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Anotace

Nazev prace: METODY RIZENi JAKOSTI A NASTROJE PRO ZEFEKTIVNEN]
VYROBNICH PROCESU

Pifedmétem dissertacni prace je odhalit vyuziti n€kolika modernich metod fizeni a
optimalizaci vyrobnich procesti. Cilem je dosdhnout vyrobu produktl s vysokou piidanou
hodnotou, monitorovat a fidit vykonnost a kvalitu samotnych procest s cilem mit méné vad,
ke zvyseni produkce bez zavad a zlepsit celkovou kvalitu procesii. Zavadéni inovativnich
technologii do vyrobniho procesu a vytvofeni matematickych modela kritérii efektivnosti
realizace umoziuje hodnotit ptipadné zmény. Kombinaci metod $tihlé vyroby, metodologii
Six Sigma a Fuzzy logiky dava nejen S$ir$i pohled na vSechny aspekty, ale také zvazuje, jak
zlepsit vyrobni proces a udélat jeho bez vad a s nejvetsim u¢inkem.

Prvni ¢ast prace popisuje soucasnou situaci na trhu s elektronikou, objasfiuje a
vysvétluje zakladni pojmy z metod, jak mohou byt kombinovany a pouzivany ve vyrobnich
procesech s cilem zvyseni a kontroly kvality.

Druha ¢ast prace popisuje jeden z vyrobnich procest, presné vyrobu desky s plosnymi
spoji a vyvoj matematického modelu a kritéria pro hodnoceni inovativnich technologii a jejich
zavedeni do vyrobniho procesu.

Treti Cast prace je zaméfena na metodiku pro optimalizace procesu montazi desek
plosnych spoji a minimalizaci doby trvani dil¢ich procesu, které potencialné povedou ke
snizeni dodaci lhiity celého montazniho procesu.

Ctvrta &ast prace je zaméfena na optimalni strategii pro zavadéni inovativnich
technologii do vyrobniho procesu, a take navrhuje vytvofeni manualu systému fizeni jakosti,

ktery bude popisovat interakci mezi jednotlivymi procesy v ramci organizace.
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Annotation

Work title: QUALITY CONTROL METHODS AND TOOLS FOR IMPROVEMENT OF
EFFECTIVENESS OF MANUFACTURING PROCESSES

The objective of this thesis is to uncover the usage of combining several modern
methods for controlling and optimizing the manufacturing processes. The goal is to achieve
manufacturing of high value-added products, monitor and control performance and the quality
of the processes themselves in order to have fewer defects, to increase the non-defect
production and improve the overall quality. Implementing innovative technologies into the
manufacturing process and creating their mathematical model of effectiveness criteria of
implementation allows evaluating the possible changes. Combining Lean Production, Six
Sigma methodology and Fuzzy logic will give not only the broader view on all aspects, but
also consider how to improve the manufacturing process and make it non defective, seamless
and the most efficient.

The first part of the thesis describes the current situation of the electronics market,
clarifies and explains the basic terms of methods, how they can be combined and used in
manufacturing processes in order to increase and control the quality.

The second part of the thesis describes one of the manufacturing processes, i.e. Printed
Circuit Board manufacturing, and development of the mathematical model and criteria for
evaluation innovative technologies and their implementation into the manufacturing process.

The third part of the thesis is focused on methodology for optimizing the printed
circuit board assembly process by minimizing the duration of sub processes, which potentially
will decrease the lead time of the whole assembly process itself.

The fourth part of the thesis focuses on optimal strategy for implementing the innovative
technologies into the manufacturing process as well as suggests the creation of policy manual of
quality management system which will describe the interaction between individual processes

within the organization.
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Author: Ing. Larisa Tarba
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Abstract: The thesis is focused on different types of tools for process improvement - the
synergy effect of using different tools and approaches together to drive the process to non-
defective and faster execution will be examined. Implementation of innovative technologies
in order to be highly competitive on the current electronics market has brought to attention.
Criteria of effectiveness for implementation of innovative technologies into the manufacturing
process have been analyzed. An idea of creating a system for process improvement in
electronics production, which combines suitable features from Lean and Six Sigma methods,
was brought to attention plus as final stage Fuzzy logic applied on top of Lean Six Sigma
approach would help to replicate human reasoning and thinking in order to precisely predict
and control the manufacturing process with less defects, more precision and higher quality of
output products. Six Sigma is a disciplined, data-driven approach and methodology for
eliminating defects (driving toward six standard deviations between the mean and the nearest
specification limit) in any process - from manufacturing to transactional and from product to
service. Particular phases of process improvement based on quality methods were analysed.
Lean Six Sigma approach as combination of concepts would focus on reducing cycle time in
processes, thus it achieves the fastest rate of improvement in cost and quality, process speed
and invested capital. Fuzzy takes the role when computational control is needed, it will help to
reduce the variability in a process and plan the sequence of production processes in the best
manner. An idea of creating a system for process improvement in electronics production, i.e.
printed circuit board manufacturing, which combines suitable features from Lean and Six
Sigma methods and Fuzzy logic, was brought to attention. Optimal strategy for implementing
innovations into the manufacturing process has been described as well as recommendation for

designing the quality management system scheme for process interactions, which would allow

-11 -


mailto:mach@fel.cvut.cz
mailto:tarbalar@fel.cvut.cz

Quality control methods and tools for improvement of effectiveness of manufacturing processes Larisa Tarba

to significantly increasing effectiveness of management of the organization as well as

functioning of the whole quality management system.

Keywords: Six Sigma, Quality management, Lean Six Sigma, Improvement tools, Process

improvement, Fuzzy Logic, Printed Circuit Board manufacturing
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Introduction

Nowadays the fast development of new technologies and innovations is forcing the
current manufacturing companies constantly observe the changes in the different areas of
technology and science. For the successful functioning of any manufacturing company is
important to constantly search and develop new technologies, which will optimize, control

and increase the quality level in the current manufacturing processes.

One of the examples of the rapidly growing industry is electrical engineering and
manufacturing. There are many new technologies which have been recently developed,
researches for innovations and thus increase in quality level for the manufactured products. In
order to organize effective manufacturing with help of technological innovations a deep
analysis, based on modelling of the manufacturing processes is needed. Effectiveness of the
processes is being analysed as well as how the process itself is being executed with the input
values, which were not yet applied in production system. Development of the mathematical
model will help to determine the results of the process in a more precise manner, before
implementing it into the production, as well as the amount of needed operations, sequence of
the operations, needed resources, interconnections to other processes and criteria
characterizing process performance. Considering the above mentioned, process modelling
allows to estimate some process before implementing it into production, which leads to time
saving in terms of personnel and resources of the manufacturer itself, also establishes a

smooth, non-defective production line with its best performance in regards of lead time.

The relevance of this thesis is connected to intense development of electrical
engineering as well as simultaneous growth of its requirements in order to maintain the high
standard of quality in a manufacturing process. Successful functioning and enhancement of
manufacturing processes lead to products to be more competitive on the market. Quality now
plays a very important role in every organization and each of the manufacturing processes. In
any type of production it is impossible to have flawless products. That is why statistical
quality control is very important in eliminating defects by knowing which factors have higher
effect on certain topic of interest. There are many quality control tools available; these tools
are very effective and widely used around the world by manufacturing companies due to their
benefits. In order to improve competitiveness of the produced products is important to have
not only quantitative methods, but also qualitative methods to produce a mathematical model

which will classify the possible way of improvement on the early stage of innovation of the

-13-
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technology process. Modelling of the process allows evaluating the effectiveness of its
operations and helps analyzing how it will be executed with the input parameters, which were
not tested in the production system before. Modelling also allows identifying the result of the
process, before implementing it into production, allows identifying the amount of needed
operations, their sequence and needed resources, connection to other processes as well as
factors influencing on the direction of operations.

Obijective of the thesis is to show which control tools can be used for process control,
improvement and innovation in manufacturing of products in electrotechnology field using
the combination of methodologies of Six Sigma, lean production and fuzzy logic, theory of

constraints and mathematical modelling.

Object of the research is the manufacturing process of printed circuit boards.
Optimization in the manufacturing process of printed circuit board assembly process is being
analysed with the emphasis on individual operations.

Research methods are based on usage of elements of theory of optimization, quality

management theory, theory of innovations, and theory of constraints.

Scientific contribution of the research has the following results:

1. New criteria of effectiveness for implementation of innovative technologies into a
printed circuit board manufacturing process are proposed. It allows estimating the
results for restructuring the current technological line for manufacturing taking
into account the individual factors of effectiveness for each sub operation of the
process.

2. A mathematical model for evaluation of implementing innovative technologies
into the manufacturing process of printed circuit board assembly has been
developed, consisting of distribution of weighting factors for each individual
operation influencing on efficient functioning of manufacturing process.

