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ABSTRACT

Global competition, increased products variety, shorter time-to-market, and higher
quality impose an increased complexity to the manufacturing systems. Assembly is a
stage in the production system that has a significant portion of the total cost as well as a
high impact on the final product quality. Therefore, recognition and management of

complexity in assembly will result in cost efficiency in manufacturing systems.

This thesis aims at modeling the assembly complexity in physical and functional
domains. A matrix-based model is proposed to capture the effect of product and process-
related elements on complexity in the physical domain. A novel notion, i.e. Reduced
Combinatorial Complexity (RCC) is introduced, which deploys the entropy theory to

measure complexity in the functional domain.

The proposed models have been applied on different case studies. The results show
that applying the Design For Assembly (DFA) method on products will result in
reduction of the assembly complexity. In addition, RCC confirms that dividing assembly
into subassemblies will lead to significant reduction in complexity. Furthermore, it can be
used as a tool to compare different subassemblies and their effect on reducing the

assembly total complexity.



DEDICATION

To my parents and Ehsan for their support and patience.

vi



ACKNOWLEGMENTS

I would like to express my deep appreciation to my supervisor, Dr. Waguih
ElMaraghy, for his invaluable direction and support throughout this work. My Master
thesis could not have been accomplished without his academic guidance and insight. I
would also like to thank my committee members, Dr. F. Rieger and Dr. G. Zhang for
their helpful and critical comments and suggestions. In addition, I extend my sincere
appreciation to Dr. Hoda ElMaraghy, for her attention and invaluable comments, which

helped me in improving this thesis.

I would like to thank the secretaries of the Industrial and Manufacturing Systems
Engineering Department, Ms. Jacquie Mummery and Ms. Brenda Schreiber, for their
friendly assistance and emotional support through my whole study at the University of
Windsor. In addition, I would like to thank the research administrative assistant of the
Intelligent Manufacturing Systems (IMS) centre, Ms. Zaina Batal, and my colleagues in
the IMS center for their support and encouragement. Furthermore, I would like to thank
Mr. Ram Barakat, technician of the Industrial and Manufacturing Systems Engineering

Department, for his assistance and support.

At the end, I would like to express my sincere appreciation to Ehsan, who has

supported and encouraged me to fulfill my master degree.

vii



TABLE OF CONTENTS

DECLARATION OF CO-AUTHORSHIP/ PREVIOUS PUBLICATIONS iii
ABSTRACT v
DEDICATION vi
ACKNOWLEDGMENTS vii
LIST OF TABLES xi
LIST OF FIGURES xii
LIST OF APPENDICES 4%
LIST OF ABBREVIATIONS xvi
1. Chapter1 Thesis Overview 1
L1, INEPOAUCLION. ...ttt sttt sttt et 1

1.2. Motivation of the Study ........ccccevmrriirieiiirceecere e 2
1.3. Objectives and Approach.........cccevecvniiniiiniiiiiinciciinci et 3

2. Chapter 2 Literature Review: Assembly Systems 5
2.1. Assembly in Manufacturing.........co.coeevereererieeiesienecrenreenee e s seseseeneas 5
2.2. Assembly Sequence Analysis ........cccoviiiiiiiiiiiiniiniiciirer e 8
2.3. Design For Assembly (DFA) ..o 14

3. Chapter 3 Literature Review: Complexity 17
3.1. Complexity Background............coooieevinininiiniieicceeineeneceeeenree st 17
3.2. Different Approaches to COmMPIEXitY.......cc.eeveeverrrierenriererenteceneneee e 18
3.2.1. Information Theory/ Entropy Approach.........c.ccccecevverieennnerncesienrenennenn 18

3.2.2. Axiomatic Design Approach.........ccceceeevvierveerieerieesesnrnnesiereeseeseesees e 19
3.2.2.1. Definition of Complexity in Axiomatic Design Approach........ 19

3.2.2.2. Classification of Complexity in Axiomatic Design Approach.. 21

. Chapter 4 Literature Review: Complexity Metrics 23

4.1. Information Theory/ Entropy/ Axiomatic Design.........cceeceevverneenienennenneennenn 23

viii



7.

4.2. Heuristic CompleXity MetriCs ......coovciminininniimiinininemisim e 25

Chapter 5 Literature Review: Complexity Metrics

for Manufacturing assembly 34
Chapter 6 Proposed Model: Complexity Metrics

for Manufacturing Assembly 45
6.1. Problem Statement.......cooeiveeeeiiieniniininnieienecenire e et sae e e 45
6.2. AsSEMbly COMPIEXILY...ocvrvrerireiireriiiniisininenisineenesnesesseesenesesessssesessesssnesessessonne 49
6.2.1. Component COUPIING .....coceeririirrerieriiiiinieiineseseereesres e ssesseensesseressessenns 50
6.3. Primary Proposed Model ........c.cooviiiiriiniinieciiicecce et 51
6.3.1. Effort Measurement..........cccvrureeeirmeninieniesereesessneesssseessaeseessensessessensanes 52
6.3.1.1. Physical Elements .........ccccevvivinrineniennineneniccenecnesienessessenees 52
6.3.1.2. Cognitive Elements........c.cccvvciiniicnninininncneniensicessieens 53
6.3.1.3. SElECtION.....crrreecririieireneeerteretest ettt e et e et et se e renas 57
6.4. Illustration Example- Pneumatic Piston Sub-assembly (Before/After DFA) .. 59
6.5. DFA/Complexity COMPATISON ..cc.uvvererrieerieenieriseneesnssesseessesseeseesseseesessssssensons 62
6.6. Improved Model- Based on Component and Assembly Process..........cccceveuuee 64
6.6.1. Effort Measurement........coucveeeriuneninienseiniinininsiesiesssceseseeesnesnsaresessranns 67
6.6.1.1. Physical Elements ..........cceeririiennninicenenrene e 67
6.6.1.2. Cognitive Elements........c.ccceveruiiirenrniinninncnenesesreseescre s 69
6.6.2. Effort Measurement- Mathematical Model..........c.ccoovrvercvrieerenrenerinannen, 75
6.7. Illustration Example- Pneumatic Piston Sub-assembly (Before/After DFA) .. 79
6.8. DFA/Complexity COMPATISON .....couverirrererererseeresenesireseesensnsessesnsnessesnesesssssenns 94
Chapter 7 Reduced Combinatorial Complexity 98
7.1. Reduced Combinatorial Complexity in Assembly ........cccooceevrerieriieirerienienenne. 100
7.2. Model of Reduced Combinatorial Complexity in Assembly.........cccccerveneennee. 102
7.3. Illustration Example- Bracket/ base/ Spindle Assembly .........cccoovuevivneninnene. 107
7.4. RCC and “Divide and Conquer” Algorithm .......c.cccoceveiineineenieneenienienneennn 113

ix



7.5. Normalization Of RCC ...........oooveiiiiieinieecnreccieeecire s creeeccree s e sae s s eseesneeenns
7.6. RCC and Product Variety .........cccccevueveriierieenieenienieenreseesesneeeseeseeeseeseesaeennes

8. Chapter 8 Conclusion

B 1. CONCIUSION .....eecneeeesrnenenensssnesesesesssesesssessesenenssensesenennnnnnnnnsasasseseseseseseseses

B2 COMITIDULIONS. ... eteesseeeeetneermemeneenememesesenemeneteenseeasesenannanennnnssasseresesseaeaseneses

B3 FUIUTE W OTK .t ee e nsamenesesesasesannenannasessesesesaeeraeeserenes

References

Appendix A: Assembly Complexity Measurement Tool

Appendix B: Diaphragm Assembly Complexity (Before/after DFA)

Appendix C: Motor Drive Assembly Complexity (Before/after DFA)

Appendix D: Pressure Recorder Assembly Complexity (Before/after DFA)

VITA AUCTORIS

119

119

120

121

122

125

129

142

172

202



LIST OF TABLES

Table 3.1: Various views to complexity or a complex system [Kim, 1999] .................. 18
Table 4.1: Summary of main papers in the manufacturing complexity.............cccen.n... 33
Table 5.1: Summary of main papers in the assembly compleXity .........ccccoevverirrrvunreennen. 44
Table 6.1: Effort level based on Symmetry ............ccccccevveeiienveeierieeceeeeeceeceeeee e 54
Table 6.2: Manufacturing and assembly complexity before applying DFA method......60
Table 6.3: Manufacturing and assembly complexity after applying DFA method......... 62
Table 6.4: Effort level based on SyMMmetry...........cceevueveecirsiecccnseinieie e 70
Table 6.5: Summary of compleXity results........cccvevenrireneeieeeerine e 95
Table 7.1: Exploring possible equations for assembly complexity .........cccceerevrennen. 104
Table 7.2: Result Of RCC.......couiieeeetee ettt ettt an e 112
Table 7.3: Effect of subassemblies on NRCC ..........ccovirieciieeeniienieeiecee e 116

Xi



LIST OF FIGURES

Figure 2.1: The main processes of assembly [Whitney, 2004]..........ccccoeecrrveriiniennenann. 6
Figure 2.2: An oil pump assembly and liaison diagram [Laperriere, 1992]..................... 9
Figure 2.3: Graph of connection for the ball-point pen [Laperriere, 1992].................... 11
Figure 2.4: Directed graph of assembly sequence for
the ball-point pen [Laperriere, 1992] ........cocemivriinieniiiinererese e 12

Figure 2.5: DFA worksheet for manual assembly [Boothroyd, 2002] ............cccccun...... 15
Figure 3.1: Domains in the design world [Suh, 1999].....c.cccovirviiiiniinnininiecereieen. 20
Figure 3.2: Classification of complexity [EIMaraghy et al., 2005..........cccocceeeeerennnnnn. 21
Figure 4.1: Product complexity elements [EIMaraghy and Urbanic, 2003].................... 27
Figure 4.2: Process complexity elements [EIMaraghy and Urbanic, 2003] ................... 27
Figure 4.3: Manufacturing complexity cascade [EIMaraghy and Urbanic, 2004........... 29
Figure 4.4: Manufacturing systems characteristics and components

[EIMaraghy, 2006] ........cccccevviiiiniiniririiienintesteetsesie sttt esee e eemeeane 31
Figure 5.1: Different complexity factors considered at a particular level

[Rodriguez-Toro et al., 2002] .......cooeeiriiririririerteneesreescesreneecsreesreesee e sae s 36
Figure 5.2: Influence of components complexity and part count on cost

[Rodriguez-Toro et al., 2002] .......cccvreieeeiierieeirinetesrerserssreesreesnresaesssesseaans 37
Figure 5.3: Complexity taxonomy for proactive DFA

[Rodriguez-Toro et al., 2004] .....c.coceeiriiriiininiiiinieeeee et 38
Figure 6.1: Complexity and cost analysis according to part COunt...........ceceeevevvecererneens 46

Figure 6.2: IDEFO- First layer, measuring assembly complexity

(Physical dOmain) .........coceeeveiimiiieiiiinniininitir e s ebe s 47
Figure 6.3: IDEFO- Second layer, measuring assembly complexity

(Physical dOMAIN) ......cccceveririrrcrieenieerte ettt e s se s b esbeneaenens 48
Figure 6.4: Assembly complexity pyramid..........cccocvevinimiiniininiciiniinicnnncnceneeneeeeee 49
Figure 6.5: Elements of complexity [EIMaraghy and Urbanic, 2003] ...........ccccccoeueene 49
Figure 6.6: Dependence Chart ...ttt 51
Figure 6.7: Effort chart for assembly OPErations ...........ccocceeevvereeenenrcnnecrnnenieeneceennennes 56
Figure 6.8: Available parts at station i, based on different part types ..........ccccevvereenen. 57

Xii



Figure 6.9: Assembly operation’s relative effort chart............ccocoeeviiiiiciinveeccinenne 58

Figure 6.10: Example 1- Pneumatic piston sub-assembly (Before DFA) .........ccccoeunuen. 59
Figure 6.11: Example 2- Pneumatic piston sub-assembly (After DFA).........coccoevveinee. 61
Figure 6.12: Comparison of product, process and operational complexity

(AEr/Before DFA) ..ottt ene e et s be e bt sae e 62
Figure 6.13: Comparison of manufacturing and assembly complexity

(After/Before DEA) ...ttt s es s e snnens 63
Figure 6.14: Assembly complexity elements...........cccocvuerrerveinriienenierieneeeeneeeesreenees 66
Figure 6.15: Component and process related effort..............cocoooiiiin, 72
Figure 6.16: Part task effort ...........c.coeeieeoieiieecceee e 73
Figure 6.17: Relative effort of assembly.........ccovievciiiiiniiicicneerccee e 74
Figure 6.18: Assembly complexity vs. changes in part count ............cocceeeeveesieeneceenne 77
Figure 6.19: Assembly complexity vs. changes in diversity .........ccccceeevereenenenennnnens 77
Figure 6.20: Assembly complexity vs. changes in effort..........ccccoeoereveriieninninnncnnnne. 78
Figure 6.21: Pneumatic piston sub-assembly (Before DFA).......ccccoveiiniiiniicniiineennee. 79
Figure 6.22: Task effort analysis for part 1 (Before DFA).......cccooceeveiniieninienseeniennenne 80
Figure 6.23: Task effort analysis for part 2 (Before DFA) .......ccccocevciveiieninnieniececnnene 81
Figure 6.24: Task effort analysis for part 3 (Before DFA).......cccooveiiinieninienieenccniennn 82
Figure 6.25: Task effort analysis for part 4 (Before DFA)........ccccoevvecieevcnneececceenene 83
Figure 6.26: Task effort analysis for part 5 (Before DFA) ......ccccocoevieveiiininicncncnnnens 84
Figure 6.27: Task effort analysis for part 6 (Before DFA) ......c.cccoovviniiiiniiniinienennnene 85
Figure 6.28: Relative assembly effort (Before DFA) ......ccceoveiiiiieniinicieecereceee 86
Figure 6.29: Pneumatic piston sub-assembly (After DFA) ......cccoceovvnininiencnninncnnnae. 88
Figure 6.30: Task effort analysis for part 1 (After DFA) ......coooieiiiiiireee &9
Figure 6.31: Task effort analysis for part 2 (After DFA) ....ccooooeeviveeiree e, 90
Figure 6.32: Task effort analysis for part 3 (After DFA) .....ccccccvvinivniiininiiniicniciene, 91
Figure 6.33: Task effort analysis for part 4 (After DFA) .....cccccciiinniiiiiiiniiiin 92
Figure 6.34: Relative assembly effort (After DFA)......ccccooiiviiiiiiininiinciccieiee 93
Figure 6.35: Diaphragm Assembly — Before DFA (left) and

after DFA (right) [Huekstra, 1992]......c.coovrinirieeceectceriereciciesccsnecneens 94
Figure 6.36: Complexity comparison with regard to DFA ...........cc.cccconiviinninnnininnne. 95

