4 0 0 1 1
Export Liquid 0 2 6 1 0 0 2 1 3 1 0 1 1 0 1 8 1 1 3 1 2 2 8 0 0 1 2
Export Liquid-Liquid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Export Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Export Mechanical Energy 0 0 7 0 0 2 0 0 0 1 1 0 0 0 3 9 8 2 1 5 2 1 6 0 0 0 3
Export Optical Energy 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Export Pneumatic Energy 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 2 0 0 1 2 0 0 4 0 0 2 2
Export Rotational Energy 1 0 3 0 0 0 1 1 0 0 1 0 0 1 0 3 1 1 0 1 0 1 0 1 0 1 0
Export Solid 1 2 14 1 1 3 5 1 5 3 1 1 0 1 3 14 7 2 4 7 4 1 11 1 1 2 3
Export Status Signal 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Export Thermal Energy 0 0 3 0 1 3 0 0 3 1 0 2 1 0 0 4 2 1 4 2 2 1 8 0 0 3 1
Export Translational Energy 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Guide Electrical Energy 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0
Guide Gas 0 0 0 0 1 2 1 0 1 0 0 1 0 0 0 2 0 0 1 1 2 0 5 0 0 1 0
Guide Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0
Guide Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Guide Hydraulic Energy 0 0 0 2 0 0 0 0 0 0 0 1 0 0 0 2 1 0 2 0 1 0 3 0 0 0 1
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Table A.1. Function-Failure Knowledge Base for 112 Failed Components (cont.).
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Guide Liquid 0 1 3 1 1 0 1 0 0 1 0 1 1 0 1 6 1 0 4 1 1 1 7 0 0 1 2
Guide Liquid-Liquid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Guide Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Guide Mechanical Energy 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 2 3 0 1 2 0 1 3 0 0 0 2
Guide Pneumatic Energy 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 1 1 1 0 4 0 0 2 2
Guide Rotational Energy 0 0 1 0 0 1 0 1 1 0 1 0 0 1 1 1 1 0 0 0 0 1 1 1 0 0 0
Guide Solid 1 0 0 0 0 1 0 1 1 0 1 0 0 1 0 2 0 1 0 0 0 0 1 0 0 0 0
Guide Thermal Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0
Guide Translational Energy 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Import Electrical Energy 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0
Import Gas 0 0 0 0 1 2 1 0 1 0 0 1 0 0 0 2 1 0 2 2 2 0 6 0 0 1 0
Import Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0
Import Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Import Hydraulic Energy 0 1 4 1 0 0 1 0 2 1 0 2 0 0 0 1 1 0 3 0 1 0 3 0 0 1 1
Import Liquid 0 2 9 1 1 0 4 1 4 1 0 1 0 0 2 9 6 1 4 3 3 2 9 0 0 1 3
Import Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Import Mechanical Energy 0 0 4 0 0 2 0 0 0 1 1 0 0 0 2 8 3 2 1 3 1 1 5 0 0 0 2
Import Pneumatic Energy 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 5 0 0 2 0
Import Rotational Energy 0 0 6 1 0 1 2 1 1 0 1 0 0 1 2 8 6 1 0 1 1 0 3 1 0 0 2
Import Solar Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Import Solid 1 2 15 1 1 4 5 1 5 3 1 2 0 1 3 15 9 2 5 8 5 2 17 1 1 3 4
Import Thermal Energy 0 0 2 0 2 3 0 0 3 0 0 2 0 0 0 4 2 1 4 1 2 1 7 0 0 3 0
Import Translational Energy 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0
Inhibit Liquid 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 1 0 0 0 0
Inhibit Thermal Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0
Join Solid 1 2 14 1 1 3 5 1 3 3 0 2 0 1 2 14 8 2 4 8 4 1 11 1 1 2 4
Link Solid 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 2 1 0 0 0 0 0 1 0 0 0 0
Mix Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Position Liquid 0 0 0 0 0 2 1 0 0 1 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0
Position Solid 1 2 15 1 1 2 5 1 4 2 1 2 0 1 3 15 8 2 5 7 5 1 15 1 1 3 4
Regulate Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Regulate Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Remove Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0
Secure Solid 1 2 14 1 1 3 5 1 3 2 1 2 0 1 2 13 8 2 5 8 5 2 14 1 1 3 4
Separate Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Separate Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Separate Liquid-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Shape Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Shape Solid 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Stabilize Mechanical Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0
Stop Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Stop Hydraulic Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0
Stop Liquid 0 0 2 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 2 0 0 1 3 0 0 0 0
Stop Pneumatic Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stop Solid 0 0 2 0 0 0 0 0 0 0 0 0 1 0 1 1 4 0 0 1 1 0 2 0 0 0 1
Store Gas 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 0
Store Hydraulic Energy 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Store Liquid 0 1 2 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Store Mechanical Energy 0 0 3 0 0 0 0 0 0 0 0 0 0 0 1 2 5 0 0 3 1 0 2 0 0 0 1
Store Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0
Store Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Supply Gas 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0
Supply Hydraulic Energy 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Supply Liquid 0 1 2 0 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Supply Mechanical Energy 0 0 3 0 0 0 0 0 0 0 0 0 0 0 1 2 5 0 0 3 1 0 2 0 0 0 1
Supply Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0
Supply Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Transfer Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Transmit Electrical Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Transmit Hydraulic Energy 0 1 2 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0
Transmit Mechanical Energy 0 0 2 0 0 1 0 0 0 1 0 0 0 0 2 6 3 2 0 2 1 1 4 0 0 0 2
Transmit Rotational Energy 1 0 2 0 0 0 1 1 0 0 0 0 0 1 0 2 0 1 0 1 0 0 0 1 0 1 0
Transmit Thermal Energy 0 0 3 0 2 3 0 1 3 0 0 2 1 0 0 3 1 0 3 2 2 1 8 0 0 3 2
Transport Solid 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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APPENDIX B.