3. A model for lead time minimization of printed circuit board manufacturing has
been designed based on description of quality control tools to be used from six
sigma and lean production methodologies with application of fuzzy theory in order

-14 -
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to find the optimal setup of the technological line for printed circuit board
assembly process.

4. A stepwise optimization of printed circuit board assembly process, which allows
minimizing the lead time of production cycle, was offered with respect to

requirements for quality described in standard IPC-A-610.

Practical significance of the research ensures the efficiency of the technological
innovations to be imbedded into the manufacturing processes. The results of the research
based on mathematical modelling allow carefully planning and controlling the quality of the
manufactured products. Models developed in the thesis allow systematizing the process of
replacing of technological equipment in manufacturing line in order to be in accordance with

optimal configuration to produce products with highest quality with optimum time.

Results which will be presented on the thesis defence:

1. Criteria of effectiveness for implementation of innovative technologies into a
printed circuit board manufacturing process and its decomposition on individual
factors taking into consideration requirements of IPC-A-610 standard.

2. A mathematical model for evaluation of implementing innovative technologies
into the manufacturing process of printed circuit board consisting of distribution of
weighting factors for each individual operation influencing on efficient functioning
of manufacturing process.

3. A model for lead time minimization of printed circuit board manufacturing based
on description of quality control tools using six sigma and lean production
methodologies with application of fuzzy theory.

4. A stepwise optimization of printed circuit board assembly process, which allows
minimizing the lead time of production cycle with respect to requirements for
quality described in standard IPC-A-610.

-15 -



Quality control methods and tools for improvement of effectiveness of manufacturing processes Larisa Tarba

Goals of the thesis

The main objective of the thesis is to describe the combined usage of several methodologies,
such as six sigma, lean production and fuzzy logic in order to manufacture the products with
high quality as well as to optimize manufacturing processes, design the criteria and methods
of implementation of innovative technologies, which will improve the quality and
competitiveness of the products by optimizing main processes. As an example of

manufacturing process a printed circuit board assembly process has been taken.
For realization of the objective there are several goals to be set:

1. Design of mathematical model for evaluation of effectiveness of a company’s

performance based on manufacturing of printed circuit boards.

2. Review, analysis and selection of criteria of effectiveness for implementation
the innovative technologies into a printed circuit board manufacturing

process.

3. Design of mathematical model and criteria for lead time minimization of
printed circuit board manufacturing process using six sigma and lean

production methodologies with application of fuzzy theory.
4. Design of stepwise optimization process of printed circuit board manufacturing

while ensuring high output product quality.

5. Analysis on performance evaluation for printed circuit board manufacturing

process.
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1 ANALYSIS OF THE CURRENT MODELS FOR PROCESS
IMPROVEMENT

1.1 Market overview on the electrical engineering field

Electrical engineering is a field of engineering that generally deals with the study and
application of electricity, electronics, and electromagnetism. Electrical engineering has now
subdivided into a wide range of subfields including electronics, digital computers, power
engineering, telecommunications, control systems, radio-frequency engineering, signal

processing, instrumentation, and microelectronics.

At the moment electronic and electrical products manufacturing companies are under
constant pressure to develop new and innovative products in shorter time cycles, at reduced
cost, and with improved quality. Electrical engineering is responsible for a wide range of
products, including design, developing, testing of electronic systems, electrical and electronic
equipment and devices. Electronics are ubiquitous in the modern world so the industry
encompasses many areas of expertise, including consumer goods, automotive, medical, and
military and communications equipment. There is a strong growth in each of the individual
fields of electronics. For example, in sector of computers a big part of laptops and netbooks is
growing extensively as the technology is growing with the same speed and provides new
functionalities against fat clients. Same applies also to the sector or mobile phones and
smartphones, which is experiencing fast growing sales increase. Also from the statistics from
smartphone selling, it is possible to make a conclusion about tendency for enlargement the
screen resolution and size of the screen itself, which leads to expansion of functionality and
improvement in the quality of image.

One of the key points in electronics is also the printed circuit board or PCB. Printed
circuit boards and specialized components are made of conducting components, inductor
contacts or devices, resistors, capacitors, and other components on insulation boards through
conventional or non-conventional printing procedures. The miniaturization of electronic
products continues to drive printed circuit board manufacturing towards smaller and more
densely packed boards with increased electronic capabilities. Advancements beyond the
boards include three-dimensional moulded plastic boards and the increased use of integrated
circuit chips. These and other advancements will keep the manufacture of printed circuit

boards a dynamic field for many years.
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Market in the area of electronics and electrical engineering will stay one of the most
actively progressing and perspective fields. One of the characteristics of this field is its focus
on retail, which leads to the high competitive level among manufacturing companies and high
quality level of manufactured products. Taken into consideration the above mentioned, the
importance of the used methods is also increasing as well as means of improving product
competitiveness, which all determines the relevance of the current thesis.

1.2 Current state of organization of manufacturing processes

Nowadays successful functioning of manufacturing industries is determined by
applying of different methods for organization of manufacturing processes as well as finding
the innovation methods. A manufacturing company shall differ with high technological level
and tendency for continuous quality control and improvement for manufactured products.

Main target of such companies is the profit, which shall be supported by following criteria:
- Company shall search for highly qualified workers;
- Implementation of quality management system;
- Continuous market researches;
- Innovation integration into the production.

By following such criteria the manufacturing company will be able to sustain the
high level of competitiveness, be up to the latest technology trends and maintain high
turnovers. Therefore, important key to success is also keeping the manufacturing process as
accurate as possible, trying to predict and eliminate all possible defects, analyse possible weak
points and aim to the highest possible quality to be delivered.

1.3 Methods to improve competitiveness of the manufacturing
processes

Successful functioning of the manufacturing company is based on the continuous
improvement of its activities, possibility to change in a fast manner to all of the market and
technology changes, professional personnel and willingness of management to sustain the
quality of products on the highest level. However, high level of competition on the market
segment such as electronics forces to search new methods how to achieve competitive

advantages through the introduction of newest quality control methods and techniques.

There is a big amount of already existing tools and methods, aimed to meet the

customer requirements in regards of quality of products and thus increase the competitiveness
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level of the company on the global market. Majority of these methods are based on the
continuous process improvement principles, i.e. Total Quality Management (TQM).

In accordance to TQM requirements, manufacturing companies shall ensure needed
requirements for maintaining the high quality level of manufactured products as well as
satisfying the customer needs. This fact obliges the management continuously improve and
optimize production on all its stages, introduce new technologies, sustain high skill level of

personnel and control the quality of manufactured products.

Nowadays provisioning the high level of quality of manufactured products as well as
process efficiency increase leading to increase of competitiveness is possible with the help of
development of innovative processes. Such processes are reflected in new technologies and
new types of competitive products. Continuous improvement in technology makes the
innovation process one of the major conditions for competitive products manufacturing, being

competitive on market level and increasing the company’s performance.

One of the theories in regards of innovations is to consider a technical innovation as
source of the company to get the profit [1]. According to international standards innovation is
defined as the final result of innovation activity, which lead to a new product or new

improved technological process, which his used later on in the production process.

As for electrical engineering an approach that considers change impact or scope,

common types are:

Incremental innovations — lead to insignificant improvements for the final
product or processes. They allow achieving better results through little financial

and time resources;

- Transformational (or disruptive) innovations — lead to significant
improvements and advantages, but they are not based on the new principal

technologies or approaches;

- Radical (or breakthrough) innovations — based on fundamentally new
technologies and approaches. Allow to execute new earlier inaccessible functions
or the older functions with the new approach which is prevailing on the older

methods;

- Integrating innovations — combine all the three classes of innovations above.

Integrating innovations ensure realization of final stage of the innovative process:
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realization of complex systems through optimal integration of already tested
technical progress.

Current trend of the society development as well as manufacturing process
development is innovative activity, which is connected to creation of new innovations, its

subsequent application as an instrument to achieve high quality of the manufactured products.

Development of any area requires innovation development, specially such high tech
industry as electronics. Nowadays high technical level of this industry is achieved by
introduction to innovation technology and new technologies of automatic assembly of printed

circuit boards such as SMT (surface mount technology) and THT (through hole technology).

Growth of the requirements for electronic equipment leads to manufacturing
processes enhancement. Electronics manufacturing can be divided into several main
processes, such as manufacturing of chip components, printed circuit board manufacturing,

mounting of the components on PCB boards, product assembly and software installation.

From the above mentioned processes, one of the main ones which will ensure the
high quality of the final product is mounting of the components on PCB boards. This process
will not only ensure the high quality of final product, but also reliability, high performance
and functionality of the product. That is why it is so important to ensure high quality of the
product on this stage of the manufacturing process.