Xiii



Figure 6.37: Complexity vs. Part COUNL ........ccovviiiriniiinnininieeere e 96

Figure 6.38: Assembly cost vs. part COUNt.......cooeiiriniiiiiiininiinis 97
Figure 7.1: Complexity classification [EIMaraghy et al., 2005].......cccocvviviiviniinninnnnne. 98
Figure 7.2: Jigsaw puzzle at first and last steps of its SOIVINg ........ccoeevevvrnrerenrnencnne. 100
Figure 7.3: New complexity classification .........c.cocevvenininnininnenenniiniicinennens 101

Figure 7.4: Axiomatic Design to identify functional requirement

for 200d asSEMbIY ......cccvviiiiiiiiiiiiiii e 102
Figure 7.5: [llustration example for RCC ... 107
Figure 7.6: Calculation steps 1 and 2 of RCC .........ccccovvviiviininiinninininiiiicienene. 108
Figure 7.7: Calculation steps 3 and 4 of RCC .......c.cccovveerrevinnneecenrereieeceienen 109
Figure 7.8: Calculation steps 5 and 6 of RCC .........cccovivrieririecnrcicccereese e 110
Figure 7.9: Calculation steps 7 Of RCC .......ccocvoviiiiriiiricrcerereeseecenree e 111
Figure 7.10: Results 0f RCC......ccoiiiiiiriiceriecereecerereeeenesre et sees et ees e e s 112
Figure 7.11: An example of assembly sequence without subassembly

(left hand side sequence) and with assembly (right hand side sequence)......... 113
Figure 7.12: Effect of subassembly on RCC .........cccooiiiniirnniicnirniencntcrneneniene 114
Figure 7.13: Effect of subassembly on NRCC........c.ccoecevreverirviinrnnininneccenescsienns 117
Figure 7.14: Product variation in assembly .......c.cccevrrieninirninineniincnicnncnecseneinee 117

Xiv



LIST OF APPENDICES

Appendix A: Assembly Complexity Measurement ToOl............cccoeevvviiniiiinicinnnnne. 125
Appendix B: Diaphragm Assembly Complexity (Before/after DFA) ... 129
Appendix C: Motor Drive Assembly Complexity (Before/after DFA) ....................... 142
Appendix D: Pressure Recorder Assembly Complexity (Before/after DFA)............... 172

XV



LIST OF ABBREVIATIONS

AD Axiomatic Design

APD Assembly Process Design

ATP Assembly Technology Planning

BAPP Basic Assembly Process Planning

CI Commonality Index

D&C Divide and Conquer

DAC Design for Assembly Cost-Effectiveness
DFA Design For Assembly

DFM Design For Manufacture

DI Differentiation Index

DP Design Parameter

FR Functional Requirement

HTA Hierarchical Task Analysis

LHS Left Hand Side

MHS Material Handling Systems

NRCC Normalized Reduced Combinatorial Complexity
PR Precedence Relations

PSP Product Structure Planning

RCC Reduced Combinatorial Complexity
RHS Right Hand Side

RMS Reconfigurable Manufacturing Systems
SI Setup Index

XVi



Chapter 1

Thesis Overview

This chapter gives a brief description of complexity in manufacturing systems and its
sources, assembly complexity and the importance of measuring complexity in assembly.
Followed by motivation of this study, the objectives and approach of the research is
described.

1.1, Introduction

Today’s competitive environment leads the manufacturing systems to respond rapidly
to the changing market demands, with the focus on higher quality and lower price.
Therefore, industrial entities face increased challenges in their manufacturing and
assembly systems in different production aspects. Nowadays, customers are expanded
and their miscellaneous requirements result in more variety and diversity in products. On
the other hand, products become more complex and complicated in order to convey the
functions required by customers. In addition to diversity, products should be offered with
high quality and at the same time with low price. All these factors impose complexity to
all the stages of production process such as design, selection of manufacturing
technologies and suppliers, assembly and distribution. Therefore, appropriate design of
the production processes, products, and supply chain will reduce the total manufacturing

complexity and the incurred costs.

The field of complexity is becoming increasingly important in science and
engineering [Suh, 2005]. The complexity of production systems is the critical cause of
many management problems in industrial companies [Wiendahl, 1994]. Manufacturing
systems look for new answers to deal with the growing complexity in their systems.
There are several approaches to describe complexity in manufacturing systems and to

define metrics to measure complexity. Most of the studies have focused on defining the



product complexity and introducing ways to reduce it. Additionally, the effect of product

variety on the complexity has been studied.

1.2. Motivation of the Study

Manufacturing assembly has a significant influence on the final product cost. In
addition, it has a high impact on the final product quality. Assembly, as an important
stage in production system, faces growing complexity because of different types of
products, large number of components, different assembly sequences, and human
involvement in the assembly tasks. In fact, new and complex products with higher
variation and number of parts are generated to satisfy the varying demands of customers.
As an example, between 1975 and 1990, the amount of part numbers went up by
approximately 400% [Wiendahl, 1994]. These factors introduce an increasing complexity
to the assembly system. Therefore, appropriate design of assembly sequences,
subassemblies, and components will reduce the complexity of assembly and the total

manufacturing cost.

Measuring assembly complexity can be used as a tool to identify stages in assembly
that affect the total complexity the most. In addition, it has been proven that there is a
close relationship between the assembly complexity and the defect rate: The higher the
assembly complexity, the more defect rate in manual assembly. Assembly complexity has
been studied from different views. For instance, Goldwasser and Motwani [1999]
developed complexity measures for two-handed assembly sequences. Richardson at al.
[2004, 2006] and Ben-Arieh [1993, 1994] tried to reduce assembly difficulty by
considering the product-related factors, such as part count and fastening types.
Rodriguez-Toro et al. [2002, 2003, 2004] address the product-related complexity in an
assembly-oriented environment, mentioning that the total assembly complexity is a
function of component and assembly. In the component level, we deal with
manufacturing and process complexity while in the assembly level, the main elements are

the structural, and sequence factors. Martin and Ishii [1997] and Prasad [1998] discussed



the effect of variety on assembly complexity. As mentioned above, most of the studies

have considered the effect of product-related elements on assembly complexity.

This thesis proposes a complexity approach on assembly systems that deals with the
product- and process-related factors affecting the assembly complexity. It is important to
measure complexity at different stages of assembly to examine the effect of each
component or subassembly on the total complexity of the assembly. This insight will
assist the manufacturing industry in the proper product design in order to reduce the total

manufacturing cost, time, and complexity.

1.3. Objectives and Approach

The objective of this research is to develop a model that represents the assembly

complexity in both physical and functional domains.

The purpose of this thesis is to demonstrate that:
e The complexity of assembly, due to product and process-related elements, will
be reduced by reducing the part count.
e The result of measuring assembly complexity is compatible with the results of
DFA analysis.
¢ Dividing assembly into subassemblies will reduce the assembly complexity.
e Assembly complexity metric is a tool to select the assembly sequences with

lower complexity.

In order to achieve the thesis objectives, a number of models including a matrix-based
model are proposed for measuring the assembly complexity. In this model, the assembly
tasks, i.e. handling, alignment and insertion, are analyzed according to their required
effort amount to be accomplished. In addition, the effect of part selection is considered on
the assembly complexity. In this model, we benefit from DFA method guidelines in
measuring the product-related complexity section. The number of parts and their diversity

are the other factors that affect complexity in this model.



Furthermore, a new approach is introduced to measure the complexity in functional
domain, called Reduced Combinatorial Complexity (RCC). This approach is formulated
using the Shannon’s information theory in achieving success in selection, orientation, and
insertion tasks in assembly. Incorporating the proposed model in different assembly
sequences and subassemblies indicates the amount that each assembly sequence reduced

the complexity. It further determines the appropriate step to introduce subassemblies.



Chapter 2

Literature Review: Assembly Systems

This chapter reviews some of the basic and significant concepts in the assembly area.
The first part describes the assembly system, the importance of assembly and different
types of it. In the second section, the importance of assembly sequence analysis and some
significant works in this area is studied. Also, it is mentioned that the assembly
complexity measure can be a criterion in selection of an assembly sequence. Finally, the

Design For Assembly (DFA) method is described.

2.1. Assembly in Manufacturing

Assembly is an important process in manufacturing as it brings together all the
upstream processes of design, engineering, manufacturing and logistics to create an

object that perform a function. [Whitney, 2004]

The products are assembled through the assembly process in which the functional
requirements are identified and the parts and subassemblies are designed to meet the
recognized requirements. In addition to the definition of each part, the relation between
the parts must be identified as well. The parts can perform the required task and work

together if they are assembled.

Since it is not feasible or cost effective to produce a product as a single piece, each
product is breakdown to parts or subassemblies. The other factor that results in
assemblies is that the product should perform several functions, which is not feasible by
one-piece product. Typical assemblies consist of many parts, each with a few important
geometric features, all of which must work together in order to create the product's

several functions [Whitney, 2004].



Assembly has a high effect on top-level business decisions. For instance, an
appropriate assembly sequence allows adding different parts at the last steps of assembly.
Therefore, a company is able to present higher variety of products, with lower cost.
Another instance is that appropriate design of subassemblies allows a company to

outsource their production or increase the possibility of customized products.

Assembling a mechanical product normally can be expressed as a long chain of

activities and actors. Figure 2.1 illustrates the main processes of assembly.
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Figure 2.1: The main processes of assembly [Whitney, 2004]



Boothroyd addresses Henry Ford’s principles of assembly as follows:

“First, place the tools and then the men in the sequence of the operations so that each
part shall travel the least distance whilst in the process of finishing. Second, use work
slides or some other form of carrier so that when a workman completes his operation he
drops the part always in the same place which must always be the most convenient place
to his hand and if possible have gravity carry the part to the next workman. Third, use
sliding assembly lines by which parts to be assembled are delivered at convenient

intervals, spaced to make it easier to work on them.” [Boothroyd, 2002]

Generally, assembly can be performed manually, automatically or in a hybrid manner.
In the manual assembly, an operator is responsible for assembling the component and can
adapt to changing condition in the assembly, such as part variation, and mislocation. In
this case, the quality of final product can be deteriorated because of the operator error or

fatigue.

In the case of high production, simple assembly tasks can be performed automatically
with special-purpose machines. These automated machines are connected to each other
by some type of transfer systems for part conveyance. Each assembly task is performed at
one station with a machine equipped with dedicated jigs and fixtures. The problem is that
part variation, misalignment and mixed products should be recognized by using sensors,
which is not always economic or efficient. The improper product alignment can result in
jamming, incomplete operation, and machine downtime. However, automation can be
justified when the production volume is high, product life cycle is long, and assembly

tasks are simple [Crowson, 2006].

Since assembly as a significant stage in manufacturing system, appropriate design of

assembly processes, subassemblies, and parts will reduce the total manufacturing cost.



2.2. Assembly Sequence Analysis

Determination of the product’s assembly sequence is an important part of the process
planning activity in assembly. This consists of identifying the feasible orders of
assembling the components together to construct the product and then determining the

best feasible sequence according to different criteria.

As assembly sequence highly affects the other aspects of product design and
production, it should be done at early stages of product design for the following reasons:
One of them is related to the construction of parts, i.e. some assembly sequences do not
provide enough space for tools to reach the fastening points. The other issue is related to
the quality of the product. The selected assembly sequence should provide opportunity to
test the function of a subassembly, or the assembly sequence should be chosen in a way
that the fragile parts are not assembled at the early stages of assembly, as there is the
probability of failure. The other reason is related to the assembly process. Some
sequences may not allow a part to be jigged or gripped from an accurately made surface,
making assembly success doubtful [Whitney, 2004]. In addition, the assembly sequences
that need more reorientations and part flipovers are not reasonable. Finally, the assembly
sequence should provide the product variations at lower cost. This means that the

introduction of product differentiations should be delayed to the last steps of assembly.

There are algorithms and heuristic methods that define how to find the assembly
sequence. Unlike the algorithms, heuristic methods are fast but may result in sequences
that are not correct, or they may miss some feasible sequences, i.e. the ones that can be

finished and no parts will be left over.

One of the algorithms is proposed by Bourjault [1987]. He deployed the liaison
diagram and used the sequence of liaisons to generate assembly sequences. Liaison
diagram is a graph in which each vertex and each liaison represent one component and a
physical connection between two components, respectively. An example of liaison

diagram is illustrated in Figure 2.2.
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Figure 2.2: An oil pump assembly and liaison diagram [Laperriere, 1992]

Once the liaison diagram is generated, each liaison is tested through a set of questions

to see if it can be accomplished at a given stage of assembly.

The questions are:

1. Can L; be established if Lj and Ly have already been established?

2. Can L; be established if L; and Ly have not been previously established?



The answers to these questions are “yes” or “no”. The results generate a list of

precedence constraints in binary relations of the liaisons, representing by R and S:

R= {(Li;, L;) | (i, Lj) € L*L A L; cannot be established if L; is already
established}
S= {(L;, Lj) | IL;, Lj) € L*L A L; cannot be established if L; has not been
established}
where, L denotes the set of all liaisons of a product. The precedence relations indicate the
required liaisons to establish each particular liaison. Finally, all the liaisons are combined

with each other to generate feasible assembly sequences.

The other work, which was built on Bourjault’s method, was done by Whitney and
De Fazio [Whitney, 2004]. They improved Bourjault’s method in such a way that it can
handle larger problems and can easily link to CAD. Actually, they improve the questions
generated by Bourjault to the following:

1. What liaison(s) must be established before L; can be established?

2. What liaison(s) must be left undone so that L; can be established?

For Liaison L;, typical answers for both questions are as below:
Al LV (L ALn) —™ L
A2;Li— (L, V(Ls ALY)
Where = means “must precede” and L;, Ly, Ly, Ly, Ls, and L; are other liaisons in

the product [Laperriere, 1992].