EFPROCESS KNOWLEDGE BASE
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The following pages contain the function-failure knowledge base EFPROCESS

which contains failure knowledge from failed components from the processing sector as

per the process described in Section 4.2.

Table B.1. EFPROCESS.
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Change Gas 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Change Hydraulic Energy 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0
Collect Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Contain Liq 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0
Contain Solid 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0
Convert Electrical Energy to Electromagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Convert Gas to Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0
Convert Liquid to Gas 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Convert Liquid to Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Convert Pneumatic Energy to Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0
Convert Pneumatic Energy to Rotational Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Convert Rotational Energy to Hydraulic Energy 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
Convert Rotational Energy to Mechanical Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Convert Rotational Energy to Pneumatic Energy 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1
Convert Rotational Energy to Translational Energy 0 0 2 0 0 1 0 0 1 0 0 0 1 2 4 0 1 0 0 0 0 0
Convert Translational Energy to Rotational Energy 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Couple Solid 0 0 2 0 0 0 0 0 0 0 0 0 1 1 3 0 1 0 0 0 0 0
Distribute Electromagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Distribute Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Distribute Liquid 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0
Distribute Mechanical Energy 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0
Distribute Thermal Energy 0 0 1 0 2 2 0 0 2 0 0 0 0 2 1 0 0 2 1 5 2 1
Export Electomagnetic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Export Gas 0 0 0 0 2 2 1 0 1 0 0 1 0 1 0 1 1 2 0 5 1 0
Export Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0
Export Hydraulic Energy 0 1 3 2 0 0 1 0 2 1 0 2 0 2 1 2 0 2 0 4 1 0
Export Liquid 0 1 4 1 0 0 1 1 3 1 0 1 0 3 1 2 0 2 1 7 1 1
Export Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Export Mechanical Energy 0 0 5 0 0 1 0 0 0 1 1 0 1 4 4 1 1 1 0 2 0 0
Export Pneumatic Energy 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 4 2 1
Export Rotational Energy 1 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0
Export Solid 1 1 8 1 1 3 3 1 5 2 1 1 1 6 4 3 2 3 0 7 2 1
Export Status Signal 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Export Thermal Energy 0 0 2 0 1 3 0 0 3 0 0 2 0 1 2 2 1 2 1 7 3 0
Export Translational Energy 0 0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0
Guide Electrical Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Guide Gas 0 0 0 0 1 2 1 0 1 0 0 1 0 1 0 1 0 2 0 4 1 0
Guide Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0
Guide Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Guide Hydraulic Energy 0 0 0 2 0 0 0 0 0 0 0 1 0 2 1 1 0 1 0 3 0 0
Guide Liquid 0 1 2 1 1 0 0 0 0 1 0 1 0 3 1 2 1 1 1 6 1 1
Guide Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Guide Mechanical Energy 0 0 0 0 0 1 0 0 0 0 0 0 0 2 0 1 0 0 0 1 0 0
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Table B.1. EFPROCESS (cont.).