Tendency to satisfy high standards is one of the priority tasks of any company. In
the area of electronics one of the main instruments in order to ensure the high quality of
manufactured products are IPC (Association Connecting Electronics Industries) standards,
which standardize the assembly and production requirements of electronic equipment and
assemblies. These standards describe main steps of electronics manufacturing (see Figure 1),

such as [2]:
- Design and Land Patterns (IPC 2220 — 7351);
- Acceptability of Electronic Assemblies (IPC-A-610);
- Requirements for Soldered Electronic Assemblies (J-STD-001);
- Acceptability of Electronic Assemblies (IPC-A-610);

- Requirements and Acceptance for Cable and Wire Harness Assemblies (IPC-A-
620);

- Standardization and certification of equipment and etc.
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Figure 1 - IPC standards

Overall in IPC standards there is a lot of collected knowledge from electronics
manufacturing companies for almost each of the individual steps of electronic products.
Following the requirements and recommendations of IPC standards in organization and
managing of the electronics manufacturing company allows ensuring effectivity of the
processes and quality of the manufactured products.

One of the important documents for mount placement is IPC-9850A standard -
Surface Mount Placement Characterization [3], with the help of which it is possible to
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identify the most important parameters of the equipment, such as accuracy and productive
capacity of component installation. This way it will easier the decision to make in regards of
equipment to be chosen for particular needs of manufacturing with respect to ratio between

performance and quality.

1.4 Necessity to optimize manufacturing processes using

mathematical models

Nowadays the right strategy for renewal, modernization or substitution of the
manufacturing equipment can ensure high competitiveness level of the company for a longer
period on the market. However, in order to receive successful results it is needed not only
professionalism and experience of the personnel, but also use of complex mathematical

models, which are able to predict the final result of decision to be made.

The first theory and development of techniques for the optimal allocation of
resources was invented by Leonid Kantorovich, who was the founder of linear programming
and in his works described possible ways how to organize and plan the manufacturing
processes [4]. Next step was introduction to dynamic programming also known as dynamic
optimization - a method for solving a complex problem by breaking it down into a collection
of simpler subproblems, solving each of those subproblems just once, and storing their
solutions - ideally, using a memory-based data structure. The next time the same subproblem
occurs, instead of recalculating its solution, one simply looks up the previously computed
solution, thereby saving computation time. Dynamic programming algorithms are often used
for optimization. A dynamic programming algorithm will examine the previously solved

subproblems and will combine their solutions to give the best solution for the given problem.

Mathematical modelling is one of the effective means to classify the effective
performance of the company, which also includes identifying of the parameters and criteria
for quantitative assessment. In the field of mathematical optimization, stochastic

programming is a framework for modelling optimization problems that involve uncertainty.

Manufacturing company is a complex system, which requires continuous
management control and monitoring of all the operations of all the production processes..
Implementation of a management system in the tough economic environment is the most
important task of the head of the organization. Usage of the process approach, when the

output of the production process at the same time is the input for the next, can help to look
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into the individual processes of the whole chain of manufacturing. Inputs and outputs define
the boundaries of the process, ensure its interaction with other processes and create
opportunities for changes in the process in order to improve the whole chain. It also gives the
opportunity to simplify the overall management of the manufacturing process and its
individual operations. Nowadays there are many tools and methods which help to identify
weak areas and possible ways for improvement in the processes, some of them are described

in the following chapters.

1.5 Methods and tools for quality optimization in manufacturing

processes

1.5.1 SIX SIGMA

Six Sigma is a set of practices designed to improve manufacturing processes and
eliminate defects. The core principle of the defect theory is that variation in manufacturing
processes is the main cause for defects, and eliminating variation will help eliminate defects,
which will eliminate the wastes associated with defects, saving money and increasing
customer satisfaction. Variation is measured in terms of sigma values or thresholds. The
threshold determined by Smith and agreed to by Motorola is 3.4 defects per million

opportunities (3.4 DPMO), which is derived from sigma shifts from specifications.

Six Sigma relies in statistical control of a process. From requirements for the process
it is possible to establish upper and lower specification limits (USL and LSL, respectively, see
Figure 2). The target value will be in the middle of these two, and is called mean. These limits
and the mean are fit to the normal distribution curve to achieve a statistical understanding of

the process. The area under the curve means probability of variation from the mean.

Probability of ! Probability of
defects % defects
N

LSL Mean USL

Figure 2 - A normal distribution curve with USL, LSL and Mean
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After the process is in statistical control, the challenge is to get it to maintain its
capability for longer periods of time. In short term, i.e. right after implementation, six-sigma
is very reliable holding defects to 2 in a billion. After a while operator errors and machine
wear etc. constitute a shift in the mean as large as 1.5 sigma. This distribution shift results in

weakening of the process capability to 3.4 defects in a million in Six Sigma.

The idea of Six Sigma has appeared at Motorola in the 1970s, when senior executive
Art Sundry was criticizing Motorola’s bad quality [4]. Through this criticism, the company
discovered the connection between increasing quality and decreasing costs in the production
process. Motorola developed this new standard and created the methodology and needed
cultural change associated with it.

Six Sigma was inspired by preceding improvement methodologies such as Quality
Control, Total Quality Management and Zero Defects. Like its predecessors, Six Sigma
assumes that continuous efforts for achieving stable and predictable results are important for
business success; manufacturing processes have characteristics that can be measured and

analysed.

In recent years, some practitioners have combined Six Sigma ideas with lean
manufacturing to yield a methodology named Lean Six Sigma. Lean manufacturing is
addressed to process flow and waste issues and Six Sigma focuses on variation and design.

Six Sigma has evolved over time. It is more than just a quality system like TQM or ISO.

Introduction to Six Sigma

Six Sigma is a methodology focused on creating breakthrough improvements by
managing variation and reducing defects in processes across the manufacturing process.
Every company should be able to produce high quality products with low cost in order to
successfully compete in the global market and satisfy customers’ needs. Customers are the
ones who decide if the quality is good or not, or if they will buy these products once again.
For that reason, successful companies design their products and manufacture them based on
customers’ specifications. These desired parameters are called “target value”. This target
value can’t be always reached in reality; products incline to giving a distribution with mean
value different from targeted value. In order to be as close as possible to target value, quality
analysis should be implemented, these different quality control methods can help producers to

reach better level and help them develop their products in order to satisfy customers’
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requirements. One of the most widely used quality management methods is Six Sigma to
improve quality. Six Sigma’s aim is eliminating waste and inefficiency, desire to increase
customer satisfaction. Moreover it is a structured approach to improving processes, lowering

defects and reducing process variability, reducing costs and increasing profits.

Six Sigma is trying to prevent problems by building quality into the processes. Six
Sigma is as well a method which is based on principle oriented on analysing causes of
potential problems before they occur. In statistical terms, the variability (or sigma) of a nearly
perfect process is so small that there are six standard deviations between the mean quality of
the process and the quality level most customers expect of it. In practical terms, sigma is a
measure of the number of times a process is defective, or fails, per million iterations or units
of output. The greater the sigma number, the fewer the defects. The average product or
process defect rate at most major companies is about four sigma, or more than 6000 defects

per million. Six Sigma processes, by contrast, produce no more than 3.4 defects per million.

How does Six Sigma work (tools and techniques)
The primary focus of any Six Sigma project is bringing breakthrough improvements

in a systematic manner by managing variation and reducing defects. At its core, Six Sigma

revolves around a few key concepts:

« Critical to Quality: Attributes most important to the customer;

Defect: Failing to deliver what the customer wants;

* Process Capability: What the process can deliver;

Variation: What the customer sees and feels;

Stable Operations: Ensuring consistent, predictable processes to improve what

the customer sees and feels;

» Design for Six Sigma: Designing to meet customer needs and process
capability.

The principle of Six Sigma is to attack causes of potential problems before they
occur. This is of great value since correcting problems and redesigning processes afterwards
is extremely costly and difficult. The method reveals the sigma level of different processes -

either it is too low and important to improve or too high and too difficult to improve. To
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achieve a high standard deviation it is important to realize the effect of engineering design,
material choice, process design and control strategy. Also, to keep Six Sigma successful
continuously it is important to involve all of the organization, from raw material to packaging

and shipping of the final goods.

Six Sigma projects follow two project methodologies, which have five phases each and bear
the acronyms DMAIC and DMADYV [5]:

« DMAIC is used for projects aimed at improving an existing business process.

*« DMADV is used for projects aimed at creating new product or process designs.

The DMAIC project methodology has five phases (see Figure 3):

« Define the problem or process goals in terms of key parameters on the basis of
customer requirements. The objectives and scope of the project are defined.
Relevant information about the process and customer are collected [6].

» Measure key aspects of the current process and collect relevant data or measure

the current process performance in context of goals.

* Analyze the current scenario in terms of causes of variations and defects.
Determine what the relationships are, and attempt to ensure that all factors

have been considered. Seek out root cause of the defect under investigation.

« Improve the process or optimize the current process based upon data analysis
using techniques such as design of experiments, Poka Yoke or mistake
proofing, and standard work to create a new, future state process.