Instead of answering “yes” or “no” for every pair of liaison, their answers consist of
Boolean phrase of liaisons. The answers give a set of Precedence Relations (PR), which
is divided into a Left Hand Side (LHS) and Right Hand Side (RHS) sets. LHS represents
liaisons that must be established before establishing liaisons in RHS. In this case, for each

PR, there is at most one liaison in RHS.
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In their study, a binary vector represents the state of assembly at each assembly point.
The assembly state is shown in a ranked-based algorithm. In rank 0, it is assumed that the
product is completely disassembled. The completely disassembled and assembled liaisons
are shown by 0 and 1, respectively. Then, the parts that can be assembled are recognized
at each rank according to the values of Boolean phrase. Each rank includes different
possibilities of part assembly, which is continued in the next ranks until all the parts are
assembled. Figure 2.3 illustrates the ball-point pen assembly and its graph of connections.
In figure 2.4 the feasible sequences generated by this method for a ball-point pen is

illustrated.

cap

Q__J]; body button

tube

L4

Figure 2.3: Graph of connections for the ball-point pen [Laperriere, 1992]
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Figure 2.4: Directed graph of assembly sequence for the ball-point pen [Laperriere, 1992]

The next work is done by Homem De Mello and Sanderson. In their proposed
method, a graph called AND/OR tree is generated that contains the precedence relations.
AND/OR tree is generated based on decomposition of the assembly. Generation of all
possible disassembly sequences starts by obtaining the graph of connection from the
given relational model of the assembly. Next, all the cut sets of the graph are generated,
representing all the possible ways of splitting the graph [Laperriere, 1992]. This gives all
the possibilities of subassemblies in the assembly. The same approach is continued until
the single parts are left. In fact, the decomposition approach result in generating
AND/OR tree.

All the process planning approaches consist of two phases: generating all feasible

sequences, and choosing the best sequence according to different criteria. The criteria can

be time, cost, number of reorientation, number of fixtures, or the necessity of a linear
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sequence. In addition, different assembly sequences may result in assemblies with

varying qualities.

Selection of each assembly sequence highly affects the assembly process-related
issues such as required tools and fixtures, how to insert the parts and handle the parts
during insertion, whether they need any support during insertion, as well as the assembly
difficulty. Hence, assembly sequence is a factor that influences assembly complexity.
Different assembly sequences have different complexity amount, and complexity

measure can be one of the criteria of choosing an assembly sequence.
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2.3. Design For Assembly (DFA)

DFA was first systematized in the 1960s by Boothroyd et al. The basis of this
approach is "classification and coding", a common technique in Europe in the domain of

group technology [Whitney, 2004].

Later on, different methods were generated as the name of DFx, each of them
including procedures, guidelines, and metrics to improve the product in the context of

[ 24
.

X

Since the changes applied at the early steps of design process result in more cost
efficiency in the total product development, it is suggested that DFx methods are better to

be applied early in the design process.

In the DFA method, part feeding, orienting, handling and inserting are identified as
the most important tasks. The classification in DFA method is according to the part
shape, size, weight, ratio of length to diameter, and symmetry. The parts are classified
according to these metrics and then a score and time estimate is nominated for them, with
higher scores representing less time needed to accomplish assembling the part. On the
other hand, parts with lower score are considered more difficult to assemble or to have

more chances of assembly error.

Once the data are extracted from the DFA table, they should be entered into the DFA
worksheet. This worksheet provides guidelines to calculate the assembly’s total time,

efficiency, and cost. A sample of DFA sheet is illustrated in figure 2.5.
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DESIGN FOR MANUAL ASSEMBLY WORKSHEET

Figure 2.5: DFA worksheet for manual assembly [Boothroyd et al., 2002]

DFA aims at increasing assembly efficiency and reducing assembly time and cost by
eliminating unnecessary parts. In fact, by reducing the part count, a great saving occurs in
both assembly and manufacturing of the parts. Boothroyd developed criteria to nominate
the parts to be eliminated. The idea is to subject each part to three criteria that might
justify its inclusion in the product, and eliminate any part that fails the criteria. These

three criteria are as follows [Whitney, 2004]:

1. During operation of the product, does the part move relative to all other parts
already assembled? (Small motions that could be accommodated by flex hinges
integral to the parts are not counted.)

2. Should the part be of a different material or be isolated from all other parts
already assembled?

3. Must the part be separate from all other parts already assembled because
otherwise the assembly or disassembly of other separate parts would be

impossible?
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Therefore, the parts with “yes” to all of the three questions are not appropriate

candidates to be eliminated and should stay in the part structure.

As expressed earlier, DFA aims at simplifying the product in order to reduce the
assembly difficulty. Simpler products have fewer parts, resulting in fewer assembly

operations, workstations, factory space, and workers.

In spite of being a well-systemized method to simplify assembly, DFA method has a
number of drawbacks. First, implementing DFA requires the selection of a nominal
assembly sequence since the previous assembled parts affect the difficulty of assembling
each remaining part. The other issue is that, reducing the part count and merging them
together generally will result in complicated parts to produce. Therefore, it is better to

apply the DFA method along with the Design For Manufacture (DFM) method.

16



Chapter 3

Literature Review: Complexity

This chapter introduces different definitions for complexity in various fields of study.
Then, it reviews the main approaches for complexity: Shannon’s Entropy theory and
Axiomatic Design (AD). In the entropy approach, the amount of information is measured
to reflect the complexity. The more the information amount, the more complex the
system becomes. In the axiomatic design section, the design axioms are described and
then the complexity definition based on axiomatic design and different types of

complexity are explained.
3.1. Complexity Background

To discuss complexity and complexity measures, it is necessary to exactly define
complexity. However, there is no unique definition for complexity that can be used for all
the fields of study, such as biology, information theory, computer science, and
manufacturing systems. According to the Merriam-Webster dictionary, “complex” is
defined as “composed of two or more parts; hard to separate, analyze, or solve”. In
addition, Oxford dictionary defines the word “complex™ as “consisting of many different
and connected parts; not easy to understand; complicated”. The common part in both
definitions is that a complex system is composed of numerous but related parts, which is
difficult to understand. Therefore, the words complex and complexity should be defined
according to the field of study. Table 3.1 shows some of the definitions used in the areas
of computer science, biology, manufacturing science, physics, information theory, large

technological systems, etc.

All the different views agreed on that the complex system is consists of numerous and

inter-related parts which is difficult to understand. Therefore, it can be inferred that the
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manufacturing assembly is a complex system as it is composed of different components

that are related to each other by number of fastenings.

Field of Study | Definition

Computer The complexity of an object (pattern, string, machine, algorithm, ...) is the

Science difficulty of the most important associated with this object.

Biology A complex system has a multitude of partial simple descriptions but we
cannot construct from them a single “largest” description that is also simple.
In this sense, the reductionistic paradigm fails for complex systems.

Manufacturing | A manufacturing system may make thousands of part types (not just parts)

Science during a year. There may be hundreds of machines. At each moment, the
managers are faced with hundreds of decisions, such as: which part should
be loaded onto each machine next? The consequences of each decision are
hard to predict.

Physics A complex system is a complicated system, composed of many parts, whose
properties cannot be understood.

Information The complexity of a system is closely related to the content of the

Theory information that the system contains.

Large A system is complex when it is built up of a plurality of interacting elements,

Technological | of a variety of kinds, in such a way that in the holistic result no evidence can

System be traced of the characteristics of the single elements.

Table 3.1: Various views to complexity or a complex system [Kim, 1999]

3.2. Different Approaches to Complexity

There are two main approaches found in the literature that describe system
complexity and complexity measures. The first approach is based on Shannon’s [1949]
information theory/entropy. The second approach uses the information content in

Axiomatic Design as a measure of complexity [Suh, 1999].

3.2.1. Information Theory/ Entropy Approach

Shannon [1949] first used the information theory/entropy concept in communication,

to measure how much information is produced in a process. In his work, information is a
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measure of uncertainty. He employed probability to show the uncertainty of the

information source.

Consider a set of “n” possible events with the probabilities of occurrence pi, p2 ...
and p,. Suppose we randomly choose one event, for example event j, with the probability
of p;. Before the selection, we find that there is an amount of uncertainty about the
outcome; however, we gain the same amount of information after the selection.

Therefore, the information measure equals to equation. 3.1:

H(®1,p2, . Pn) = — XiL; pilogp; (3.1)
Where H is the entropy amount, and p; is the probability of event i

When the probability of the occurrence of an event is low, we are uncertain about its
happening. Analyzing equation 3.1 shows that lower probabilities result in more

information amount.

3.2.2. Axiomatic Design Approach

The complexity definition based on Axiomatic Design was proposed by Suh [1999].
In this approach, the information content is used to measure the complexity. Suh defines
complexity as a measure of uncertainty in achieving the Functional Requirements (FR) of
the design. Actually, in the Axiomatic Design approach, the information theory/entropy is

used to measure the information content in achieving design goals.

3.2.2.1. Definition of Complexity in Axiomatic Design Approach

There are four domains in the design world: customer domain, functional domain,
physical domain, and process domain. According to the Axiomatic Design principles, the
design process is mapping between domains. Figure 3.1 shows the different domains in
the design world and the mapping between them. For instance, a product design is

mapping from the functional domain to the physical domain.
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Customer Functional Physical Process
domain domain dornain domain

Figure 3.1: Domains in the design world [Suh, 1999]

In a product design, the design task is to achieve the goal, the set of Functional
Requirements (FRs), by mapping FRs from functional domain to Design Parameters
(DPs) in the physical domain [Suh, 1999]. Therefore, the selection of DPs determines the
probability (and uncertainty) of satisfying the FRs.

Complexity can be defined in the physical domain and functional domain. In the
physical domain, complexity is defined as the inherent characteristic of physical
components, like algorithms, products, processes, and manufacturing systems. As a
result, it is inferred that the more parts a physical object has, the more complex it is. On
the other hand, the complexity in the functional domain is defined as a measure of
uncertainty in achieving a set of tasks defined by FRs in the functional domain [Suh,
2005].

In the axiomatic design, complexity is defined in the functional domain. Here,
complexity is related to the information content, which is the logarithmic function of the
probability of satisfying the specified FRs. In calculating the information content, the
same notion introduced by Shannon [1949] is deployed. Equation 3.2 shows the

information content in axiomatic design.
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I= Y1 —pilog, v (3.2

where p; is the probability of achieving FR; ,and n is the total number of FRs.

3.2.2.2. Classification of Complexity in Axiomatic Design Approach

In axiomatic design, complexity can be dependent or independent of time,
considering whether the system range varies as a function of time or not. As a result,
complexity is classified into time-dependent and time-independent complexity. Each
class of complexity is further divided to two different types. Time-independent
complexity is divided to time-independent real complexity and time-independent
imaginary complexity. On the other hand, time-dependent complexity is classified into
time-dependent combinatorial complexity and time-dependent periodic complexity.

Figure 3.2 illustrates the classification of complexity in Axiomatic Design.

Complexity
]
| |
Time- Time-
Independent dependent
] ]
] | | |
Real Imaginary Periodic Comobinatorial
Complexity Complexity Complexity Complexity

Figure 3.2: Classification of complexity [EIMaraghy et al., 2005]

In the time-independent complexity, time has no effect on the system range. Real
complexity is a result of not satisfying FRs at all times. In other words, real complexity is
a consequence of the system range not being inside the design range [Suh, 2005]. It is
defined as a measure of uncertainty when the probability of achieving the FR is less than

1.0 [Suh, 2005].
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Imaginary complexity is not real uncertainty, but arises because of the designer’s lack
of knowledge and understanding of a specific design itself. The imaginary complexity
arises when the design has many FRs and it is a decoupled design. A decoupled design
has a triangular design matrix. In this kind of design, the independence axiom is satisfied

if we rearrange the DPs in the appropriate order.

In the time-dependent complexity, the system range changes as a function of time.
Time-dependent combinatorial complexity is defined as a complexity that increases as a
function of time due to a continued expansion in the number of possible combinations
with time, which may eventually lead to a chaotic state or a system failure [Suh, 2005]. In
the combinatorial complexity, the decisions of the past highly affect the system’s future

complexity in an unexpected manner.

Time-dependent periodic complexity is defined as a complexity that only exists in a
finite time period, resulting in a finite and limited number of probable combinations. In
this kind of complexity, the uncertainties from the previous period are irrelevant to those

of the next period.

To decrease the time-dependent complexity, we may change the time-dependent
combinatorial complexity to time-dependent periodic complexity by introducing the
notion of functional periodicity, in which the system FRs are reinitialized. In other words,
the concept of introducing the functional periodicity is to change a coupled design into a
decoupled one followed by controlling the function that leads the system into a chaotic

state.
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Chapter 4

Literature Review: Complexity Metrics

In this chapter, different complexity metrics are introduced. Most of the studies
deploy Shannon’s [1949] information theory to describe the system complexity. Some of
them use the Axiomatic Design approach [Suh, 1999]. The other group uses heuristic

methods to express product, process, or system complexity.
4.1. Information Theory/ Entropy/ Axiomatic Design

In this section, a brief summary of the previous works that used entropy or axiomatic
design will be explained. Some of them applied the exact definition of entropy or
axiomatic design in their metrics, while the rest used a combination of these theories

along with the other definitions of complexity.

Frizelle and Woodcock [1995] proposed a method based on the entropy approach to
measure the complexity both in the structural and operational nature. In this method,
complexity measurement involves analyzing the product in its manufacturing process and
the effect of machines on its production. Frizelle and Woodcock [1995] mentioned that
there are two fundamental types of complexity: structural (static) complexity and
operational (dynamic) complexity. Static complexity is a time-independent complexity
and is because of the impact of product structure on the resources that will produce
[Frizelle and Woodcock, 1995]. On the other hand, the dynamic complexity is a time-
dependent complexity that deals with the operational behavior of the system, form direct
observations of the system. The static complexity introduced by Frizelle and Woodcock

is expressed in equation 4.1,

N:
H sttic (S) =- T, ;L py logz py 4.1)

where M is the number of resources in S,
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N; is the number of possible states at resource j,

and pj; is probability of resource j being in state i.

Frizelle and Woodcock suggested that the static complexity can be reduced by

simplifying product and processes.

The other work that emphasizes on the structural and functional complexity of a
design process is by Braha and Maimon [1998]. They introduced the notion of operators
and operands to describe a design. To define the structural complexity, they measure the
“design size” and “designing effort”. In the functional level, they employed the

information content to measure complexity.

In measuring the design size, Braha and Maimon considered the total and unique
number of operators and operands. Therefore, they measure the size and diversity of
information. According to their paper, the design effort is a measure of mental activity to
reduce a design problem [Braha and Maimon, 1998]. In their measure, effort is related to

the reciprocal of information content.

Kuzgunkaya and ElMaraghy, [2006] introduced a new metric to measure the inherent
structural complexity of manufacturing systems based on the complexity of its
components: machines, buffers, and Material Handling Systems (MHS). This paper
incorporates the quantity of information using the entropy approach as well as the
diversity of information. In addition, in their model, they benefit from the manufacturing

systems complexity code developed by EIMaraghy [2006].