Function/Failure
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Guide Pneumatic Energy 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 1 0 4 2 1
Guide Rotational Energy 0 0 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Guide Solid 1 0 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Guide Thermal Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0
Guide Translational Energy 0 0 0 0 0 1 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0
Import Electrical Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Import Gas 0 0 0 0 1 2 1 0 1 0 0 1 0 1 1 2 1 2 0 5 1 0
Import Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0
Import Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Import Hydraulic Energy 0 1 4 1 0 0 1 0 2 1 0 2 0 1 1 2 0 1 0 3 1 0
Import Liquid 0 1 7 1 1 0 2 1 4 1 0 1 1 4 5 2 2 2 1 7 1 1
Import Liquid-Solid Mixture 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Import Mechanical Energy 0 0 2 0 0 1 0 0 0 1 1 0 0 3 0 1 0 1 0 2 0 0
Import Pneumatic Energy 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 5 2 0
Import Rotational Energy 0 0 4 1 0 1 1 1 1 0 1 0 1 4 4 0 1 0 0 1 0 1
Import Solid 1 1 8 1 1 3 3 1 5 2 1 2 1 7 5 4 2 4 1 13 3 1
Import Thermal Energy 0 0 2 0 2 3 0 0 3 0 0 2 0 1 2 2 0 2 1 6 3 0
Import Translational Energy 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Inhibit Liquid 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Inhibit Thermal Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0
Join Solid 1 1 8 1 1 2 3 1 3 2 0 2 1 7 5 3 2 3 0 8 2 1
Link Solid 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Position Liquid 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Position Solid 1 1 8 1 1 2 3 1 4 1 1 2 1 7 5 4 2 4 1 11 3 1
Regulate Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Regulate Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Secure Solid 1 1 8 1 1 2 3 1 3 1 1 2 1 6 5 4 2 4 1 12 3 1
Separate Gas-Gas Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Separate Gas-Solid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Shape Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Shape Solid 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Stop Gas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Stop Hydraulic Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
Stop Liquid 0 0 2 0 0 0 1 0 1 0 0 0 0 0 1 2 0 0 1 3 0 0
Stop Pneumatic Energy 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stop Solid 0 0 2 0 0 0 0 0 0 0 0 0 1 1 3 0 1 0 0 1 0 0
Store Gas 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
Store Hydraulic Energy 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0
Store Liquid 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0
Store Mechanical Energy 0 0 3 0 0 0 0 0 0 0 0 0 1 1 4 0 1 0 0 0 0 0
Store Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Store Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Supply Gas 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
Supply Hydraulic Energy 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0
Supply Liquid 0 0 1 0 0 0 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0
Supply Mechanical Energy 0 0 3 0 0 0 0 0 0 0 0 0 1 1 4 0 1 0 0 0 0 0
Supply Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Supply Solid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Transmit Hydraulic Energy 0 1 2 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 1 1 0
Transmit Mechanical Energy 0 0 1 0 0 0 0 0 0 1 0 0 0 2 0 0 0 1 0 2 0 0
Transmit Rotational Energy 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Transmit Thermal Energy 0 0 2 0 2 3 0 1 3 0 0 2 0 1 1 1 1 2 1 7 3 1
Transport Solid 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
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The following pages contain the function-failure knowledge base

EFTRANSPORTATION which contains failure knowledge from failed components from the

transportation sector as per the process described in Section 4.2.