« Control the future state process to ensure that any deviations from target are

corrected before they result in defects.
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Control Define
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Analyze
Figure 3 - The DMAIC-method used in implementing Six Sigma

The DMADYV project methodology, also known as DFSS ("Design For Six Sigma"),
features five phases:

* Define design goals that are consistent with customer demands and the

enterprise strategy.

» Measure and identify CTQs (characteristics that are Critical To Quality),

product capabilities, production process capability, and risks.

* Analyze to develop and design alternatives, create a high-level design and

evaluate design capability to select the best design.

« Design details, optimize the design, and plan for design verification. This phase

may require simulations.

» Verify the design, set up pilot runs, implement the production process and hand

it over to the process owner.

Within the individual phases of a DMAIC or DMADYV project, Six Sigma utilizes many tools
that are also used outside of Six Sigma. It is extremely important to remember that Six Sigma
is not just about product quality where only three products in a million are defective. It is
about what is important or critical to the customer, whether internal or external. It is focuses

on value in context of the customer and the market.
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Past definitions of quality focused on conformance to standards, as companies
strived to create products and services that fell within certain specification limits. The Six
Sigma strategy broadens the definition of quality to include economic value and practical

utility to both the company and consumer [7].

Methods, tools and techniques are important to the success of any Six Sigma project
whether DFSS or DMAIC. Every stage of a Six Sigma project requires a mixture of these
methods, tools and techniques. Method is a way of doing something in a systematic way. A
tool provides a mechanical or mental advantage in accomplishing a task. A technique is a
specific approach to efficiently accomplish a task in a manner that may not be immediately
obvious. Most tools can be classified into two categories: process optimization tools, which
enable teams to design more efficient workflows, and statistical analysis tools, which enable

teams to analyze data more effectively.
Here is an overview of some of the most important tools:

» Statistical process control is one of the most important applications of the
statistics. It is covering variety of tools and it can be considered that seven
Ishikawa tools, also known as seven quality tools, are among most famous

and useful tools. Seven Ishikawa tools are:

» Cause and Effect Diagrams - is a visual tool that logically organizes
possible causes for a specific problem or effect by graphically
displaying them in increasing detail. It is sometimes called a fishbone
diagram because of its fishbone shape. This shape allows the team to
see how each cause relates to the effect. It then allows you to
determine a classification related to the impact and ease of addressing

each cause.

 Pareto Charts - is a graphic tool that prioritizes a list of variables or
factors based on impact or frequency of occurrence. This chart is
based on the Pareto principle, which states that typically 80% of the
defects in a process or product are caused by only 20% of the possible

causes.

» Flow Charts - is a visual representation of a process. It is not statistical,
but is used to piece together the actual process as it is carried out,

which quite often varies from how the process owner imagines it is.
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Seeing it visually makes identifying both inefficiencies and potential

improvements easier.

» Check sheet - are used to capture data in a manual, reliable, formalized
way so that decisions can be made based on facts. As the data is
collected, it becomes a graphical representation of itself. Areas for
improvement can then be identified, either directly from the check

sheet, or by feeding the data into one of the other seven basic tools.

 Scatter Plots - is used to identify whether there is a relationship
between two variables. It does not prove that one variable directly
affects the other, but is highly effective in confirming that a
relationship exists between the two. It is a graphical more than
statistical tool. Points are plotted on a graph with the two variables as
the axes. If the points form a narrow “cloud”, then there is a direct
correlation. If there is no discernible pattern or a wide spread, then

there is no or little correlation.

« Control Charts - are time-ordered graphical displays of data that plot
process variation over time. Control charts are the major tools used to
monitor processes to ensure they remain stable. Control charts are
characterized by a centreline, which represents the process average.
Upper and lower control limits, which define the area three standard
deviations on either side of the centreline. Control limits reflect the
expected range of variation for that process. The type of chart to use
depends upon the type of data to be measured; i.e. whether it is
attributable or variable data. The most frequently used Control Chart
is a Run Chart, which is suitable for both types of data. They are
useful in identifying trends in data over long periods of time, thus
identifying variation.

 Histograms - are a form of bar chart. They are used to measure the
frequency distribution of data that is commonly grouped together in
ranges or “bins”. Most commonly they are used to discern frequency

of occurrence in long lists of data.
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The seven basic tools of quality can be used singularly or in tandem to investigate a
process and identify areas for improvement, although they do not all necessarily need to be
used. If a process is simple enough — or the solution obvious enough — any one may be all that
is needed for improvement. They provide a means for doing so based on facts, not just
personal knowledge, which of course can be tainted or inaccurate. Ishikawa advocated
teaching these seven basic tools to every member of a company as a means to making quality

endemic throughout the organization [8].

« Sometime later were developed the seven new quality control tools, often
called the seven management and planning (MP) tools, or simply the seven
management tools (New tools are considered to be more relational and

network oriented, are taking more practice to develop proficiency):

« Affinity diagram - organizes a large number of ideas into their natural
relationships. The use of this tool is based on the understanding that
time invested in planning will produce remarkable dividends as the

generated ideas and plans are acted upon and implemented.

« Relations diagram - shows cause-and-effect relationships and helps
analyzing the natural links between different aspects of a complex
situation. Can address problems with a complex network of causes

and effects.

« Tree diagram - expands a purpose into the tasks required to
accomplish it. Tree diagram breaks down broad categories into finer
and finer levels of detail, helping to move thinking step by step from
generalities to specifics. This diagram is a tool that is used to break
any concept (such as a goal, idea, and objective) into subcomponents,
or lower levels of detail. Graphically shows any broad goal broken

into different levels of detailed actions.

» Matrix diagram - shows the relationship between two, three or four
groups of information and can give information about the relationship,
such as its strength, the roles played by various individuals, or

measurements.

« Matrix data analysis - arranges a large array of numbers so that they
may be visualized and comprehended easily. One of the most

rigorous, careful and time-consuming of decision-making tools, a
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prioritization matrix is an L-shaped matrix that uses pair wise
comparisons of a list of options to a set of criteria in order to choose

the best option.

« Arrow diagram - establishes the most suitable daily plan. It is a
network of lines that connects all of the elements related to plan
execution. Arrow diagram shows the required order of tasks in a
project or process, the best schedule for the entire project, and

potential scheduling and resource problems and their solutions.

* Process decision program chart (PDPC) - maps out all contingencies
when moving from statement of purpose to its realization,
systematically identifies what might go wrong in a plan under

development.

The seven new tools display information in intuitively helpful way, promote

non-linear thinking, can be used with “old” tools.

The rest of the tools are: 5S — The 5S idea is Sort, Straighten, Shine,
Standardize and Sustain in every manufacturing process. The list of these
words describes how to organize a work place for efficiency by identifying

and storing used items, maintaining the area and sustaining the new order.

Analysis of Variance (ANOVA) — is a mix of statistical models in which the
variance is partitioned into components attributable to different sources of
variation. ANOVA provides a statistical test and brings an understanding
whether or not the means of several groups are all equal and generalizes t-test

to more than two groups.

« Brainstorming — is a technique to systematically generate ideas usually to
handle a challenging situation, from a group of people. Some of the

challenges include problem solving, new design or new product development.

Capability Indices/Process Capability — the capability analysis output
includes an illustration of the data and several performance statistics. The plot
is a histogram with the performance standards for the process expressed as
upper and lower specification limits (USL and LSL).
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Design of Experiments (DOE) — is a tool that si giving information about how
factors alone and in combination, affect a process and its output. This
approach often requires a great many runs and cannot capture the effect of

combined factors on the output.

Failure mode and effects analysis (FMEA) — a method to identify ways a
process can fail, estimate the risks of those failures, evaluate control plan, and

prioritize actions related to the process.

Poka Yoke — mistake-proofing devices prevent defects by preventing errors or

by predicting when errors could occur.

Process Mapping — is a tool that provides structure for defining a process in a
simplified manner by displaying the steps, events and operations that make

up a process.

QFD/House of Quality — a methodology that provides a flow down process
from the highest to the lowest level. QFD is a prioritization tool used to show

the relative importance of factors rather than as a transfer function.

Risk Management - is a methodology used to identify, plan and analyze risks.

Simulation — is a powerful analysis tool used to experiment with a detailed
process model to determine how the process output will respond to changes

in its structure, inputs, or surroundings.

SIPOC - is a high level picture of the process that depicts how the given
process is servicing the customer. It is an acronym for Suppliers-Inputs-
Process-Outputs-Customers.