As it is expressed in equation 4.2, the total complexity of Reconfigurable
Manufacturing System (RMS) is a function of:
e Number, type, and state of machines
e Number, type, and the state of buffers
e Number, type, and state of the MHS and its components [Kuzgunkaya and
ElMaraghy, 2006]
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Hgrms =w1 Hy + W2 H putrer + W3 H mus (4.2)
where Hy represents the complexity of machines,

H pufrer is the complexity of buffer,

Hwmus represents the complexity of MHS,

and w; is the relative weight of each element.

In order to measure the machines’ complexity, they consider the availability and
reliability of the modules installed in the machine as well as the base part. For the buffer,
the affecting factors are the state of the buffer, i.e. whether it is empty or not, and the
product variant in the system. Finally, for the complexity of MHS, the reliability of the

MHS and the number of transformers in the MHS are considered important factors.

Their proposed metric exploits the entropy approach to measure the system structural
complexity, and can be used as a comparative tool to select the least complex

configuration at the early deign stages.

4.2. Heuristic Complexity Metrics

In the following section, we will describe a brief summary of the previous works

using heuristic approaches to create the complexity metrics.

ElMaraghy and Urbanic [2003, 2004] develop metrics that measure the three kinds of
complexity in manufacturing systems: product, process, and operational complexity.
They consider the effect of the human operator and his perception of the task’s

complexity in their metric development.

Their model is based on the three elements of complexity: the absolute quantity of
information, the diversity of information and the information content. Note that here the
information content is different from the one introduced by Suh [1999]: Here, the

information content is the measure of relative effort to achieve the required results. They
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generate a matrix-based model that considers the effect of product, environment, process,

and operator on the complexity.

As “absolute quantity of information” may contain redundancy, the information
entropy measure is used as a compression factor to define the “information quantity”

element. Equation 4.3 illustrates the quantity of information:

H=log,(N + 1) 4.3)
where N is the total quantity of information [EIMaraghy and Urbanic, 2003].

The diversity of information is illustrated in equation 4.4. The diversity of

information is defined as the ratio of distinct information to total information.

Dr= % 4.4)

where n is the quantity of distinct information,

and N is the quantity of information [EIMaraghy and Urbanic, 2003].

The quantity and diversity of information in all the three kinds of complexity, i.e.
product, process, and operational complexity, are measured from equations 4.3 and 4.4. A

matrix-based methodology is used in order to define the information content.

As mentioned before, the product complexity is a function of quantity of information,
Hproduct, diversity of information, Dg, product, and the relative effort, C; produet. The relative
effort is dependent on the effort amount needed to produce the final product; it is
independent of the process type and the volume. Figure 4.1 shows the elements that affect

the product complexity.
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Figure 4.1: Product complexity elements [EIMaraghy and Urbanic, 2003]

For each feature in the product, the effect of physical characteristics such as shape,
geometry, tolerances, etc., as well as the specification checks is analyzed. Therefore, a
multi-tier ranking system is used where low, medium, and high effort levels correspond

to factor levels 0, 0.5, and 1 respectively [EIMaraghy and Urbanic, 2003]. Equation 4.5

represents the product complexity index, Clproduct.
CIproduct = (DRproduct + Cj, product) * Hproduct (45)

For the process complexity, the same approach in product complexity is exploited.

Figure 4.2 shows the process complexity elements.

Pracess Complaxity

Figure 4.2: Process complexity elements [EIMaraghy and Urbanic, 2003]
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Since the manufacturing systems constituents highly affect the process complexity, to
define process complexity, the main constituents of the manufacturing process should be
identified. An example of machining is used in ElMaraghy and Urbanic’s work. The
main elements of machining process are in-process features and steps, types of tools, tool
holders, spindles, fixtures or set-ups, product orientations, type of machines, and type of
gauges [ElMaraghy and Urbanic, 2003].

For each constituent, the process complexity index, pc, is defined by equation 4.6.

pCx = (DR process, X +C process, x) *H process, X (46)

After defining the individual process complexity indices, the process complexity is

expressed by equation 4.7.

PI process— Z DCy +CI product (47)

They measured the complexity at the operational level, which directly affects the
system usability, and is interconnected to the product quality and the process output.
[ElMaraghy and Urbanic, 2004]

The product, process, and operational complexity are interrelated to each other.
Figure 4.3 illustrates the elements affecting the operational complexity and their inter-
relation. The operational complexity is a function of product, process related tasks, and

production logistics. [EIMaraghy and Urbanic, 2004]
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Figure 4.3: Manufacturing complexity cascade [EIMaraghy and Urbanic, 2004]

The relative operational complexity coefficient c, is related to the product-related and
process-related tasks. For each product- and process-related task, the physical and
cognitive elements that affect the effort level is determined and ranked according to a
multi-tier ranking system. When the product-related and process-related complexity

coefficients are defined, the operational complexity index is expressed by equation 4.8.

OI = (Drop,product + C o, product) * H op, product + (DRop, process + C o, process) * H op, process
(4.8)

This heuristic method employs the entropy theory to define complexity metrics in
order to measure the complexity of manufacturing systems from the product and process
views taking into account the human effect on them. One issue that is not considered in
this method is the relative effort of manufacturing of each feature on the production of

other features.

According to the literature, the complexity of manufacturing systems, products,

processes, and operations is related to the information to be processed in the system.
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Increasing size and variety of the system leads to more information; therefore, the system

faces an increased complexity.

In their paper, EIMaraghy et al. [2005] introduced a new complexity coding system to
classify and code the manufacturing systems components, which are machines, buffers,
and MHS. This coding system aims at structural configuration of the manufacturing
system and employs the amount and variety of information to measure the complexity.
The digits in the code represent the type and general information of each equipment, its
controls, programming, and operations. It classifies the different types in each category
and assigns a number to each of them. The larger code value indicates more component
diversity, requiring more information in order to operate the system. Equation 4.9
represents the complexity index I for individual equipment’s subcomponent. As
mentioned, the complexity index for individual equipment is related to the amount and

diversity of information.

L=Dr *H (4.9)
where DR=77:I- is the diversity of information,

and H=log, (N + 1) is the quantity of information.

In the second part of this paper, they employ another approach to determine the
complexity of machines, buffer, and MHS. Here, they use the availability of each
equipment in order to represent the success of the system in achieving the design

requirements.

Later on, they apply the proposed methods on three different manufacturing systems:
(1) a serial line utilizing dedicated milling machines, (2) a dedicated broaching
operations, and (3) a parallel system utilizing four axis CNC machines. Both complexity
approaches verify that the dedicated milling machine has the highest structural

complexity.
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Next, ElMaraghy [2006] proposed a new coding system to classify manufacturing
system according to its structure. This code can be captured the structural, time-
independent real complexity. The coding system provides a string of digits for machines,
buffers, and transporters of the system, where the value of this string is based on the
degree of structural, control, programming, and operational complexity of the
manufacturing system equipments. Figure 4.4 illustrates the manufacturing systems’

characteristics and components.

System Complexity Code

(SCQ)
]
| |
Layout Complexity Equipment Complexity
Code (LCC) Code (ECC)
| |
Transporters (MHS) Mashines Complexity Buffers Complexity
Complexity Code (TCC) Code (MCC) Code (BCC)

Figure 4.4: Manufacturing systems characteristics and components [EIMaraghy, 2006]

In each category, the coding system assigns digits for their type and general structure,

controls, programming, and operations.

In addition to structural complexity of the manufacturing system components, she
provides a coding system to capture the layout and the connectivity between the

components’ complexity.
In fact, this code is a classification code that considers the manufacturing systems

equipments, and can be used to compare different manufacturing systems at the design

stage according to machines, buffer, and MHS.
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In another study, Kim [1999] addresses the manufacturing systems complexity with
regard to the increase in product variety. In addition, he claims that the effect of product
variety on complexity in the lean manufacturing system is less than in mass production

system.

To prove his hypothesis, Kim developed heuristic metrics to measure the system
complexity based on the system theory perspective. His proposed metrics are:
¢ Relationship between system components
o Number of flow path
o Number of crossings in the flow paths
o Total travel distance of a part

o Number of combinations of products and matching machines

e Elementary system components
o Number of elementary system components

o Inventory level

Some information about the effect of each component on the structure of
manufacturing system can be gained by using the above-mentioned variables. A

drawback of this method is that the importance of each metric is not mentioned.

A number of studies have tried to measure the design effort and time. Bashir and
Thomson [2001] mentioned that the product complexity, technical difficulty, experience,
and skill of team members, team structure, and use of design.-assisted tools influence the
effort of design projects. According to Bashir and Thomson [1999], product complexity
is a function of the number of functions and the depth of functional tree. The effort of
their multivariable model is a function of product complexity and severity of
requirements. According to the result, the product complexity has a high impact on the

variation of effort.
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Chapter 5
Literature Review: Complexity Metrics for

Manufacturing Assembly

In this chapter, different metrics to measure the assembly complexity are introduced.
Some of the studies consider only the effect of product on the assembly complexity,

while other studies focus on the assembly process-related complexity.

A typical product can be assembled in different sequences, from which a sequence
can be selected as the most appropriate one. There are different ways to evaluate
assembly sequences. In his papers, Ben-Arieh [1993, 1994] proposed the assembly
operation difficulty as a tool to assess the assembly sequences. In this method, the main
parameters that affect the assembly operation’s difficulty are identified and assigned
fuzzy triangular values, and then weighted. Thereafter, the sequence receives an

aggregate value for its difficulty.

In this paper, the main parameters that affect the assembly difficulty are related to the
part’s geometry and to the mating operation. The geometry-based parameters are the
shape of components, required force to assemble components, mating direction,
alignment of components, stability of the resultant part and the amount of support

required for the assembly operation [Ben-Arieh, 1993, 1994]

The other parameter that affects the assembly operation’s difficulty is the mating
operation. Different mating operations have different levels of difficulty. For example,
welding operations are more difficult to perform compared to simple snapping. The
mating operations are divided into six categories: Position contact, Snap contact, Spring

contact, Gear contact, Clamp fit and Belt contact.
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The factors mentioned by Ben-Arieh can be used to define the amount of effort to

perform the assembly task.

In addition, Richardson et al. [2004, 2006] identify the tasks that affect the assembly
complexity. They introduced seven tasks based on Hierarchical Task Analysis (HTA) that
have impact on cognition in the assembly. These tasks, which are related to the physical
characteristics of the assembly object, are selection, symmetrical planes, fastening points,
fastenings, components, component groups, and novel assemblies. Assembly steps are
another factor that are not related to the physical characteristic of the assembly object, but
influence the assembly difficulty. Compared to the DFA method, the identified tasks

consider the cognitive aspect of the assembly rather than the physical aspect.

Goldwasser and Motwani [1999] developed complexity measures for two-handed
assembly sequences. They introduced a framework to optimize several complexity
measures that are related to the assembly cost. The complexity measures that result in
lower assembly cost are:

e Fewer number of directions

o Fewest reorientations

e Fewest number of non-linear steps

e Minimum depth of an assembly sequence, and

e Fewest numbers of removed parts

In their method, they just considered the general factors in the assembly-sequence
planning. In fact, factors such as the effect of assembly sequence on tools, fixtures, and

the stability of part after insertion are not considered.

Rodriguez-Toro et al. [2002] aim at presenting a method to optimize balance between
manufacturing capabilities and assembly operations in a product design. They believe
that the design processes supported by CAD tools focus on the components of the product
rather than the product itself. As a result, companies face redesign and rework in their

assembly process.
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According to Rodriguez-Toro et al. [2002, 2003], a large portion of the product cost
are determined at the design stage and much of this cost incurred during assembly
[Rodriguez-Toro et al., 2002]. Therefore, it is important to take into account the assembly

considerations at the product designs stage in order to reduce the subsequent problems.

Design For Assembly (DFA) method is a significant tool that helps reduce the part
count, while improving the product quality and reducing a number of assembly problems.
However, DFA focuses on the shape analysis of each component. In this method, some
parts are eliminated or integrated to reduce the assembly difficulty and optimize the
assembly time and efficiency. As a result, components that are more complex are created
and in some cases, insertion processes that are more complex are required. Therefore, in
order to evaluate the product with respect to all these considerations, it is necessary to

take into account the complexity in different stages of manufacturing and assembly.

In order to find the optimum balance for a product design, between manufacturing
capabilities and assembly operations, they considered the notion of complexity in two

levels [Rodriguez-Toro et al., 2002]. Figure 5.1 shows the layout of these two levels.

Component Assembly
1 1
| 1 | 1
Manufactuirng Process Structural Sequence
Geometric Insertion, Alignment Critical Assembly No. of Insertion
. path, Parallel 0 .
Shape and Handling Processing perations

Figure 5.1: Different complexity factors considered at a particular level [Rodriguez-Toro et al., 2002]

Then, the major factors that affected each kind of complexity were presented. The
manufacturing complexity, Cn, is a function of part geometry, material, tooling, process,
and batch size. The process complexity, Cp, is a function of component geometry, and
should address the difficulty of handling, alignment, and insertion operations of each

individual component.
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In the assembly complexity level, the structural complexity, Cy, deals with the
configuration of a product in terms of its product structure. In fact, the structural
breakdown can have a significant impact on the ease of assembly, but more particularly
on the critical assembly path [Rodriguez-Toro et al., 2002]. Structural complexity is a
function of number of components, levels in hierarchy, subassemblies, branches, etc.
Finally, sequence complexity, Cs, is directly related to the number of assembly

operations.

The total design complexity is considered as a combination of the different types of

complexity. Equation 5.1 shows the total complexity.

W1Cm+waCy+ w3 Cse+ wyC
C, = —= P oL s (5.1)

Wi+ watwz+wy

In addition, they mention the relation between component complexity, cost and part
count. Figure 5.2 illustrates the influence of part count and component complexity on

cost.

#asembly Cost
Comwgldexity
. e ez —
Companeat Gt
Optieenum baare

Figure 5.2: Influence of component complexity and part count on cost [Rodriguez-Toro et al., 2002]

According to the figure, reducing part count may result in parts that are more

complex thus increasing the manufacturing cost. On the other hand, the assembly
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operation complexity will be reduced because of the fewer number of parts. From the

complexity view, the higher the complexity, the more manufacturing and assembly cost.

Later on, they analyzed the proposed complexity at different levels from the structural

and dynamic views. The new classification is shown in figure 5.3.

Component Assembly
] |
PR _I ————————————————————————— \
I
i | Manufacturing Structural I static
I Static I Complexity
T . r
1 Geometric Component Interface )
Moo Shaee, b Geometry_ _ _ .
e e e e e - — - = = — S
{
Dynamic | Process | Structur al Sequence |1
Complexity | I dynamic | I
_____ I
I Insertion, Alignment I . No of insertion |
\ And Handling Component Interactions, Operations |
« Critical assembly path /

Figure 5.3: Complexity taxonomy for proactive DFA [Rodriguez-Toro et al., 2004]

In this study, Rodriguez-Toro et al. mentioned the sequence complexity mainly
addresses the prediction of the most convenient path [Rodriguez-Toto et al., 2004]. In the
structural complexity, they considered the interaction between components, tolerances,

geometry of interfaces, and kinematic constraints to develop the assigned weightings.