Table C.1. EFTRANSPORTATION.

Function/Failure
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Change Gas 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Change Liquid 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Change Rotational Energy 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0
Convert Electrical Energy to Optical Energy 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Convert Hydraulic Energy to Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Convert Liquid to Gas 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Convert Pneumatic Energy to Rotational Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Convert Rotational Energy to Pneumatic Energy 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Convert Rotational Energy to Translational Energy 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Convert Translational Energy to Mechanical Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Convert Translational Energy to Rotational Energy 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Couple Solid 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Distribute Liquid 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Distribute Mechanical Energy 0 1 0 0 0 0 1 3 0 0 0 1 1 0 1
Distribute Thermal Energy 0 1 0 1 1 0 0 3 0 1 1 1 0 0 1
Export Electrical Energy 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0
Export Gas 0 0 0 0 0 0 0 1 0 0 1 1 1 0 0
Export Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Export Liquid 1 1 0 0 1 0 1 5 0 1 0 1 1 0 1
Export Liquid-Liquid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Export Mechanical Energy 0 1 0 0 0 0 2 4 1 1 0 4 4 0 1
Export Optical Energy 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Export Pneumatic Energy 0 0 0 0 0 0 0 1 0 0 1 2 0 0 1
Export Rotational Energy 0 1 1 0 0 1 0 2 1 1 0 1 0 1 0
Export Solid 1 3 1 1 0 1 2 7 1 1 0 5 4 1 1
Export Thermal Energy 0 1 0 1 1 0 0 3 0 1 1 1 1 0 1
Guide Electrical Energy 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0
Guide Gas 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0
Guide Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1
Guide Liquid 0 0 0 0 1 0 1 3 0 0 1 0 1 0 1
Guide Liquid-Liquid Mixture 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Guide Mechanical Energy 0 0 0 0 0 0 1 0 1 0 0 2 2 0 1
Guide Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1
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Table C.1. EFTRANSPORTATION (cont.).

Function/Failure
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Guide Rotational Energy 0 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Guide Solid 0 0 0 0 0 1 0 2 0 0 0 0 1 0 0
Guide Thermal Energy 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Import Electrical Energy 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0
Import Gas 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0
Import Hydraulic Energy 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1
Import Liquid 1 1 1 0 0 0 1 5 0 1 1 1 2 0 1
Import Liquid-Solid Mixture 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Import Mechanical Energy 0 1 0 0 0 0 2 4 1 1 0 3 3 0 1
Import Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0
Import Rotational Energy 0 0 1 0 0 1 1 3 1 1 0 0 2 1 0
Import Solid 1 3 1 1 0 1 2 7 1 1 0 6 4 1 1
Import Thermal Energy 0 0 0 0 0 0 0 3 0 1 1 1 1 0 0
Import Translational Energy 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0
Inhibit Liquid 1 0 1 0 0 0 0 1 0 0 0 1 0 0 0
Join Solid 1 2 1 1 0 1 1 6 0 1 0 6 3 1 1
Link Solid 0 1 0 0 0 0 1 1 1 0 0 0 1 0 0
Mix Liquid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Position Solid 1 3 1 1 0 1 2 7 1 1 0 6 4 1 1
Secure Solid 1 2 1 1 0 1 1 6 0 1 0 6 2 1 1
Separate Liquid-Solid Mixture 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Stabilize Mechanical Energy 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
Stop Solid 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0
Store Gas 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Store Liquid 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Store Mechanical Energy 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0
Store Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Supply Liquid 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Supply Mechanical Energy 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0
Supply Pneumatic Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Transfer Liquid 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0
Transmit Electrical Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Transmit Mechanical Energy 0 0 0 0 0 0 2 4 1 1 0 2 2 0 1
Transmit Rotational Energy 0 0 1 0 0 1 0 1 0 1 0 1 0 1 0
Transmit Thermal Energy 0 0 0 0 1 0 0 2 0 0 1 1 1 0 1
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The following pages provide the function-cause knowledge base for the 112 failed