If to take into account DMAIC stages of the process together with the types of
activities the project team will carry out, is possible to compile an overview table, which will
help to define the manufacturing process in best way for better understanding and discovering
possible mistakes or items to be improved. An illustrative form of such a table can be as
following (the tools and techniques listing is by way of example and are not exhaustive) (see
Table 1):

-32-



Quality control methods and tools for improvement of effectiveness of manufacturing processes

Larisa Tarba

Step Purpose Activities Tools and Techniques
« Identify improvement
To define the opportunity * Charter
_ problem, develop | . pevelop charted « Milestone plan
Define a clear view ) o
based on real » Define critical customer * Process maps
problem requirements « Affinity diagram
» Map processes
« Identify measures
- Develop operational » Detailed process mapping
To understand definitions « Measurement plan
M the baseline and ) . )
€asure | . rrent levels of | * Develop and implement . Cr!tlcal to Quality
performance measurement plan requirements (CTQ)
* Collect other baseline * FMEA analysis
information
* Identify root causes « Statistical process control
To develop, . D_ettt_armine true sources of « Fish bone diagrams
variation
selectand « Cause and effect diagram
Analyze | understand their | < Process control and
effect of the capability * Swhys
process + Plot and analyze data » Pareto chart
« Determine sigma score * Histograms
+ Generate solution ideas « Process maps
To develop, * Evaluate and select solutions | . Brajnstorming
select and « Develop process map for PR
Improve implement the solutions Affinity diagrams
best solutions . « Solution screening
« Initiate measure and evaluate
pilot « Control charts
* Verify reduction in variation
and sigma score
To ensure the .
, * Develop standard practices
solutions are _ P P « Control plan
Control | embedded, that * Monitor performance

the process has
robust control

» Recommend future plans

* Identify next steps and
remaining opportunities

« Statistical process control

Table 1 - An example of realizing DMAIC using some of the Six Sigma tools and techniques
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Benefits of Six Sigma

Six Sigma is a business strategy which is seeking to identify and eliminate causes of

errors or defects or failures in business processes by focusing on outputs that are critical to

customers. The fundamental objective of the Six Sigma methodology is the implementation of

a measurement-based strategy that focuses on process improvement and variation reduction.

There are numerous benefits of Six Sigma as a way to address issues and problems.

Among the benefits of Six Sigma is the decrease in defects that are allowed to reach the

customer. Other benefits of Six Sigma include:

Focus on customers.
Reduced cycle time.
Less waste.

Data based decisions - Six Sigma emphasizes the importance of data and
decision making based on facts and data rather than assumptions and

hunches. Six Sigma forces people to put measurements in place.

Time management - For more productive life personal time management and

time management skills should be used on a daily basis.
Sustained gains and improvements.

Systematic problem solving - Six Sigma methodology of problem solving
integrates the human elements (culture change, customer focus, belt system
infrastructure, etc.) and process elements (process management, statistical
analysis of process data, measurement system analysis, etc.) of improvement
[9].

Data analysis before decision making - Six Sigma utilizes the concept of
statistical thinking and encourages the application of well-proven statistical
tools and techniques for defect reduction through process variability
reduction methods (e.g.: statistical process control and design of experiments)

Improved customer relations.
Assure strategic planning.
Reductions of incidents.

Understanding of processes - Six Sigma methodology utilizes the tools and

techniques for fixing problems in business processes in a sequential and
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disciplined fashion [9]. Each tool and technique within the Six Sigma
methodology has a role to play and when, where, why and how these tools or
techniques should be applied is the difference between success and failure of

a Six Sigma project.

« Design and redesign products/services.

Develop leadership skills - Six Sigma strategy places an unprecedented
importance on strong and passionate leadership and the support required for

its successful deployment.
» Improve quality — reduce defects and errors
» Improve reliability of products and processes
* Reduce cost of operations
« Improve productivity
» Improve customer satisfaction
» Improve profits

Six Sigma enables organizations to become more effective and efficient.
Organizations using the Six Sigma Management System improve their processes, efficiency,

products, services and customer experience.

Weak points of Six Sigma

Just as any other quality management initiatives, Six Sigma has its own limitations.

The following are some of them, which create opportunities for future research:

 Lack of data — it can happen, that there is no data available to begin with, so
gathering the necessary data can take the largest proportion of the project

time.

* Right selection and prioritization of projects — it is a critical success factor of a
Six Sigma program. Just few tools are available for prioritizing projects and

this should be the major issues for research in the future.

« Impossibility of defects measuring — it is not always possible to define a defect
statistically. The statistical definition of Six Sigma is 3.4 defects or failures

per million opportunities. However, a defect can be defined as anything
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which does not meet customer expectations or needs (for example, lack of
training people, etc.) [9].

« Sigma shift — assumption of 1.5 sigma shift for all business processes does not
make much sense. This particular issue should be dealt with extra caution as a

small shift in sigma could lead to erroneous defect calculations.

» Overselling of Six Sigma — there are too many consulting firms which are

offering Six Sigma, nevertheless their knowledge in this area can be poor.

In spite of some of the disadvantages Six Sigma is likely to remain one of the key initiatives

to improve management process.

Future of Six Sigma

Six Sigma provides an effective means for deploying and implementing statistical
thinking, which is based on the several principles that all work occurs in a system of
interconnected processes, that variation exists in all processes and that should exist and
understanding of the data which explains variation in processes. The mentioned principles of
statistical thinking within Six Sigma are robust and therefore it is fair to say that Six Sigma
will continue to grow in the upcoming years. The general focus of Six Sigma should be on
improving overall management performance, not just pointing and counting defects.
Integrating and comparing principles and characteristics of Six Sigma with Total Quality
Management , Lean Production, 1SO9001 and other methods are all part of the quality

community’s effort to maximize the positive effect of the Six Sigma method.
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1.5.2 LEAN SIX SIGMA

Nowadays Lean Production and Six Sigma are starting to be widely spread, but they
are used mostly separately. As to mention, Lean is a set of principles, practices and tools
aimed at creating precise customer value. Lean can be applied to all aspects of an
organization, from product development and provision through administration and finance to
customer services and support. The goal of Lean is to create high quality, defect free products
and services at all stages of the customer experience, whilst using less capital, space and effort
to produce this. From first point of view the goals are pretty similar to Six Sigma
methodology. However, Six Sigma is more a statistical term used to measure how far a given
process deviates from perfection. Organizations use Six Sigma to identify and eliminate costs
that provide no value to customers. They analyze their processes to find out where and how
defects occur, measure them and eliminate the problem areas. The idea is that, if you can
measure the number of defects there are in a process, you can then systematically attempt to
eliminate them to get as close to zero defects as possible. The generally accepted definition of
the Six Sigma benchmark is 3.4 defects per million opportunities for each product or service

transaction.

As a name suggests, Lean Six Sigma is a combination of Lean methods and Six Sigma
approaches. Lean Six Sigma builds on the knowledge, methods and tools coming from
decades of operational improvement and research. However, Lean Six Sigma’s goal is
growth, not just cost-cutting. Its aim is effectiveness, not just efficiency. In this way, a Lean

Six Sigma approach drives organizations not just to do things better but to do better things.

The Lean Manufacturing methodology is used by an organization's leaders and
engineers to fine-tune its daily operations, while the Six Sigma methodology is used to
support innovations in the production process. Thus, while lean manufacturing is able
decrease production waste, Six Sigma is able to implement procedures to increase product
quality. As a result, Lean Six Sigma allows managers to effectively address issues of speed,
quality, and cost. Rather than to either eliminate steps that may appear wasteful or spend
months testing a variety of innovative options, Lean Six Sigma balances the worth of each of

the two methodologies from which it originates.

As an example of some tools and techniques used in each of the technologies the

following table can be a good demonstration (see Figure 4):
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Philosophies

Emphasis on
eliminating waste
and improving flow

Example tools

Value stream map -
analyze and design the
flow of materials and
information

Emphasis on reducing
defects and variation

Example tools
Control chart

Quickly identify and
implement changes

Kaizen event- a
focused effort to make
an improvement.

Methodically make
improvements and solve
the problem

DMAIC

Focus on customer
needs, not company
capabilities

CTQ (critical-to-quality) -
discomposure of
reguirements into more
easily guantified
reguirements

Focus on root causes, not
symptoms

Cause-and-Effect
diagram

Test befare
implementing
changes

PDSA cycle —
plan—do—check-act

Understand process
linkages

SIPOC diagram

Do the right activities
Speed and efficiency - make it faster

Lean efficiency enables Six

Sigma effectiveness
(faster learning and implementation)

-

Do the activities right
Precision and accuracy - make it befter

Figure 4 - Example tools of Lean Six Sigma

The fusion of Lean and Six Sigma is required because [10]:

« Lean cannot bring a process under statistical control.

Six Sigma effectiveness enables

Lean efficiency
(fewer defects = less rework time)

« Six Sigma individually used cannot dramatically improve process speed or reduce

invested capital.

Lean Six Sigma concepts are extremely powerful in improving the quality and speed

of all types of transactional processes (e.g. product development, financial resources, sales,

etc.), which should also be improved in manufacturing companies, as they enable the

manufacturing process. That is why so important to look on the every particle which can

cause some difficulties in the future fulfilling of the process, especially such accuracy is

needed in electrical engineering. Lean Six Sigma is an integrated and balanced combination
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of the speed and variation reduction power of both Lean and Six Sigma to achieve business

management process full optimization.