In some studies, the complexity of assembly is measured by the time required to
perform the assembly. Braha and Maimon [1998] suggested that the structural complexity
of assembly can be measured by the information associated with the assembly interfaces.
The higher the number of features in the assembly interfaces, the more assembly time.
They consider the parts as operands and the interfaces as operators. Therefore, in their
proposed metric both the number of assembly operations and the number of parts are

included.
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One of the main issues in defining the assembly complexity is the effect of product
varieties on the complexity of manufacturing and assembly. Fujimoto et al. [2003]
address the product and process-based complexity while using Assembly Process Design
(APD) for entire product. APD is a collection of a series of activities that include Product
Structure Planning (PSP), Basic Assembly Process Planning (BAPP), and Assembly
Technology Planning (ATP). To define complexity at each stage, the notion of

information entropy is used.

In the PSP stage, the product specifications and customer requirements are translated
to the functional requirements. The exact and detailed information about the physical
properties, such as components geometry, their features, and specific manufacturing
information is not available. The available information are the number of varieties, parts,
and the assembly sequence. To describe the complexity at this stage, the information

entropy was used. Equation 5.2 illustrates the complexity at the PSP stage.

C=-X;w; X;c; logz ¢ (5.2
where C is the complexity,
cij is the probability of how much variety j satisfies function i,
and wj is the relative importance of having variety j in the i™ function.

[Fujimoto et al., 2003]

In the BAPP stage, in addition to the information gained in the PSP stage, the
information such as component geometry and mating features are defined. In this stage,
the complexity is due to the varieties flowing through the station and the varieties added
in the station. In this stage, the approaches that can be taken into account to reduce the
complexity are:

¢ Reduce the differences in number of parts,
e Limit the direction of change,

e Delay the product differentiation
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In the ATP stage, detailed design with precise dimensions, surface finish, fits,
tolerances, process planning for manufacturing the components and the assembly design
are performed [Fujimoto et al., 2003]. In this stage, the impact of variety is on the
uncertainty dealing with conveying the base part, material supply, gripping, and
positioning. Similar to BAPP, the complexity is because of the varieties flowing through
the station and the varieties added in the station. In this stage, the approaches that can be
taken into account to reduce the complexity are:

o Localize standardization of the part
e Process restructuring — postponement of operation

e Introduce new technologies.

In another study, Martin and Ishii [1997] develop a method to increase variety while
decreasing the variety cost. Their proposed indices capture the amount of variety within a

design. These indices are Commonality Index, Differentiation Index and Setup Index.

Commonality Index (CI) measures the amount of using standard parts in a design. A
higher amount of CI is desirable, as it indicates that the different varieties within the
product family are being achieved with fewer unique parts [Martin and Ishii, 1997].

Equation 5.3 illustrates the Commonality Index.

u—max p;

CI= ,0<CI< 1 (5.3)
%/ pj—max p;

where u is the number of unique parts,
pj is the number of parts in model j ,and

Vn is the final number of offered varieties.
Differentiation Index (DI) deals with differentiation in the design flow. By using DI,

the work in process and assembly complexity can be decreased. Equation 5.4 illustrates

the Commonality Index.
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DI Yo divia;
ndlvn X, a;

,0<DI< 1 (5.4)

where v; is the number of different products existing at process i,
n is the number of processes,
Vn is the final number of offered varieties,
d; is the average throughput time form process i to sale,
dl is the average throughput time form beginning of production to sale,

and a; is the value added at process i [Martin and Ishii, 1997]
As it can be inferred from the equation, the lowest amount of DI is desirable.

Setup Index (SI) indirectly measures the effect of the switchover cost on the overall

cost of the product. The setup index is illustrated by equation 5.5.

n . .
_ =1 vt cl

m
j=1 C]

SI , 0<SI< 1 (5.5)

where vi is the number of different products existing at process i,
ci is the cost of set-up at process i,
and C; is the total cost (material, labor and overhead) of jth product
[Martin and Ishii., 1997]

A similar work to Martin and Ishii. [1997] is presented by Prasad [1998]. First of all,
he mentioned five sources of complexity in a system producing different varieties, which
are:

e Inherent product complexity

e Process complexity

e Team cooperation and communication complexity

e Computer and network complexity, and

e A maze of specifications including international regulations and safety

[Prasad, 1998]
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To reduce the product and process complexity, he proposed to apply the breakdown
structure, in a way that any inherent concurrency can be eliminated. As a result, tasks can
be run in parallel. The problem in this method is that higher number of tasks in
decomposition results in more communication and cooperation between performing
tasks. The optimum level is the one that maintains a balance between product and process

complexity on one side and communication complexity on the other side.

It has been shown that complexity in the assembly operation has a strong correlation
with the occurrence of defects [Shibata et al., 2003]. Here, metrics for complexity are

provided using assembly time estimation and ease-of-assembly rating.

The first metric is a process-based factor that uses a “time standard” defined for a set
of assembly tasks. Here, the main idea is to find the difference between the time of each
assembly job element and the minimum assembly time at that station, which does not
contribute to defect. Then, the relation between process-based complexity factor and
defect rate is shown in a logarithmic format. The higher the complexity factor, the higher

the defect rate.

The second metric is a design-based factor that uses the DFA method to evaluate the
assembly. This tool helps the designer to find the sources of defect that are not captured
by the process-based complexity factor. This complexity factor is based on the evaluation
score from the Design for Assembly Cost-Effectiveness (DAC) method, which was
developed by Sony Corp. in Japan [Shibata et al., 2003]. In this method, the ease-of-
assembly is calculated based on three factors: (1) part characteristics: the difficulty of
handling and orienting a part; (2) assembly characteristics: the difficulty of assembling a
part; (3) base part assembly characteristics: the difficulty of assembling a part due to the
features of the base part. Then, the total ease-of-assembly is calculated for all of the parts.

The design-based complexity factor is the reciprocal of the total ease-of-assembly.
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Considering the design-based and process-based complexity factors together gives an
insight to predict the assembly defects and further provides a guideline to improve the

original design.

A summary of the papers mentioned in this chapter is shown in table 5.1.
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Chapter 6
Proposed Model: Complexity Metric for

Manufacturing Assembly

In this chapter, the factors that affect the assembly complexity are described and
analyzed. Then, a matrix-based model is developed to measure the assembly complexity
based on the identified factors. In this model, the concepts introduced by EIMaraghy and
Urbanic [2003, 2004], and the Designers’ Sandpit project are used. The former presents
heuristic metrics to measure product, process, and operational complexity for the
manufacturing systems. The later presents an introduction to the concept of product
complexity in support of assembly-oriented design, in which complexity is divided into
two levels: component and assembly level. Finally, the model is applied on some case

studies and the results are compared according to DFA analysis.
6.1. Problem Statement

Complexity of assembly systems results in increase in assembly difficulty and
therefore highly affects the assembly cost and time. According to the DFA methods, the
assembly time and cost is a function of part count. A higher part count indicates that

more time is needed to perform the assembly, resulting in a more costly assembly.

It is generally believed that by decreasing the number of parts, we face complicated
parts that need complicated manufacturing processes, resulting in an increase in
manufacturing complexity and cost of each part. On the other hand, it results in lower

assembly cost and complexity, as we have fewer part counts.

Conversely, an increase in part count results in less complex manufacturing and lower

cost in parts manufacturing, while increasing the assembly complexity and cost.
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DFA aims at simplifying the assembly by reducing the part number. Therefore, we
anticipate that the complexity of assembly should be decreased by applying DFA on
different case studies. In this chapter, the assembly and manufacturing complexity
metrics will be applied on a case study to examine the effect of DFA method on the
complexity of product assembly and manufacturing. However, the focus of this research
is to model the assembly complexity metric and evaluate the result by DFA results.
Figure 6.1 illustrates the impact of changes in part count on assembly complexity and

assembly cost.

Complﬁxity A

. Assembly
P Operation
e Assembly

Cost
< Part Count >

Figure 6.1: Complexity and cost analysis according to part number

Figure 6.2 and 6.3 illustrate the IDEFOQ for the first and second layer of measuring
assembly complexity. Assembly complexity is a function of product and process-related

factors.
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6.2. Assembly Complexity

Manufacturing complexity is divided into three types: component complexity, process
complexity, and operational complexity. Components are important factors affecting the
complexity of the other two types. In addition, components are one of the main factors
affecting the assembly complexity. The following diagram, figure 6.4, shows the
assembly complexity pyramid.

Components

Manufacturing ¢ / Process \
/ Operation \
Assembly[
Operatioi / Assembled Product \

Figure 6.4: Assembly complexity pyramid

Manufacturing complexity is well defined by ElMaraghy and Urbanic [2003, 2004]

through product, process, and operational complexity.

In their approach, ElMaraghy and Urbanic [2003] suggested that complexity is a
function of three elements: quantity of information, diversity of information, and the

information content, as in figure 6.5.

Complexity Components
information | M=) Complexity | on

1

Information Content

Figure 6.5: Elements of complexity [EIMaraghy and Urbanic, 2003]
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- The same elements will be considered in the proposed model. However, the coupling
between components or features is an important factor in measuring complexity, which

will be included in the proposed model.

To measure complexity, it is essential to define the main tasks related to the selected
operation. Typical assembly consists of four main tasks: selection of the component, its
handling, alignment, and insertion. These four tasks will be considered in measuring the

assembly complexity.

6.2.1. Component Coupling

Component coupling is an important element that results in more complexity in
assembly. In other words, coupling is the effort added to insertion of a part by assembling
the other parts.

To define the coupling between components, it is important to measure the
dependence between assembling each pair of components. Dependence chart, illustrated
in figure 6.6, is generated to measure the dependence between components. If part i
affects the assembly processes of its consequent part(s) j, number 1 will be assigned for

the interrelation matrix. If not, 0 will be assigned.
To define the coupling of each part, it is suggested to measure the percentage of the

other components’ effects on part j. In other words, the percentage of 1s in each column

shows the amount of coupling of that part with other parts.
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Figure 6.6: Dependence chart

This percentage shows the effort associated with manipulating the part because of the
other parts. Therefore, the coupling complexity is considered as an element that

physically influences the assembly operation.

6.3. Primary Proposed Model

Quantity of information, diversity of information, and the information content are

three factors that affect assembly complexity.

In the presented model, total number of parts and fastenings shows the Quantity of
Information. The “absolute quantity of information” may contain redundancy. Therefore,
the information entropy measure is used as a compression factor to define the

“information quantity” element, as illustrated in equation 6.1:

Hgsy= Logs (N+1) 6.1)
where N is the summation of the total number of parts/sub-assemblies and

fastenings.

Diversity of information is defined by the parts/subassemblies/fastenings diversity
ratio, which is the ratio of distinct parts and fastenings counts to the total number of

parts/sub-assemblies and fastenings. Equation 6.2 shows diversity:
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Dyggsy=n/N (6.2)

where n is the summation of distinct number of parts/sub-assemblies and distinct
number of fastenings,
and N is the summation of the total number of parts/sub-assemblies and

total number of fastening points.

The information content is defined as an amount of effort to accomplish the assembly
task, not a measure of probability of success. Therefore, in assembly, the information
content is the effort to perform the assembly operation tasks: selection, handling,

alignment, and insertion.

6.3.1. Effort Measurement

The effort associated with each task is a function of physical or cognitive element that

influences the task.

As we mentioned earlier, there are three main tasks in each station: handling,
alignment, and insertion. However, we need to correctly select the part to manipulate.

Therefore, the first task is to select the appropriate part/sub-assembly.

As a result, the complexity of assembling each component is a function of:
e Part Selection
e Handling
e Alignment

e Insertion

6.3.1.1. Physical Elements
The physical elements that influence complexity of handling, alignment, and insertion

are part geometry, its surface specifications, tools or fixtures used to manipulate the part

and the added effort because of the assembly of previous parts.
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Part Geometry

Complexity is a function of the part size: in the case that it is too small or too large,
more effort is needed to handle, align, and insert that part. In some cases, the part cannot
be moved because of its large size requiring the operator to move around the part to

assemble other components.

Surface Specifications

If the parts are slippery or have sharp edges, it is more complex to do the assembly
task. Thus, part surface specification is important to define the effort of manipulating the

part.

Tools/Fixtures
If any tool or fixture is needed in order to handle, align, and insert the part, the task

will need more effort to be carried out.

Relativity
Finally, if the previously assembled components affect the assembly of a part, the
manipulation of that part will be more complex. The relativity amount can be achieved

using dependence chart.

Assessing the physical elements’ effort is based on a scoring system of 0, 0.5, and 1,

which corresponds to no or low/medium/high effort level.

6.3.1.2. Cognitive Elements

The cognitive elements that influence the complexity of handling, alignment, and

insertion are part symmetry, fastening points, and procedures.
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Part Symmetry

The more symmetric a product is, the easier the assembly operation becomes. The
notion of a-symmetry and PB-symmetry is used to evaluate the cognitive effort of
performing assembly. According to the DFA method, a-symmetry and B-symmetry are

defined as:

a-symmetry: is a rotational symmetry of a part about an axis perpendicular to the axis
of insertion.

B-symmetry: is a rotational symmetry of a part about its axis of insertion.
The larger amounts for a-symmetry and B-symmetry mean that there are less
symmetrical planes; therefore, more rotations are needed to appropriately manipulate the

part.

Table 6.1 shows the task effort level based on o-symmetry and B-symmetry.

a-symmetry 0 72 90 120 180 360
Effort Level 0 0.2 0.4 0.6 0.8 1
B-symmetry 0 72 90 120 180 360
Effort Level 0 0.2 0.4 0.6 0.8 1

Table 6.1: Effort level based on symmetry

a-symmetry equal to 360 means that the part can be manipulates only in one
direction; therefore, more effort is needed to define the correct direction for the handling,

alignment, and insertion tasks. The same approach applies to B-symmetry.
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Fastening Points

According to Richardson et al. [2004], the number of fastenings may add to the
complexity, increasing the connections between parts; a high number of fastening points

leads to a high cognitive load.

A scoring system that ranges from 0 to 1, with 0 to be the least effort and 1 the most,

will be used to demonstrate the effect of fastenings points on effort.
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The chart shown in Figure 6.7 will be used to determine the complexity associated

with the physical and cognitive elements of handling, alignment, and insertion.