components discussed in Section 4.  This knowledge base was populated by following the

process that is briefly explained in Section 5.2.

Table D.1. Function-Cause Knowledge Base for 112 Failed Components.

Function/Cause
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Change Gas 0 0 1 1 0 0 0 0 0
Change Hydraulic Energy 0 0 0 0 1 0 0 1 0
Change Liquid 0 0 0 1 0 0 0 0 0
Change Rotational Energy 0 0 0 0 2 0 0 0 0
Collect Gas 0 0 0 1 0 0 0 0 0
Contain Liq 0 0 0 0 2 0 0 0 0
Contain Solid 0 0 0 0 2 0 0 0 0
Convert Electrical Energy to Electromagnetic Energy 0 0 1 0 0 0 0 0 0
Convert Electrical Energy to Optical Energy 0 0 0 0 0 0 0 0 1
Convert Gas to Liquid 1 0 0 0 0 0 1 1 0
Convert Hydraulic Energy to Pneumatic Energy 0 0 0 0 1 0 0 0 0
Convert Liquid to Gas 0 0 0 0 2 0 0 0 0
Convert Liquid to Solid 0 0 0 0 1 0 0 0 0
Convert Mechanical Energy to Translational Energy 0 0 0 0 1 0 0 0 0
Convert Pneumatic Energy to Hydraulic Energy 1 0 0 0 0 0 1 1 0
Convert Pneumatic Energy to Rotational Energy 0 1 0 0 0 0 0 1 0
Convert Rotational Energy to Hydraulic Energy 0 0 1 0 0 0 0 0 0
Convert Rotational Energy to Mechanical Energy 0 0 0 0 0 0 0 0 1
Convert Rotational Energy to Pneumatic Energy 0 0 1 2 2 0 0 0 0
Convert Rotational Energy to Translational Energy 0 0 3 4 5 0 0 3 1
Convert Solar Energy to Status Signal 0 0 0 0 0 1 0 0 0
Convert Translational Energy to Mechanical Energy 1 0 0 0 0 0 0 0 0
Convert Translational Energy to Rotational Energy 0 0 0 1 2 0 0 0 0
Couple Solid 0 0 2 3 3 0 0 2 1
Distribute Electromagnetic Energy 0 0 1 0 0 0 0 0 0
Distribute Gas-Gas Mixture 0 0 0 0 1 0 0 0 0
Distribute Liquid 1 1 0 0 2 0 0 0 0
Distribute Mechanical Energy 1 2 2 2 3 0 0 2 2
Distribute Solar Energy 0 0 0 0 0 1 0 0 0
Distribute Thermal Energy 1 6 5 3 8 0 1 7 3
Export Electomagnetic Energy 0 0 1 0 0 0 0 0 0
Export Electrical Energy 2 0 0 0 1 0 0 0 1
Export Gas 0 3 6 3 5 0 0 4 0
Export Gas-Gas Mixture 0 0 0 0 1 0 0 1 0
Export Hydraulic Energy 2 0 5 1 7 1 2 5 0
Export Liquid 4 4 9 5 18 1 2 4 2
Export Liquid-Liquid Mixture 0 0 0 0 0 0 0 1 0
Export Liquid-Solid Mixture 0 0 0 0 0 0 0 1 0
Export Mechanical Energy 3 5 7 4 18 2 1 9 5
Export Optical Energy 0 0 0 0 0 0 0 0 1
Export Pneumatic Energy 0 3 3 3 3 0 0 4 0
Export Rotational Energy 2 3 0 2 7 0 0 3 1
Export Solid 5 10 14 13 34 2 1 12 6
Export Status Signal 0 0 0 0 0 1 0 1 0
Export Thermal Energy 1 6 8 1 13 0 1 9 3
Export Translational Energy 0 0 1 1 2 0 0 1 0
Guide Electrical Energy 2 0 1 0 1 0 0 0 1
Guide Gas 1 2 5 1 3 0 1 5 0
Guide Gas-Gas Mixture 0 0 0 1 0 0 0 1 0
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Table D.1. Function-Cause Knowledge Base for 112 Failed Components (cont.).