Creating a system for process improvement in electronics production, which combines
suitable features from Lean and Six Sigma methods can significantly improve lead time of the
manufacturing process, increase the quality level of the output products and sustain the

continuous improvement with the usage of latest technologies and innovations.

Lean Six Sigma is also a structured methodology that uses a set of management and
statistical methods to optimize business processes. In order to map the Lean principles to the
Six Sigma methodology, i.e. DMAIC process in particular, it is essential to understand how
each phase of DMAIC was used to execute a full scale Lean design effort (Table 2 and Figure
5):
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Phase

Tool

Deliverables

Define

Product Family Matrix

Project scope

Define the value

Define value boundaries

SIPOC

Project start

Project end

Duration

Project goal

Expectations

FMEA

Identify risks and gaps

Value Stream Mapping

Define Value stream

Measure

Value Stream Mapping

Identify major sources of waste

Layout the VSM timeline

Analyze

VSM analysis Determine total cycle time
Identify flow interruptions
Identify bottlenecks

Gap analysis Generate future state VSM

Improve

Solution matrix

Consolidate improvements

FMEA

Prioritize improvements

Action Plan

Implementation plan for future improvements

Metrics dashboard

Improvements summary (before, current, target)

5S

Visual workplace applications

Work Standardization

Control

Control charts

Finalize 5S Sustainability

Mistake proofing

Finalize Visual Workplace

Control plan

Table 2 - Lean principles on DMAIC process
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the process: the process gains:
Analyze Data Ensure Solution is
Identify Root Causes Sustained

whatis important to
the customer:

Project Selection
Team Formation
Establish Goal

the process performance measures:

how well we are doing: Prioritize root causes
Collect Data Innovate pilot solutions
Construct Process Flow Validate the improvement

Validate Measurement System

Figure 5 — Lean Six Sigma DMAIC process

Following each of the phases and its deliverables for chosen tools thus it is possible to

analyze and optimize the manufacturing process.
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1.5.3 FUZZY LOGIC

A logic which is based on the two truth values True and False is not describing
completely human reasoning. Fuzzy logic is using the whole interval between 0 as False and 1
as True to describe the human reasoning. And as a result fuzzy logic is being applied in
control engineering. The advantage of a fuzzy logic system is an approach which incorporates
both numerical results from a previous solution or simulation and the scheduling expertise

from experiences and observation.

Qualitative measures often need to be translated into quantitative measures. For
example, the qualitative measure of customer responsiveness can be translated into the

quantitative measures of fill rate, product lateness, and lead time [13].

Fuzzy inference is the process of formulating the mapping from a given input to an
output using fuzzy logic (major stages being fuzzification, rule evaluation and aggregation,
and defuzzification). The mapping of defuzzified results onto the problem situation then
provides a basis from which decisions can be made. There are two types of fuzzy inference
systems that can be implemented: Mamdani-type and Sugeno-type [14].

Many sets in the world that surrounds us are defined by a non-distinct boundary [15].
As for process control and quality control in manufacturing fuzzy logic and fuzzy relations
are the most important in order to understand how fuzzy rules work. A fuzzy set is a
development of the mathematical concept of a set; however a grade of membership has been
introduced, such that the transition from membership to non-membership is gradual rather
than abrupt. The grade of membership for all its members thus describes a fuzzy set. And an
item’s grade of membership is a number between 0 and 1. The determination of the grade of
membership does not have a formal basis; it is a subjective measure that depends on the

context.

Fuzzy mathematics is a broad field touching on nearly all traditional mathematical
areas. Fuzzy sets were first proposed in the early 1960s by Zadeh [15] as a general model of
uncertainty encountered in engineering systems. His approach emphasized modelling
uncertainties that arise commonly in human thought processes. Although fuzzy mathematics
arose and developed from the systems area, it perhaps belongs best to in the realm of

Acrtificial Intelligence (Al) techniques as an interesting form of knowledge representation.
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Fuzzy systems are rule-based systems that are constructed from a collection of
linguistic rules. Some of the most useful capabilities and features provided by modelling in

fuzzy set approaches are:
- Representation of methods for natural language statements;
- Integration between logical and numerical methods;
- Models for soft constraints;
- Models for resolving multiple conflicting objectives.

Subjective assessments of the above mentioned uncertainties are needed to reach a

decision [3]. These uncertainties can be separated into two groups:

1. Measurements and models of the system (equipment failure modes, modelling

errors, predicted demands, system dynamics, etc.)

2. Constraints and objectives arising from decision-making process (assessment

of customer satisfaction, operational limits, power quality objectives, stability limits).

There are four steps to follow to design a fuzzy model, among them are:
1. Definition of the model function and operational characteristics

The goal is to establish the architectural characteristics of the system and also to
define the specific operating properties of the proposed fuzzy system, to the number and
ranges of input and output that will be required. It also reinforces the input-process-output

design step.
2. Definition of the control surfaces

Each control and solution variable in the fuzzy model is decomposed into a set of a
fuzzy regions. These regions are given a unique name, called labels, within the domain of the

variable.
3. Definition of the behaviour of the control surfaces

This step involves writing the rules that tie the input values to the output model

properties. These rules are expressed in natural language with syntax such as:

IF<fuzzy proposition>, then<fuzzy proposition> that is, IF, THEN rule, where fuzzy

proposition are “x is y” or “x is not y” X is a scalar variable, and y is a fuzzy set associated
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with that variable. Generally the number of rules a system requires is simply related to the

number of control variables.
4. Selection of a method of defuzzification

It is the way to convert an output fuzzy set into a crisp solution variable. The two most

common ways are:
e The composite maximum;
e Calculation of the concentration.

Once the fuzzy model has been constructed, the process of solution begins. The model
IS compared against known test cases to validate the results. When the results are not as
desired, changes are made either to the fuzzy set descriptions or to the mappings encoded in

the rules.

PCB manufacturing process is a complex process with a lot of different operations
involved as well as many components, which work in sequence. Important is to cope with the
complexity of the system and to make the system more reliable, efficient with the high
standard of output product. These are reasons to use fuzzy notations, which can handle
uncertainties and essential for a human expert’s knowledge acquisitions. Fuzzy set theory
was developed to improve the oversimplified model, thereby developing a more robust and
flexible model in order solve real-world complex systems involving human aspects. Fuzzy set
theory can help the decision maker not only to consider the existing alternatives under given

constraints (optimize a given system), but also to develop new alternatives (design a system).
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1.5.4 LEAN SIX SIGMA AND FUZZY PRINCIPLES

The production parameters from manufacturing processes are statistical variables and
therefore they have some dispersion. In order to create a reliable and flawless production line
is important to consider many aspects, including such as continuous improvement of existing
processes, calculating the defect ratio of the output products, analyzing the existing lead times
of processes, where the improvement would be possible or needed and etc.

Fuzzy logic is defining the framework through a compact linguistic rule base. It has
the ability to simultaneously consider multiple criteria and to model human experience in the
form of simple rules. The advantage of the fuzzy logic system approach is that it incorporates

both numerical and linguistic variables.

Applying Lean Six Sigma methodologies on different stages can help to benefit on
many process levels: to evaluate the efficiency of the chosen manufacturing line, make the
manufacturing processes run faster and more stable with less failures and can help to create a
systematic approach in all the mentioned benefits above. Fuzzy approach and Fuzzy logic
based systems with their capability to deal with incomplete information, imprecision, and
incorporation of qualitative knowledge show a great potential for applications in electrical
engineering systems as well as serve as a good basis for measuring effectiveness of chosen
methods. Combining different type of quality methods and fuzzy mathematical tools will
provide a broader view on the performed process and will help to create an understanding

where it can be improved, and thus control and improve the quality.
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1.6 Conclusion for chapter 1

The electronics market analysis has shown and confirmed the tendency to reduce
size of electronic components and growth of the requirements for their functionality, which
leads to rapid aging of existing technologies and equipment and as a result leads to inability to
produce competitive products. Therefore there is a need in development of new technologies

and renewal of existing company resources for electronics manufacturing.

Usage of innovative technologies will help to raise the level of competitiveness as
well as raising the effectiveness of manufacturing process and quality of manufactured

products.

Several control methods were described in order to show possible ways how to
analyze the manufacturing process, determine weak pointes or possible failures which are
occurring in the system as well as work on the steps to make the system working more stable,

seamless and faster.
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2 EFFECTIVENESS CRITERIA FOR IMPLEMENTING
INNOVATIVE  TECHNOLOGIES IN PCB  ASSEMBLY
PROCESS

2.1 Preconditions for improvement of PCB assembly process

Electronics is the branch of science, engineering and technology that deals with
electrical circuits involving active electrical components such as vacuum tubes, transistors,
diodes and integrated circuits. The role of information technology in production networks in
developing countries cannot be assessed without an analysis of the profound changes.
Information technology evolves every year and it is seen that with every following year there
are some innovations appearing in all the fields. An electronic component is any physical
entity in an electronic system used to affect the electrons or their associated fields in a desired
manner consistent with the intended function of the electronic system. Components are
generally intended to be connected together, usually by being soldered to a printed circuit
board (PCB), to create an electronic circuit with a particular function.