Task Effort

Cognitive Elements

Sum | Average | o-symmetry | f-symmetry | Fastenings| Procedures | Sum | Average

parts

Tools/
specificatiosn | fixtures | relafivity

Physical Elements

Geometry

Handling

 Alignment

Insertion

Figure 6.7: Effort chart for assembly operations
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6.3.1.3. Selection

Selection of the parts/subassemblies/fastenings is related to the number of
parts/subassemblies/fastenings and the way they are supplied. For example, if the parts

are in separate packaging, it is less complex to identify parts than when they are all piled.

To define the effect of parts’ diversity, the probability of picking the correct part is
used. Figure 6.8 shows j part types to be assembled and the number of parts in each
category (nj) at stations i. Total number of parts (N) equals to }; ;.

PT1 PT2 PT3 PT}-1 PT]

nl n2 n3 nil nj

Figure 6.8: Available parts at station i, based on different part types

The probability of selecting a part of the first kind is shown in equation 6.3:
P1=nl/N; if the parts are piled (6.3)
P1= 1/j; if the parts are separated according to their type

As it can be inferred from the above formula, the first part has the least probability

(p1) to be chosen; therefore, its appropriate selection is the most cognitively complex.

Selection of parts is a time-dependent reduced combinatorial complexity. As the
selection task continues, the probability of selecting the correct part increases and its
cognitive effort decreases. Therefore, we can measure the cognitive effort of selection of
part i by equation 6.4:

Ef fsetection i = 1 —p; (6.4)

This formula gives zero for the effort of selection of the last part, which is reasonable,

as there is not any other part left to be selected.
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To determine the complexity of assembly operations, we introduce the assembly

operation’s relative effort chart in figure 6.9.

Part

No.

Persentage

Selection

Handling

Alignment

Insertion

Sum

Average

Part
Share

Figure 6.9: Assembly operation’s relative effort chart

Overall relative effort

The procedure of filling up the assembly operation’s relative effort chart is as

follows:

First, define the parts, their count, and percentage

Define relativity amount using the dependence chart

Calculate the effort for part handling, alignment, and insertion (using the effort

chart, figure 6.7)
Define the insertion effort

Finally, using assembly operation’s relative effort chart, figure 6.9, calculate the

average effort of each part and its share in the total effort. The part share equals to

its percentage multiplied by its average effort.

Since the quantity of information, diversity, and overall relative effort is measured,

the assembly complexity can be determined from equation 6.5.

(Dassy + REfﬁ * Hassy

Cassy -

where, REff represents the overall relative effort.

(6.5)

In the following section, the proposed method is applied on the pneumatic piston

subassembly before and after implementing DFA method. In addition, the method

described by ElMaraghy and Urbanic [2003] is applied to measure the manufacturing

complexity.
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6.4. Illustration Example- Pneumatic Piston Sub-assembly (Before/After DFA)

In this section, a pneumatic piston sub-assembly is used to measure the assembly

complexity. Figure 6.10 illustrates Example 1- Pneumatic Piston sub-assembly before

applying DFA method.
screw(2) (steel) ———" %
S Feature 1
Feature2 P
cover (steel)}—____ Feature 3
spring (steel)
piston stop (nylon)
~ N Feature 1
.~ — Feature2
7 -Feature 3
main block (plast:c).\\ 7 Feature 1
Feature 2. TR
Feature 4
Feature 6

Figure 6.10: Example 1- Pneumatic piston sub-assembly (Before DFA)
[Boothroyd and Dewhurst, 1987]
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The product, process, and operational complexity are measured to show the
manufacturing complexity, and next the assembly complexity is measured for Pneumatic

piston sub-assembly using the proposed model.

The summary of product, process, and operational complexity for the pneumatic

piston assembly before implementing DFA method is shown in table 6.2.

Main Block Piston Stop Cover
ClLoroduct 4.58 5.48 4.17
XPc, 6.77 6.25 5.00
Pl rocess 11.35 11.73 9.17
PL,peration 5.30 6.40 7.99
Cassy 3.26

Table 6.2: Manufacturing and assembly complexity before applying DFA method
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Figure 6.11 illustrates Example 2- Pneumatic Piston sub-assembly after applying

DFA method.
Fgature 1 Feature 2
TR O LOVEL
B Sy St u}w
Feature 3
Ps1ings {81ael) ——“—

3—pisian (aumirumj Feature 1

Feature 2

Feature 3
Feature 4

4man block {plassr) Feature 2

Feature 4

Feature 5§ Feature 1

Feature 6

Figure 6.11: Example 2- Pneumatic piston sub-assembly (After DFA),
[Boothroyd and Dewhurst, 1987]

After applying the DFA method on the pneumatic piston subassembly example, the

product, process, and operational complexity, as well as the assembly complexity are

calculated.
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Table 6.3 shows the summary of manufacturing and assembly complexity for this

example.

Main Block Piston Stop Cover
Clproduct 4.94 6.09 5.40
ZPc 6.77 6.17 6.38
Plrocess 11.71 12.26 11.78
Ploperation 5.30 6.08 6.81
Cassy 2.88

Table 6.3: Manufacturing and assembly complexity after applying DFA method

6.5. DFA/ Complexity Comparison

Comparing the results shows that the manufacturing complexity including product,

process, and operational complexity has an increasing trend after applying DFA method:

As the part numbers were reduced, the parts became more complex, and their

manufacturing difficulty was increased.

Figure 6.12 shows the increased trend in each manufacturing complexity element.

25
20 N |
IR St
- ."‘"
15 ' B ’I
Il’
10 -
,I
5 -
I/
,I
0 | ; )
Product Process operational
Complexity Complexity Complexity

- -4 - Before DFA
--#-- After DFA

Figure 6.12;: Comparison of product, process, and operational complexity (After/Before DFA)



The operational complexity of the piston cover is reduced after applying DFA
method. This can be a result of changing the manufacturing process of the cover. Before
applying assembly, the cover is made of metal whereas after assembly it is made of

plastic.

Figure 6.13 illustrates the changes in the manufacturing and assembly complexity

before and after applying DFA.

60

50

40

=== Manufacturing
30 Complexity

=i~ Assembly Complexity
20

10

Before DFA After DFA

Figure 6.13: Comparison of manufacturing and assembly complexity (After/Before DFA)

This chart shows that the total manufacturing complexity has increased by reducing
part count whereas the assembly complexity has decreased, which is in accordance with

the assumptions.
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6.6. Improved Model- Based on Components and Assembly Process

In-depth analysis of the assembly complexity provides that the component is not the
only factor that affects assembly complexity. In fact, the assembly complexity is also
affected by the decisions made in the phase of determining the assembly sequence. The
required effort to assemble a component is a function of the assembly direction, assembly
accessibility, the part situation during assembly, and the needed force to assemble the
component. Hence, the assembly complexity model is improved; so that both the

components and assembly process effects on effort will be considered.

In the improved model, the “information quantity” and “information diversity” is the

same as the one presented in the primary model.

The total number of parts and fastenings represent the quantity of Information. As
discussed by ElMaraghy and Urbanic [2003], the “absolute quantity of information” may
contain redundancy. Therefore, the information entropy measure is used as a compression

factor to define the “information quantity” element as shown in equation 6.6:

Hassy = lOgZ(N + 1) (6.6)

where, N is the summation of total number of parts/sub-assemblies and

fastenings.

Diversity of information is defined by the parts/subassemblies/fastenings diversity
ratio, which is the ratio of distinct parts and fastenings counts to the total number of

parts/sub-assemblies and fastenings. Equation 6.7 shows the diversity:

n

Dassy = N (6.7)

where, n is the summation of distinct number of parts/sub-assemblies and

distinct number of fastenings, and
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N is the summation of total number of parts/sub-assemblies and total

number of fastening points.

The information content is defined as an amount of effort to accomplish the assembly
tasks, not a measure of probability of success. In the proposed model at section 6.3, only
the effect of components on the assembly information content was considered. However,
in addition to the components, the assembly process also adds to the effort amount of

performing the assembly.

As we mentioned earlier, there are three main tasks in each station: handling,
alignment, and insertion. However, we need to correctly select the part to manipulate.

Hence, the first task is to select the appropriate part/sub-assembly.

Consequently, the complexity of each workstation is the complexity of:

e Part Selection

e Handling
e Alignment
e Insertion
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Figure 6.14 shows the assembly complexity based on the number and diversity of the

components and the task effort.

Assembly Complexity
Components Assembly Process
LS P
] ~ P
[] e N P []
] ~o Phd ]
pomemmmmmmen e YT L LARRR, AU —— .
! Effort LN =7} Effort 5
i Geometry ; _IA___#2l_ ! e Tools/fixtures :
: Shape ' ! Number { | e PartsRelativity :
I : Surface : | Diversity 1 | »  Assembly Direction ! I
n ! specifications : e b ¢ Joint position i n
v i Symmetry E ' e  Part support : v
0 ! e Physical/Material | ! e Partstability | )
1 i properties ; i o Fastening Type : 1
v E i i /Required force : v
e R R RanEE L EELLEEEL ' : ; e
d ! ; d
D ; --------------
T T
a a
s i s
Kk o Selection Lrrcesesenrreiy K
s * Handling §
e Alignment
¢ Insertion
Assembly
Sequence

Figure 6.14: Assembly complexity elements
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6.6.1. Effort Measurement

Considering components, the following factors affect the effort amount in measuring

complexity:

Geometry
Surface specifications

Symmetry
Physical/Material properties

One of the main issues in assembly is the selection of the most appropriate assembly

sequence. Assemble sequence highly affects the elements defining the assembly process

effort. The following elements highly affect the effort in the assembly process

complexity:

Tools/Fixtures
Parts relativity
Assembly direction
Joint position

Part support

Part stability

Fastening type/ Required force

According to ElMaraghy and Urbanic [2003], effort is a function of physical or

cognitive element that influences the task effort. In the following step, the physical and

cognitive elements of each component or process-related factors are recognized.

6.6.1.1. Physical Elements

Some factors in the component and process-related complexity physically affect the

effort amount. In the following section, first, we describe the component related factors,

and then the process related factors.

67



Component Related

o Part Geometry

The complexity is a function of the part size: in the case that it is too small or too
large, more effort is needed to handle, align, and insert the part. In some cases, the
part cannot be moved and the operator needs to move around the part to assemble

other components.

o Surface Specifications

If the parts are slippery or have sharp edges, it is more complex to do the assembly
task. Thus, the part surface specification is important to define the effort of

manipulating the part.

o Physical/Material Properties

Handling, alignment, and insertion of a component depend on its material. If the

component is fragile, then it needs more effort to manipulate.

Assessing the physical elements effort is based on a scoring system of 0, 0.5, and 1,

which correspond to no or low/medium/high effort level.

Assembly Process Related

o Tools/Fixtures
If any tool or fixture is used in order to handle, align, and insert the part, the task will

need more effort to perform.

e Relativity
If the previously assembled parts affect the assembly of a part, the manipulation of

the part would be more complex. The relativity amount can be achieved using

dependence chart.
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o Assembly direction

Assembly with different directions needs more effort. If the assembly direction
changes — e.g. from vertical to horizontal — from a part to another, there is more effort

in this process.

o Joint position
If the joint is positioned in the back of the part so that it is not visible or easily

accessible, more effort is required to perform the assembly.

e Part Support
If a part needs to be supported with hand, tools, or fixtures during the assembly

process, then the assembly task needs more effort compared to the situation where

there is no need for any support.

o Part stability
If the part is not stable after assembling and needs additional support, then the

assembly task needs more effort.

o Fastening type/ Required force

The assembly effort is related to the fastening type or the force required for
assembling the part. For instance, snapping the part needs less effort compared to

welding the parts.

Assessing the effort level of physical elements is based on a scoring system of 0, 0.5

and 1 which corresponds to no or low/medium/high effort level.
6.6.1.2. Cognitive Elements
Some factors in the component and process-related complexity cognitively affect the

effort amount. In the following section, first we describe the component related factors,

and then the process-related factors.
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Component Related

o Part Symmetry

Recognition of the appropriate part alignment cognitively affects the assembly. The
more symmetric the product is, the easier the assembly operations becomes. a-
symmetry and B-symmetry is used to evaluate the cognitive effort to perform

assembly. According to DFA method, a-symmetry and B-symmetry are defined as:

a-symmetry: is a rotational symmetry of a part about an axis perpendicular to the

axis of insertion.

B-symmetry: is a rotational symmetry of a part about its axis of insertion.

The larger amounts for a-symmetry and B-symmetry mean that there are less
symmetrical planes; therefore, more rotations are needed to appropriately manipulate

the part. Table 6.4 shows the task effort level based on a-symmetry and f-symmetry.

a-symmetry 0 72 90 120 180 360
Effort Level 0 0.2 0.4 0.6 0.8 1
B-symmetry 0 72 90 120 180 360
Effort Level 0 0.2 0.4 0.6 0.8 1

Table 6.4: Effort level based on symmetry

An a-symmetry equal to 360 means that we can manipulate the part only in
one direction; therefore, more effort is needed to define the correct direction for

the handling, alignment, and insertion tasks. The same approach is applicable to

B-symmetry.
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Assembly Process Related

All the elements related to assembly operation, except for part relativity factor,
cognitively affect the assembly effort. The appropriate recognition of elements and
applying the appropriate procedure to perform the assembly operation cognitively

increases the assembly effort.

To measure the effort, first, it is necessary to recognize the total number of parts. As
mentioned before, the main tasks in assembly are handling, alignment, and insertion.
Therefore, for each part, we have to calculate the component related effort, the assembly

process-related effort, and the total effort of each task.

To measure the component-related and process-related task effort, we need to
determine the effect of each of the physical and cognitive elements on the effort. A
scoring system of 0, 0.5 and 1, which respectively represents no or low, medium and high
effect, is assigned for each element. Figure 6.15 illustrates the component and process-

related effort, which is based on physical and cognitive elements.
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Since the component and process-related task effort is defined, the task effort for each
part should be measured. Here, we assume that the component and product-related task
effort have equal weights on the part’s total effort. Figure 6.16 shows the total task effort

for each part, i.e. handling, alignment, and insertion, which is based on the component

and process related efforts.