Function/Cause
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Guide Gas-Solid Mixture 0 0 1 0 0 0 0 0 0
Guide Hydraulic Energy 2 0 1 0 2 1 2 4 0
Guide Liquid 3 4 7 4 12 1 2 4 0
Guide Liquid-Liquid Mixture 0 0 0 0 0 0 0 1 0
Guide Liquid-Solid Mixture 0 0 0 0 0 0 0 1 0
Guide Mechanical Energy 2 1 1 0 7 2 1 2 0
Guide Pneumatic Energy 1 2 3 1 3 0 1 5 0
Guide Rotational Energy 2 1 2 0 4 0 0 3 0
Guide Solid 1 0 2 2 3 0 0 2 0
Guide Thermal Energy 0 0 0 0 1 0 0 2 0
Guide Translational Energy 0 0 1 1 2 0 0 1 0
Import Electrical Energy 2 0 1 0 1 0 0 0 1
Import Gas 1 3 5 2 4 0 1 6 0
Import Gas-Gas Mixture 0 0 0 1 1 0 0 1 0
Import Gas-Solid Mixture 0 0 1 0 0 0 0 0 0
Import Hydraulic Energy 1 0 4 1 9 1 1 4 1
Import Liquid 4 3 11 8 26 1 2 8 4
Import Liquid-Solid Mixture 0 1 0 0 0 0 0 1 0
Import Mechanical Energy 2 5 5 1 14 2 1 7 3
Import Pneumatic Energy 1 3 3 1 1 0 1 4 0
Import Rotational Energy 2 2 6 7 12 0 0 5 3
Import Solar Energy 0 0 0 0 0 1 0 0 0
Import Solid 7 10 19 14 37 4 2 17 6
Import Thermal Energy 1 4 8 2 12 0 1 8 2
Import Translational Energy 1 0 0 1 2 0 0 0 0
Inhibit Liquid 0 3 1 1 3 0 0 0 0
Inhibit Thermal Energy 0 1 0 0 1 0 0 1 0
Join Solid 6 9 13 13 31 4 1 14 6
Link Solid 0 1 1 1 4 0 0 0 1
Mix Liquid 0 0 0 0 0 0 0 1 0
Position Liquid 1 1 0 0 2 0 0 2 1
Position Solid 6 9 19 14 33 4 2 15 5
Regulate Hydraulic Energy 0 0 0 0 0 1 0 0 0
Regulate Liquid 0 0 0 0 0 1 0 0 0
Remove Solid 0 0 0 1 0 0 0 1 0
Secure Solid 7 9 17 13 30 4 2 16 5
Separate Gas-Gas Mixture 0 0 0 1 0 0 0 0 0
Separate Gas-Solid Mixture 0 0 1 0 0 0 0 0 0
Separate Liquid-Solid Mixture 0 1 0 0 0 0 0 0 0
Shape Liquid 0 0 0 0 1 0 0 0 0
Shape Solid 0 0 0 1 2 0 0 0 0
Stabilize Mechanical Energy 0 0 1 1 0 0 0 0 0
Stop Gas 0 0 0 0 0 0 0 1 0
Stop Hydraulic Energy 0 0 0 0 1 1 0 0 1
Stop Liquid 0 1 3 0 4 1 0 2 1
Stop Pneumatic Energy 0 0 1 0 1 0 0 0 0
Stop Solid 0 1 2 3 3 0 0 3 1
Store Gas 0 1 0 2 1 0 0 0 0
Store Hydraulic Energy 0 0 1 0 2 0 0 0 0
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Table D.1. Function-Cause Knowledge Base for 112 Failed Components (cont.).