The printed circuit board manufacturing process is a difficult and complex series of
operations to make a printed circuit board. Printed circuit boards are insulating boards with
conductive layout that connects the assembled electronic components. There are three basic
varieties of printed circuit boards: single-sided, double-sided, and multi-layered. Printed
circuit boards are employed in the manufacturing of business machines and computers, as

well as communication, control, and home entertainment equipment.

Specifics of PCB production:

A printed circuit board (PCB) mechanically supports and electrically connects
electronic components using conductive tracks, pads and other features etched from copper
foils with thickness of 8 to tents of micrometres laminated onto a non-conductive substrate.
Components — capacitors, resistors, inductors and other active devices — are generally
soldered on the PCB. Advanced PCBs may contain components embedded in the substrate
[12].
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PCBs can be single sided (one copper layer), double sided (two copper layers) or
multi-layer (outer and inner layers). Multi-layer PCBs allow for much higher component
density.

After the printed circuit board is completed, electronic components must be attached
to form a functional printed circuit assembly. In assembly the bare board is populated with
electronic components to form a functional circuit. In through-hole technology, the
component leads are inserted into the holes, whose inner wall is metallized, the holes are
surrounded by conductive pads. The holes secure components to a given point and sometimes
also serve to connect the conductive layers on different surfaces of the insulating board. In
surface-mount technology (SMT), the component is placed on the PCB so that the pins line up
with the conductive pads or lands on the surfaces of the PCB; solder paste, which was
previously applied to the pads, holds the components in place before the reflow process and
the solder holds the components in place after it. If surface-mount components are applied to
both sides of the board, the bottom-side components are glued to the board. In both through-

hole and surface mount, the components are then soldered.

There are a variety of soldering techniques used to attach components to a PCB. High
volume production is usually done with machine placement and bulk wave soldering, vapor
soldering or soldering in reflow ovens, but skilled technicians are able to solder very tiny
parts by hand under a microscope, using tweezers and a fine tip soldering iron for small

volume prototypes. Some parts may be extremely difficult to solder by hand.

The PCB manufacturing process is a complex sequence of many operations, therefore
it is important to follow many instructions to get a non-defective production or bring the

manufacturing to a level of minimum losses.

Analysis and modelling of PCB production:

Implementation of technological innovations requires careful and detailed analysis of
manufacturing processes, based on mathematical modelling. This objective is important in
order to evaluate the effectiveness of company activities.

Modelling is meant to substitute the real analyzed object (process, system, etc.) with
its model (abstract object). However, the model imitates such properties and characteristics of
real object, which are relevant in order to achieve the goal of modelling. There are
experiments conducted on the model and research, on basis of which there are conclusions

made about the real object properties.
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Main objectives for estimation of effectiveness of company activity are determination
of the current state of manufacturing processes and identifying main factors, which are
influencing on the current state. Based on the obtained results of the evaluation the following
strategy is being determined and the decision how to distribute the resources of the enterprise
IS being concluded.

The prerequisites for improvement of manufacturing processes in electronics field are
constant growth of different technologies as well as growth in requirements for quality control
and quality of the output products. The growth of technologies and complexity of design leads
to increase of usage of more different components thus makes the manufacturing process
more expensive.

Therefore all such complications is important to analyze in order to collect the
information about real state of the company, identify weak points as well as strong ones and
improve them even more with the continuous improvement, innovation technologies and
focus on quality control.

Optimization of PCB manufacturing process is realized with the help of
implementation of innovation technologies as well as analysis based on modern methods of
quality control such as six sigma, lean production and mathematical modelling using fuzzy
technologies. Efficiency criteria for implementing innovation technologies for PCB
manufacturing process has been introduced based on IPC standards, e.g. in IPC-A-610
standard - a document indicating various characteristics of the board and/or assembly as
appropriate relating to desirable conditions that exceed the minimum acceptable
characteristics [20].

Standard IPC-A-610 reflect three classes, which are describing criteria of quality for
electronic equipment: general electronic products, dedicated service electronic products and
high performance electronic products. This document consists of such parts as hardware
installation, wire bundle securing, wire crossover, soldering and soldering acceptability,
terminal connections including edge clip, swaged hardware and lead and wire placement,
insulation, through-hole technology including component mounting, component securing and
supported holes, surface mount assemblies including chip components and components
damage and parts for PCB and assemblies such as laminate conditions and marking, coatings
and etc.

Meeting the requirements of IPC-A-610 standard helps to ensure high quality
products, based on the use of known technologies assembly and installation of electronic

products.
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2.2 Determination of acceptance criteria and effectiveness factors

Defining some certain criteria usually takes place on the basis of the specific
conditions of production and the accumulated experience in the field. The criteria should be
comprehensive and quantifiable, in such a case it will fully reflect the actual state of the
studied model, and the decision-maker will be able to use it.

In order to correctly determine the acceptance and effectiveness criteria for some
particular manufacturing process, it is important to identify the goal of the research. In case if
the goal is the increase in productivity, then the criteria are to increase the capacity and output
of existing equipment. This thesis is describing the possible ways how to improve the quality
of manufacturing processes with the help of innovation technologies, different methods of
statistical tools and fuzzy logics. Therefore one of the main criteria is effectiveness factor of
innovation technologies implementation, which can be determined by several sub factors.

In order to choose the correct criteria, it is important that these criteria will reach the
expected goal. Taken into consideration this fact, the overall effectiveness factor (Foveran) Can
be divided in the following sub factors:

- Factor for minimizing the lead time of the manufacturing process (Fn);
- Defect factor (Fg);

- Product manufacturing quality factor (Fg);

- Factor of economic efficiency (Fe);

- Factor of staff skill qualification (Fs);

- Factor of automatization (F,).

For each of these factors there are several parameters which are determining them,

such as (see Table 3):
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Factor for Defect factor Product Factor of Factor of Factor of
minimizing the manufacturing | economic staff skill automatization
lead time of the quality factor efficiency | qualification
manufacturing

process

Time to control | Mechanical Precision of | Profit Theoretical Level of

the PCB blanks defects component preparation automatization
placement  on of production
PCB

Time to plate the | Defects  of | Connection Labour costs | Practical Amount of staff

lead solder paste material ~ of | strength experience involved in

PCB production
Time to mount the | Defect of | Degree of | Intensity of | Motivation Time to setup
chip-components | component homogeneity of | the usage of equipment  for

Time to solder in

reflow oven

Time to control
the
PCB

readiness of

placement on
PCB
(polarity,
existence or
absence  of

components)

solder joint the new batch of
equipment products

Precision of | Profitability

solder paste | of

application production

The degree of
filling of the

cell stencil of

solder paste

Table 3 - Individual factors and parameters for automatic PCB manufacturing process

For quantitative assessment for the individual factors it is necessary to develop mathematical

model for evaluating the effectiveness of the implementation innovation process for PCB

assembly. This will allow identifying the effectiveness of the whole technological system.

The mathematical representation of the overall effectiveness factor is:

I:overall = i FI !
i=1

where Foveran IS the overall factor to identify effectiveness of implementing innovation

technologies; F; is the individual factor and i - is the amount of individual factors.
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For the electronics manufacturing the most important and technically complex process
is the PCB assembly process. Taken it as an example, it is possible to subdivide it into
individual operations and define complex metrics which can help minimizing the duration of
the overall lead time of PCB assembly process.

The PCB assembly process consists of several operations (P1 — P5):

- Input control of PCB blanks (P1);

- Plating of the lead solder paste (P2);

- Mounting of chip-components (P3);

- Mass soldering (P4);

- Quality control of the assembly process (P5).

Input control of PCB blanks

The input control of PCB blanks (P1) is needed in order to control the possible defects,
as well as suitability of the PCB boards to be loaded into automatic production. During the

entry check there are several acceptance criteria, which are presented in Table 4.