Part Task Effort
Component Reltaed Process Related Task
Physical Cognitive Task Effort Physical Cognitive Task Effort Effort
Elements Elements Elements | Elements
Handling
Alignment
Insertion

Figure 6.16: Part task effort
After defining the handling, alignment, and insertion effort for all parts, the relative

effort of assembly can be calculated applying the chart illustrated in figure 6.17, relative
effort of assembly.
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6.6.2. Effort Measurement: Mathematical Model

To mathematically model the effort, at first we need to define the variables.

j: component, j=1 to P;
n;: number of component j
N = Z}Zl nj
1: the assembly tasks, i=0, 1,2 and 3
i(0, 1,2,3)= (selection, handling, alignment, insertion)
k: the component-related factors affect assembly effort
kpn: the physical element
k.g: the cognitive elements
m: the assembly process-related factors that affect the assembly effort
mygp: the physical element

mg: the cognitive elements

The assembly relative task effort, REff, equals to:

REff = 3,/ PEff;

where PEfT is the effort related to each component.

i T TE;
PEff, = L x2=015

where TE; is the i task effort for part j.

TEi,com +TEi,pro
2

TEl' -

where TE; com is the i™ task effort related to the component.

where TE; pr, is the i task effort related to the assembly process.
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(6.9)

(6.10)


http://Ei.com

Phcom +CGcom

TE;,com = . (6.11)
where Phgon is the component related physical effort level.
where Cgcom is the component related cognitive effort level.
K
Xk p:=1 Factor —level
Ph,,, =—2= (6.12)
Kph
chg -1 Factor —level
CYcom = (6.13)
Kcg
Ph,., +Cg
TE;, pro=—L" - e (6.14)
where Phy, is the process related physical effort level.
where Cgpro is the process related cognitive effort level.
M
me”; =1 Factor —level
Ph,., = 6.15
pro Mp h ( )
M
Zmzz =1 Factor —level
Cpro = Moy (6.16)
Therefore, the assembly complexity is:
Cassy = (Dassy + REff) * Hassy (6 17)

After formulation of assembly complexity metric, the metric is analyzed based on its
sensitivity to changes in different influencing elements. Figures 6.18, 6.19, and 6.20
illustrate the reaction of assembly complexity with respect to changes in the number of

components, diversity of the components, and assembly effort, respectively. In this
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analysis, the elements are assumed independent. In other words, changing one element

does not affect the other elements.

Assembly Complexity vs. Part Count
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Figure 6.18: Assembly complexity vs. changes in part count
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Figure 6.19: Assembly complexity vs. changes in diversity
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Figure 6.20: Assembly complexity vs. changes in effort
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6.7. Illustration Example- Pneumatic Piston Sub-assembly (Before/after DFA)

To show how the model works, Pneumatic Piston sub-assembly is used to measure

complexity both before and after applying the DFA method.

screw(2) {steel) =-—"""""" %

cover {steel)

spring {steel)

piston stop {nylon) "

main block (plastic)..

Figure 6.21: Pneumatic piston sub-assembly (Before DFA), [Boothroyd and Dewhurst, 1987]
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Figure 6.21 illustrates the pneumatic piston sub assembly before applying DFA
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Figure 6.28 shows the result of assembly relative effort, REff for piston sub assembly
before applying DFA method.
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Figure 6.28: Relative assembly effort (Before DFA)
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It shows that:
REff= 0.24,
Dagsy= 0.83,
Hassy= 2.81

Therefore, according to equation 6.17, the assembly complexity for pneumatic piston
sub assembly after applying the DFA method is:
Cassy= (Dassy + REff) * Hygqy
=(0.83+ 0.24) * 2.81=3.01
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Figure 6.29 illustrates the pneumatic piston sub assembly after applying DFA
method. Figures 6.30, 6.31, 6.32, and 6.33 show the calculations of defining the assembly
task effort.

Figure 6.29: Pneumatic piston sub-assembly (After DFA), [Boothroyd and Dewhurst, 1987]
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Figure 6.34 shows the result of the relative assembly effort, REff.

Part No. - | Percentage | Selection | Handling | Alignment | Insertion
Part 1 1.00 025 0.75 0.00 015 015
Part 2 1.00 025 0.567 0.04 017 0.29
Part 3 1.00 025 0.50 0.00 011 0.22
Part 4 1.00 025 0.00 0.13

8%
It shows that:
REff=0.21,
Dassy= 1,
Hassy= 2.32

Therefore, according to equation 6.17, the assembly complexity for pneumatic piston
sub assembly after applying the DFA method is:
Cassy = 2.81
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6.8. DFA/ Complexity Comparison

In addition to the piston assembly, the proposed method is applied on diaphragm
assembly before and after redesign through DFA method. Figure 6.35 illustrates the
diaphragm assembly.

According to the calculations, the relative effort of diaphragm assembly before
applying DFA method is:
REff=0.26,
Dyssy= 0.625,
Hagsy= 3.17

Therefore, the complexity of assembly before applying DFA method is:
Cassy =2.81

s 120 G iR e () 2

o

Jpigte Bprng seel ™

Figure 6.35: Diaphragm assembly- Before DFA (left) and after DFA (right) [Huekstra, 1992]
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The relative effort of diaphragm assembly after applying DFA method is:

REff=0.11,
Dassy= 1,
Hagey= 1.58

Therefore, the complexity of assembly after applying DFA method is:

Casgy = 1.75

In addition, the proposed model is applied on other examples. Summary of the results

are shown in table 6.5.

Assembly Complexity | Assembly Complexity
Product
(Before DFA) (After DFA)
1 Pressure recorder 4.19 3.75
2 Motor Drive 393 3.33
3 Piston 3.01 2.81
4 | Diaphragm 2.81 1.75

Table 6.5: Summary of complexity results

Figure 6.36 illustrates the reduction in complexity after applying the DFA method in

all the case studies.

Assembly Compexity (After
DFA)

B Assembly Compexity (Before
DFA)

Figure 6.36: Complexity comparison with regard to DFA
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Complexity is a function of the number of components in the product. Increasing the
number of products results in an increase in complexity. Figure 6.37 illustrates the effect

of component quantity on complexity in the tested case studies.

Complexity vs. part count
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Figure 6.37: Complexity vs. part count
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Cost is also related to the complexity of the system. In assembly, reduction in
complexity results in cost reduction. The cost formula defined in DFA method is used to
compare cost versus part count in the considered case studies. Figure 6.38 illustrates the

comparison between an increase in part count and cost.

Assembly cost vs. part count

300

250 /

200 // L 4
150 /
100 0¢/ L

50 Yo

Cost
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Figure 6.38: Assembly cost vs. part count
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Chapter 7

Reduced Combinatorial Complexity

One of the main approaches in manufacturing complexity was introduced by Suh
[1999, 2005]. He mentioned that the complexity is found in the “physical domain” and
the “functional domain”. The former deals with the complexity added to system because
of the inherent characteristic of physical elements, including algorithms, products,
processes, and manufacturing systems. In the second domain, the complexity is a

measure of uncertainty in achieving the specified FRs.

Suh proposed that complexity can be a function of time or can be independent of
time. The classification proposed by Suh [1999], and ElMaraghy et al. [2005] is
presented in figure 7.1.

Complexity
|
| 1
Time-Independent Time-Dependent
Complexity Complexity
1 |
1 1 ] |
Real Imaginary Combinatorial Periodic
Complexity Complexity Complexity Complexity

Figure 7.1: Complexity classification [EIMaraghy et al., 2005]

The real complexity is a result of the system range being outside of design range.
The imaginary complexity is the lack of knowledge in satisfying FRs at all times. In

this kind of complexity, FRs can be satisfied at all times, if the DPs are reorganized in the

right order.

98



Combinatorial complexity is a complexity that increases as a function of time due to a
continued expansion in the number of possible combinations with time, which may lead

to a chaotic state or a system failure. [Suh, 2005]

The periodic complexity is defined as the complexity that results in the limited

number of possible combinations in a limited time period.

The goal of system design is to reduce the total complexity of the system in order to
achieve higher productivity. Suh suggested that the time-dependent combinatorial
complexity could be reduced by changing it to time-dependent periodic complexity, using

the concept of functional periodicity.

Some authors such as Matt [2006] proposed a methodology to reduce the time-
independent real complexity and time-dependent combinatorial complexity by using the

concept of axiomatic design.

To reduce time-independent real complexity, he suggested that the system designer
must firstly try to achieve an uncoupled or decoupled design. Then, each DP’s design
range should be fitted to its corresponding FR’s system range. The imaginary complexity
in the case of uncoupled design is zero. However, in the case of decouple design; the

designer should select the design with the least information content.
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7.1. Reduced Combinatorial Complexity in Assembly

Assembly is a stage in production cycle that both time-dependent and time-
independent complexity can be easily identified. Thoroughly analyzing the assembly
system provides that there is another kind of time-dependent complexity, which has not
been identified before in any system. This kind of complexity is called time-dependent

Reduced Combinatorial Complexity (RCC).

To clarify RCC, a simple illustration example is used. Jigsaw puzzle is an example

that simulates the assembly system very well.

At first, when we begin solving a jigsaw puzzle, we have to select the parts from a
large number of parts. In addition, each piece has different connectivity option to its
neighbor part(s). However, as we continue solving the puzzle, we have fewer parts to
select from and more information to define the orientation of the part. As a result, the
complexity of solving the puzzle decreases as a function of time due to the less number of

combinations.

Figure 7.2 shows a jigsaw puzzle at the first and last steps of solving.

Figure 7.2: Jigsaw puzzle at first and last step of its solving

100



Figure 7.3 shows the new classification of complexity.

Complexity

ime-Independent

Time-Dependent

Complexity Complexity
i
1 i | | 1
Real Imaginary Combinatorial Periodic Re‘?uced .
. . N Combinatorial
Complexity Complexity Complexity Complexity Complexity

Figure 7.3: New complexity classification

Using the same definition introduced by Suh for combinatorial complexity, in this

section RCC will be further explained.

Time-dependent Reduced Combinatorial Complexity is a complexity that decreases

as a function of time due to a continuous reduction in the number of possible

combinations with the time.
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7.2. Model of Reduced Combinatorial Complexity in Assembly

In assembly, the number of parts/sub-assemblies, fastenings, available fastening

points, and orientations affect RCC.

As RCC is defined in functional domain, it is necessary to define the functional
requirements that affect the assembly. In other words, the purpose of an assembly process
is to assemble a product with accepted quality. To define the functional requirements,
Axiomatic Design is employed. Figure 7.4 illustrates the functional requirements and
design parameters to produce an accepted product. The results show that in order to have
an accepted quality product, the components are required to be appropriately selected,

oriented, and inserted.

FR: High Quality
Assembled Product

| |
FR1: Appropriate FR2: Appropriate FR3: Appropriate
Selection Orientation Insertion

DP: Appropriate
Assembly

] |

DP3: Reduce
similarity between
insertion points of

DP1: Improve
component
roviding system

DP2: Increase part
symmetry, but reduce
the feasible, but not

correct orientation to dlfferentt
insert the component components__

Figure 7.4: Axiomatic Design to identify functional requirements for good assembly
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It is clear that by continuing the assembly operation, the number of parts to be

selected from is reduced and there is fewer number of selection combination.

In some assemblies, there can be a number of similar fastening points, where only
some of them are specifically meant for the part to be assembled. For instance, assume
we intend to assemble part X, and there are three available fastening points. In this case,
we face three options to choose from the fastening points. However, if there is a part Y
that has to be assembled to the base in two of the fastening points, the RCC of assembling

part X in this case would be lower than when no part has been assembled yet.

The last factor that affects RCC is the part orientation. In some cases where the other
parts are not assembled, the part can be assembled in different orientations. However,
after assembling the other parts, there is only one orientation left for the first part to be

assembled.

As RCC is a function of time, a time period should be set in the proposed model.
Here, time period is defined as the period in which one part is assembled to the base/
previously assembled parts. In other words, time represents an assembly step in which

one part is assembled.

As RCC is defined in the functional domain, the best model to describe it is by using

the amount of information, H.

The total RCC is a function of complexity of selection, orientation, and insertion.

Equations 7.1.a, 7.1.b, and 7.1.c illustrate the possible formats for the total RCC at each

step.
RCC = wHy + w,H, + w;,, H,, (7.1.a)
RCC = weHy X woH, X wi, Hipy (7.1.b)
RCC = w,H, x (W,H, + wi, Hy,) (7.1.¢)
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where, H; is the selection complexity, H, represents orientation complexity, and Hj,
stands for insertion complexity. w, W,, and w;, are the relative weights of the three kind
of complexities. Considering various situations, it is concluded that equation 7.1.a is

more reasonable for this case than the equations 7.1.b and 7.1.c.

Consider a situation where one screw should be fastened to the base part: there are
three similar fastening points on the base part. Therefore, the selection and orientation
complexity equal to zero, and the insertion complexity is Hi;= 0.52. In another case,
suppose that there are two different screws, which should be assembled to two distinct
fastening points. In this case, the orientation complexity is zero, but the selection and
insertion complexity are both 0.5 at the first step. In table 7.1 different scenarios for RCC
are analyzed according to the above-mentioned cases as well as other estimated amounts

for each kind of complexity.

H, H, Hi, Eq.7.1.a | Eq.7.1b | Eq.7.1c
0 0.52 0.52 0 0
0 0.46 0.46 0 0
0.5 0 05 1 0 025
Q0 a Q0 [0 0] [e 0] o0

Table 7.1: Exploring possible equations for assembly complexity

Table 7.1 suggests that if the selection complexity equals to zero, then the RCC will
be zero using the equations 7.1.b and 7.1.c, regardless of the amount of orientation and
insertion complexity. Therefore, in format 7.1.b and 7.1.c the effect of insertion and
orientation complexities is neglected with a zero selection complexity, which is not
reasonable. Furthermore, exploiting equation 7.1.b will result in a total RCC of zero if
any of the complexity kinds equals to zero. As a result, equation 7.1.a seems the best

option to represent RCC.

H; is the complexity associated with the selection of the components and fastenings.

Equation 7.2 determines the selection complexity at each step.
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HS = - Z{Y—'l ps'i logz ps‘i (7'2)
where, ps;is the probability of appropriate selection of the part i to be assembled,

and N is the total number of parts and fastenings.

H, is the complexity associated with the orientation of the components and

fastenings. Equation 7.3 represents the selection complexity at each step.

H,= —3L1p,;108,p,, (7.3)
where, p,;is the probability of appropriate orientation of the part to be assembled,

and N is the total number of parts and fastenings

H;j, is the complexity associated with the insertion of the components and fastenings.

Equation 7.4 indicates the selection complexity at each step.

N
Hin = —Xi=1 D 108, Pipsi (7.4)
where, p,,iis the probability of appropriate insertion of the part i to be assembled,

and N is the total number of parts and fastenings

RCC should be calculated at every step for each part. Therefore, the total RCC
conveys the reduced combinatorial complexity associated with that step. The benefit of
the step-based model is that it is easier to track where there is more reduction in RCC in
the different assembly sequences. In addition, the complexity type that affects the total

RCC more can be easily inferred.
It is assumed that part i along with its precedent parts have been assembled at step i.