Function/Cause
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Store Liquid 0 0 1 1 2 0 0 0 1
Store Mechanical Energy 1 1 3 3 7 0 0 3 1
Store Pneumatic Energy 0 1 0 1 0 0 0 0 0
Store Solid 0 0 1 0 0 0 0 0 0
Supply Gas 0 1 0 1 1 0 0 0 0
Supply Hydraulic Energy 0 0 1 0 2 0 0 0 0
Supply Liquid 0 0 1 1 2 0 0 0 1
Supply Mechanical Energy 1 1 3 3 7 0 0 3 1
Supply Pneumatic Energy 0 1 0 1 0 0 0 0 0
Supply Solid 0 0 1 0 0 0 0 0 0
Transfer Liquid 0 0 0 0 1 0 0 0 1
Transmit Electrical Energy 1 0 0 0 0 0 0 0 0
Transmit Hydraulic Energy 0 0 3 1 4 0 0 1 0
Transmit Mechanical Energy 1 4 4 1 10 2 0 5 2
Transmit Rotational Energy 2 3 0 2 3 0 0 2 1
Transmit Thermal Energy 2 5 7 3 13 0 1 8 1
Transport Solid 0 0 1 0 0 0 0 1 0



99

BIBLIOGRAPHY

American Society for Metals (1979), Case Histories in Failure Analysis, American
Society for Metals, Metals Park, OH.

American Society for Metals (1992), Handbook of Case Histories in Failure Analysis,
Volume 1, American Society for Metals, Metals Park, OH.

Hirtz, J., Stone, R., McAdams, D., Szykman, S. and Wood, K. (2002), “A Functional
Basis for Engineering Design: Reconciling and Evolving Previous Efforts,” Research in
Engineering Design, 13(2): 65-82.

Hutchings, F.R. and Unterweiser, P.M. (1981), Failure Analysis: the British Engine
Technical Reports, American Society for Metals, Metals Park, OH.

Newman, J.S. and Wander, S.M. (2002), “The Knowledge Path to Mission Success:
Overview of the NASA PBMA-KMS,” Proceedings of the 2002 Reliability and
Maintainability Symposium.

Tumer, I. Y., Stone, R. B. and Bell, D. G. (2003) “Requirements for a Failure Mode
Taxonomy for use in Conceptual Design,” Proceedings of the 2003 International
Conference on Engineering Design, ICED03-1612, Stockholm, Sweden.

Verma, M. and Wood, W.H. (2003), “Functional Modeling: Toward a Common
Language for Design and Reverse Engineering,” Proceedings of the 2003 ASME Design
Engineering Technical Conferences, Design Theory and Methodology Conference,
DETC2003/DTM-48660, Chicago, IL.



100

VITA

Michael Eugene Stock, Jr. was born on January 24, 1979 in Belleville, Illinois.

The son of Karoline and Mike Sr. was raised in Belleville and graduated from Althoff

Catholic High School in 1997.  Stock then enrolled at the University of Missouri-Rolla

and completed his B.S. in Mechanical Engineering in May, 2002, graduating Magna Cum

Laude honors.  Choosing to further his education, he remained at the University of

Missouri-Rolla and received his M.S. degree in Mechanical Engineering in December,

2003.