Input parameters Acceptance criteria Output parameters
Presence of mechanical Visual control External appearance of PCB
defects and defects during the board (PCB shall comply
PCB manufacturing (holes, with IPC-A-600 [21] and
etc.) IPC-A-610 requirements

[22])
Flatness (bow and twist) Measure the flatness (IPC- Bow and twist values should

TM-650, method 2.4.22 [23]) | not exceed 0.75% according
to IPC-2221A, 5.2.4 [24]

Size (length, width) Measurement of size Precision of PCB size
(according to IPC-2221A

shall be within +/-0.4mm)

Dielectric constant Stripline Test for Permittivity | The dielectric constant of
and Loss Tangent (IPC-TM- | PCB board (shall meet the
650 2.5.5.5) requirements of the
customer)

Table 4 — PCB parameters for input control
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The operation of input control allows checking if the PCB blanks are in accordance with
technical documentation and standards for their further appliance in the manufacturing

process. For the input control there is the following type of equipment being used (table 5):

Acceptance criteria Equipment

Visual control - Control table

- Magnifying glass
Measure the flatness (IPC-TM-650, method - Control table
2.4.22 [23]) - Micrometer
Measurement of size - Control table

- Ruler

- Micrometer
Stripline Test for Permittivity and Loss - Device for measuring the
Tangent (IPC-TM-650 2.5.5.5) dielectric constant

Table 5 — Type of equipment for input control

In order to reduce the time for input control, it is necessary to define the parameters

and their mathematical interpretation:
_ lebefore *

ml — F Fn1
mlafter

where

F,, - parameter representing the overall time for input control,

F

before - quantitative parameter before applying the innovation or improvement
technologies;

F - (uantitative parameter after applying the innovation or improvement

mlafter
technologies;

M - weighting factor.
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Application of the lead solder paste

After the operation of input control there is an application of the lead solder paste
following. Let us take a case when the lead solder paste is applied with the help of automatic
jet printer. The template is set by screen printing to motive of the board and solder paste is
applied through the holes by use of wipers. Once the template tears off the board the solder
paste stays ready to lay components. This process unlike manual soldering ensures
consistency and saves time. However in order even more to reduce the time, the speed of
template moving can be increased. Parameters, influencing on the soldering phase, are shown
in Table 6.

Input parameters Processes Output parameters

External appearance of PCB | Positioning of PCB board Periodicity of alignment
board (shall meet the
requirements of IPC-A-600G
and IPC-A-610D)

Bow and twist values should | Positioning of template on Precision of placement
not exceed 0.75% according | PCB board
to IPC-2221A (can vary

depending on equipment)

Precision of the size of PCB | Applying of solder paste Steadiness of solder paste
form (shall create correct

geometrical forms)

The dielectric constant of Tearing off the template from | Filling of the template with
PCB board (shall meet the PCB board the solder paste
requirements of the

customer)

Table 6 — Parameters of lead solder paste process

At this stage jet printers for template printing are being used, for which the main parameters
are the following:

- Flexibility to adapt to the new type of products;

- Periodicity of alignment with 6 sigma calculation;

- Precision of placement with 6 sigma calculation.
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The mathematical interpretation for minimizing the time of lead solder paste will look as

follows:
F_ = szbefore*
m2 — = Foo !
m2after
where

F., - parameter representing the overall time for applying the lead solder paste;

F

obeiore - quantitative parameter before applying the innovation or improvement
technologies;

F

m2after

- quantitative parameter after applying the innovation or improvement

technologies;

M., - weighting factor.

Mounting of chip-components

After the positioning of the PCB board has been done, then the mounting of chip-
components shall follow up. With the necessity to increase performance of the operation there
is a possibility to add an automatic installer. At this stage of PCB assembly process main
parameters are performance and amount of automatic installers. In case of one installer, the

parameters of the chip-component mounting are as follows (see Table 7):

Input parameters Processes Output parameters

Precision of placement of
PCB board and template

Positioning of PCB board

Precision of component

placement on PCB board

Tackiness of solder paste
form (shall create correct

geometrical forms)

Capturing of the component

Speed of chip-component

mounting

Filling of the template with

the solder paste

Mounting of the components

Placing of the component on
the board

Speed of the applying of

solder paste

Table 7 — Parameters of mounting of the chip-components

-B55 -




Quality control methods and tools for improvement of effectiveness of manufacturing processes Larisa Tarba

Mathematical interpretation of mounting speed of chip-components can be represented
as follows:
F

F __ " m3before 4

m3 F Fs !
m3after

where

F..; - parameter representing the overall time for chip-component mounting;

F

aefore - quantitative parameter before applying the innovation or improvement
technologies;

F

m3after

- quantitative parameter after applying the innovation or improvement

technologies;

M¢ - weighting factor.

Mass soldering

Soldering of the mounted PCB board is happening in the convection reflow oven.
After chip-components have been placed, PCB boards is being transported on the oven
transporter and with defined speed goes into the zones of heating and cooling.

On this stage main parameters of the process are speed of the transporter; the length of
the heating zone and the length of the cooling zone of the convection oven (see Table 8).

Input parameters Processes Output parameters

Precision of placement of Equable heating of the item Endurance of the compound
PCB board and template

Speed of placing the chip- Smooth controlled growth of | Degree of homogeneity of
components the temperature until the solder compound

needed value

Placing the component Gradual cooling of the Absence of defects
soldered PCB board

Table 8 — Parameters of soldering for mounted PCB boards

Mathematical interpretation of mounting speed of chip-components can be represented
as follows:
F

m4before 4

F FmA !

m4after

F.=

m

where
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F., - parameter representing the overall time for soldering;

F

abeiore ~ quantitative parameter before applying the innovation or improvement
technologies;

F

méafter

- (uantitative parameter after applying the innovation or improvement

technologies;

M¢ , - weighting factor.

Quality control of the assembly process

After the convection oven PCB boards are taken by the unloader, after which they go
to technical control in order to identify whether it meets necessary requirements. After sorting
out the boards according to presence or absence of the defects, they are directed to storage or
repair areas.

I:msbefore *

Fms F Funs
mbafter

where

F.s - parameter representing the overall time for controlling the PCB board,

F

shefore = QuUantitative parameter before applying the innovation or improvement
technologies;

F

saer - Quantitative parameter after applying the innovation or improvement
technologies;

M¢ - weighting factor.

Application of the process approach allows identifying important parameters on each
stage of the process and determining the evaluation system for the production manufacturing
process in general. Improvement of the assembly process is reached because of optimization

of parameters on each of the individual stages of the process.

Minimizing criterion of the lead time of the PCB manufacturing process can be determined as

follows:

5
I:m = Z I:mi * I:weight_i
1
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2.3 Distribution of the weighting factors of the effectiveness criteria

During the process of determination the individual factors for effectiveness of
implementing the innovation technologies and improving the overall manufacturing process,
the weighting factors have been used, which provide a quantitative value representation of the

importance for particular factors.

Minimizing the lead time of the manufacturing process

Distribution of the weighting factors of the effectiveness criteria for minimization of
the lead time of the manufacturing process is being done with the help of theory of constraints
(TOC) (see Table 9). The biggest value of the weighting factor is being assigned to the

constraint activity, the bottleneck process so called, in this case it is assumed as soldering

process.

Parameter Mathematical expression | Weighting factor
Time for input control F. 0.15
Time for applying the lead solder paste F. 0.25
Time for chip-component mounting F.s 0.2

Time for soldering in the oven F.4 0.3

Time for controlling the PCB board Fo.s 0.1

Table 9 — Distribution of the weighting factors for minimizing the lead time of the

manufacturing process

Defect factor
As for defect factor Fq, which is presented by several parameters such as mechanical
defects, defects of material of PCB board and defect of component placement on PCB board,

the overall factor for minimizing the defects can be represented as follows:
3
Fd = Z Fdi * Fweight_i
1

Distribution of the weighting factors for minimizing the defects is being proportional
to the amount of defects for each individual factor (see Table 10). The biggest value is given

to the parameter which has the higher possibility to have the most defects.
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Parameter Mathematical expression | Weighting factor
Mechanical defects Fi 0.15
Defects of material of PCB Fi, 0.35
Defect of component placement on PCB Fys 0.5
(polarity, existence or absence of

components)

Table 10 — Distribution of weighting factors for minimizing the defects

Product manufacturing quality factor

Factor to identify the quality of the manufactured products is being represented by
precision of the component placement on PCB board; by connection strength; by degree of
homogeneity of solder joint; by precision of solder paste application and by the degree of

filling of the cell stencil of solder paste. It also can be expressed as following:
5
Fq = Z I:qi * I:weight_i
1

Distribution of the weighting factors for identifying the quality of manufactured
products is being under influence of reliability of the product functioning (see Table 11). The
biggest value of weighting factor is given to parameters, which are influencing on reliability

of the product functioning.

Parameter Mathematical expression | Weighting factor
Precision of component placement on Fo 0.25

PCB

Connection strength F2 0.25
Degree of homogeneity of solder joint Fes 0.2
Precision of solder paste application Foa 0.2

The degree of filling of the cell stencil of Fes 0.1
solder paste

Table 11 — Distribution of weighting factors for quality of product manufacturing
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Factor of economic efficiency

In order to identify the economic efficiency, there are several parameters representing
it, such as: profit, labour costs, intensity of the usage of the equipment and profitability of

production. In general the factor of economic efficiency ca n be shown as:
4
Fe = z I:ei * I:Weight_i
1

Distribution of the weighting factors for identifying the economic efficiency is under
the influence of the overall performance of the company (see Table 12). The biggest value of

weighting factor is given to parameters, which are influencing on the performance of the

company.

Parameter Mathematical expression | Weighting factor
Profit F, 0.3
Labour costs F., 0.15
Intensity of the usage of the equipment F., 0.15
Profitability of 