Therefore, the RCC of the remaining N-i parts is calculated considering the fact that the

previous i parts are already assembled.
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The following algorithm describes how to calculate the RCCiq for each time
interval.

1. Define the total number of parts to be assembled

2. Itis assumed that at step 1, part 1 is assembled. At this step, for the remaining
parts calculate Hg, H,, and H;, from equations 7.2, 7.3 and 7.4

3. Calculate the total RCC for step 1, from equation 7.1

4. At step i, it is assumed that the part i along with its precedent parts have been
assembled. Therefore, for the next N-i parts, calculate the selection,
orientation, and insertion complexity from equations 7.2, 7.3, and 7.4
respectively. The total RCC is derived from equation 7.1

5. Continue step 4 until all the parts are assembled
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7.3. Illustration Example- Bracket/ Base/ Spindle Assembly

The example shown in figure 7.5 is used to illustrate the mentioned algorithm. Note

that the relative weights are assumed identical.

Figure 7.5: Illustration example for RCC

In this example, there are four main parts. At each step, the first table shows the
number of parts. The second table shows the Probability of selection, orientation, and
insertion for each part. Furthermore, the third table at each step illustrates the amount of

H,, Ho, Hin, and the total amount of RCC associated with that step.

The calculations for measuring RCC are shown in figures 7.6, 7.7, 7.8, and 7.9.
Number of part to be assembled

Total # of parts | # base | # bracket | # Spindle | # Screw
8 1 2 1 4
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Table 7.2 and figure 7.10 show the summary of the total RCC in each time interval.

Summary- RCC
Step Total System RCC
1 9.28
2 6.92
3 5.84
4 4.5
5 3.31
6 1.5
Y 0

Table 7.2: Results of RCC

System Reduced Combinatorial Complexity

10
9

8

7

6
8s
x4
3

2

1

0

1 2 3 4 5 6 7
Step

Figure 7.10: Results of RCC

112




7.4. RCC and “Divide and Conquer” Algorithm

In computer science, “divide and conquer” (D&C) algorithm is defined by recursively
breaking down a problem into two or more sub-problems of the same (or related) type,

until they become simple enough to be solved directly.

In assembly, one of the solutions to reduce complexity is by introducing the concept
of subassemblies into the assembly system. According to the D&C algorithm, in
assembly systems, some parts are suitable candidates to be assembled out of the main
sequence and then be joined to the main sequence as a subassembly. Applying the RCC
algorithm on assembly systems with subassemblies confirms the advantages of exploiting

D&C method in assembly.

Figure 7.11 illustrates a main assembly sequence and an assembly sequence with a

subassembly.

Main Housing
Screws l@ .
Fear Housing g

et
ShatiRotor #
Bean 3930!3( - v
Retgiznng: Rsecmvs A ' - =t
] I ®
Front Housing | Ff@
Fan Spacer C@ ‘/
Fan s —

-

Pulley @ tdly Subassembly
Lockwasmr @ Fixture

:

] ®

Main Assembly ,
Fixture é <& “:\,‘
Assembly -
Saguence 1 Main Assembly

Fixture

Figure 7.11: An example of assembly sequence without subassembly (left hand side sequence) and

with assembly (right hand side sequence)
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Figure 7.12 illustrates the result of applying RCC on the assembly sequences shown
in figure 7.11. The results confirm that RCC of the assembly sequence with subassembly

is less than that of a sequence without subassembly.

12

10

6 / — &—-RCC Seq.2
A i - - - RCCSeq. 1

10 15 20
Step

Figure 7.12: Effect of subassembly on RCC

7.5. Normalization of RCC

As mentioned earlier, RCC is a step-based method that measures the selection,
orientation, and insertion complexity of each component and total assembly complexity
at every assembly step. One question that may arise here is whether it is possible to
normalize the RCC amount. To answer this question, one needs to measure the maximum
amount of selection complexity, H, orientation complexity, H,, and insertion complexity,
Hi,. In the following section, selection complexity will be analyzed to determine the

possibility of finding a maximum for selection complexity.

Generally, selection complexity is defined in equation 7.5 as:

N
Hy = —Xi=1pilog; p; (7.5)
where, p; is the probability of selecting the i"™ part.
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If we assume that there are N different parts to be selected and the probability of

. 1 . .
selecting the parts are equal, i.e. p; = N’ then H, will be determined as:

1 1
Hy = —Xiliy logz (76)
Hy = —N X+ logs+ (7.7)
H, = log, N (7.8)

To find the maximum of Hj, it is necessary to determine the derivative of H;.

' 1

H Nxln 2

(7.9)

H’s = 0 gives that N — oo. This means that the higher number of parts result in more
selection complexity. As a result, it is not possible to find a maximum for the selection
complexity in order to normalize it, since generally there is no constraint on N. However,
it is worthwhile to mention that for a particular N, the maximum amount of H; is the case
where all parts have the same probability. In this situation, the operator faces more

complexity in choosing the appropriate part.

The same analysis approach for selection complexity can be applied on the
orientation and insertion complexity. To sum up, it is not possible to normalize the RCC

when comparing two different assemblies.

Although it is not possible to normalize RCC to compare two different assemblies,
the RCC of a particular assembly can be normalized over its different assembly steps.
According to the definition of RCC, the complexity of assembly at step i is measured
with the assumption that part i and all its precedent parts have been assembled. Therefore,
the maximum amount of RCC of an assembly takes place at step zero, where no part has

been assembled yet.
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Once the RCC of step zero is measured, the Normalized RCC (NRCC) of the

subsequent steps can be determined as:

NRCC; = ——

(7.10)

where, NRCC; is the normalized RCC of step i,
and RCC, is the RCC of assembly at step zero.

The discussed approach is applied on the assembly sequences illustrated in figure
7.11. According to the calculations, the RCC of the assembly at step zero is 10.57. Table
7.3 and figure 7.13 demonstrate the effect of subassembly on NRCC.

Summary- Normalized RCC (RCCmax= 10.57)

Normalized RCC- Normalized RCC-
Step Sequence 1 Sequence 2

1 0.99 0.36
2 0.95 0.29
3 0.94 0.15
4 0.88 0.09
5 0.84 0.00
6 0.79 0.73
7 0.77 0.68
8 0.75 0.67
9 0.64 0.60
10 0.50 0.54
11 0.46 0.46
12 0.41 0.41
13 0.29 0.29
14 0.15 0.15
15 0.09 0.09
16 0.00 0.00

Table 7.3: Effect of subassembly on NRCC
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Figure 7.13: Effect of subassembly on NRCC
7.6. RCC and Product Variety

As mentioned before, RCC and NRCC measure the effect of each part on the system
complexity at each step. Therefore, it can be leveraged as a tool to assist system designers

to identify the step to introduce product variation.

[ Part 1 » Part?2 Part Part n-1 Partn ]
J \
[ Part 1 J——> Part 2‘J———>[ Parti Part n-1 Partn
\

Figure 7.14: Product variation in assembly
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Figure 7.14 is a schematic illustration that shows the possible choices to insert
product variation. Determining the step to insert the variation from a list of candidates
(e.g. step “1” or “n-1”) is a very hard and critical task. System complexity can be
considered as a possible approach to address this issue. In this regard, RCC and NRCC
can be applied to measure the complexity of each candidate step to determine the step

with the lowest complexity.

118



Chapter 8

Conclusion

8.1. Conclusion

Assembly is a complex process because of the various numbers of components,
intricate relation among components, assembly techniques, and different assembly
sequences. Modeling of manufacturing assembly is a field of study that has not been
completely covered. Measuring the assembly complexity helps system designers to
recognize the sources of complexity in the system, and to reduce the system cost. There
are many aspects to be considered in measuring the assembly complexity. Some of these
aspects are considering the effect of product, assembly process, assembly sequences, and
variety on the assembly complexity metric. Developing an integrated metric considering
all aspects of the assembly complexity is considered as a future work. The important
issue is that most of these factors are coupled to each other, i.e. making any change in one

area affects the others.

In this study, a matrix-based method was developed to measure the complexity of
assembly, which is affected by component and process-related factors. In this method, a
system analysis leads to the development of an objective measure, which brings all the

effective factors in assembly complexity to a single number.

The elements of complexity in this model were the diversity of information,
information amount, and the relative effort to perform the assembly. The involved tasks

in assembly are selection, handling, alignment, and insertion.
The implication of the proposed methodology on different case studies demonstrates

that the assembly complexity and its related cost will rise with increasing part count. In

addition, the result of applying complexity metric confirms that the complexity of

119



product before applying DFA method is higher than the complexity after applying DFA
method.

In this thesis, another complexity metric was introduced in the functional domain, i.e.
Reduced Combinatorial Complexity (RCC). Applying the Axiomatic Design principles
yields that in order to assemble an accepted quality product, it is necessary to
appropriately select, orient, and insert the product with respect to the feasible and

available choices.

RCC should be calculated at each assembly step, in which a component is assembled.
RCC provides a good measure to determine which step, or component, has higher impact
on the assembly complexity. The other benefit of RCC is to evaluate the feasible
assembly sequences based on their complexity. In addition, RCC confirms that applying
“Divide and Conquer” algorithm on assembly and dividing assembly into subassemblies
will result in significant reduction in complexity. Furthermore, it can be used as a tool to
compare different subassemblies and their effect on reducing the assembly total

complexity.

8.2. Contributions

The contributions of this research are as follows:

e A model is developed to measure the assembly complexity, which is caused
directly by components and assembly process, and indirectly by assembly
sequences. In addition, this model considers the effect of assembling each part on

the subsequent components.
e According to this model, the effect of component and process-related elements on

each assembly task is measured for every component. Therefore, the components

that result in the highest complexity of each task are identified.
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e This model is completely in alliance with the DFA method, which is widely

accepted as a well-defined model to reduce the assembly difficulty.

e A novel idea, i.e. Reduced Combinatorial Complexity (RCC) is introduced to
capture the complexity of assembly in the functional domain. In this approach,

(134 2]
1

complexity of the system at step i is measured, assuming that component “i” and
its precedent components are assembled. Therefore, it provides information about

the system complexity due to the remaining components.

e RCC can be used as a tool to measure the complexity of different assembly

sequences, subassemblies, and product variations on assembly.

8.3. Future Works

The proposed matrix-based complexity metric is applied on manual assembly.
Nevertheless, with a small amount of further alteration, it can be applied as a metric for

automatic assembly complexity.

Finding feasible assembly sequences and choosing the most appropriate ones with
regard to complexity is a new research area. In this study, the proposed model gives a
tool to measure the complexity of different sequences, but it is not considered as a direct

factor on the proposed metrics.

It is also worthwhile to develop an integrated model that considers the effect of

product, assembly sequence, and variety on assembly complexity.
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For part k:
a;;: Component related physical effort level for task i
by: Component related cognitive effort level for task i
cim: Process related physical effort level for task i

din: Process related cognitive effort level for task i

For task i= 1, 2, 3 (Handling, Alignment, Insertion)

_ 33
A; = Xj-qa;,and

Ph;com = KA_,:,,’ and K, is the number of considered physical elements

B;= Y} 1bu,and

B . . cee
Cicom = -’é, and K, is the number of considered cognitive elements

- V7
Ci = Ym=1Cim >and

Phjpro = ;f—:;, and My, is the number of considered physical elements
Di = Zg=1 din , and

D . . Ly}
CGipro = M—:;, and Mg, is the number of considered cognitive elements

Ph;comt CGicom
2

TE;com =

I hi.pro+ CYipro
2

TE iLpro =

TE i.com+ TE i.pro
2

TEi =
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For part k:

ng: Number of component type k
N = Zf=1 ny

= Dk
E, = ~
Ty i™ task effort for part k

i(0, 1, 2, 3)= (selection, handling, alignment, insertion)

—_ V3

Fi = LizoTEy,

Fy
4

Gy

3 TE,
PEffi= Ex X G = & X —Z‘=°4TE""

Assembly Relative Effort, REff:
P
REff = X,k PEff%
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Appendix B
Diaphragm Assembly Complexity (Before/
after DFA)

B.1. Diaphragm Assembly Complexity (Before DFA): Coupling Chart

Coupling Chart- Diaphragm Assembly Complexity (Before DFA)

Part j
1 2 3 4 5 6 7 8
0 0 0 0 0
1 0 0 0 0
0 1 0 0 0
",:; 0 0 0 0
c 0 0 0
0 1 1
0 1
0
% 0.00 | 0.00 | 0.33 0.25 0.40 0.00 0.00 0.17

129



Part Task Effort

B.2. Diaphragm Assembly Complexity (Before DFA)
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Assembly Relative Effort

B.3. Diaphragm Assembly Complexity (Before DFA)
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Part Task Effort

B.4. Diaphragm Assembly Complexity (After DFA)
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ive Effort

Assembly Relat

B.5. Diaphragm Assembly Complexity (After DFA)
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Appendix C

Motor Drive Assembly Complexity (Before/

after DFA)

Coupling Chart

.1. Motor Drive Assembly Complexity (Before DFA)
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Part Task Effort

C.2. Motor Drive Assembly Complexity (Before DFA)
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Assembly Relative Effort

C.3. Motor Drive Assembly Complexity (Before DFA)
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C.4. Motor Drive Assembly Complexity (After DFA): Coupling Chart

Coupling Chart- motor Drive Assembly

Complexity (After DFA)
Part j
1 {2]3[4]5]6]7

1 0 0 0 0 0 0 0

2 0 0 0 0 0
— 3 0 0 0 0 1
t 4 ol o] o] 1
o

5 0} o0

6 0

7

Relativity 0.00{ 0.00] 0.00] 0.00] 0.00] 0.00] 0.29
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Part Task Effort

C.5. Motor Drive Assembly Complexity (After DFA)
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Assembly Relative Effort

C.6. Motor Drive Assembly Complexity (After DFA)
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Appendix D

Pressure Recorder Assembly Complexity

(Before/ after DFA)

ing Chart

Coupl

D.1. Pressure Recorder Assembly Complexity (Before DFA)
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Part Task Effort

D.2. Pressure Recorder Assembly Complexity (Before DFA)
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Assembly Relati

D.3. Pressure Recorder Assembly Complexity (Before DFA):

Effort
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D.4. Pressure Recorder Assembly Complexity (After DFA): Coupling Chart

Coupling Chart- Pressure Recorder Assembly
Complexity (After DFA)

Part )
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Part Task Effort

D.5. Pressure Recorder Assembly Complexity (After DFA)
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Assembly Relati

D.6. Pressure Recorder Assembly Complexity (After DFA):

Effort
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