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Nomenclature

Ajjk Sum of sequences of operations rejected (due to constraints)
Cp Product Complexity

Chy Relative handling complexity factor

c, Average handling complexity factor

Cr Feature based complexity coefficient.

Crc Complexity coefficient of curved features for part k.

Cry Complexity coefficient of Inclined features for part j.

Cro Complexity coefficient of orthogonal features for part I.

Cy Manufacturing complexity of product

Cy Assembly complexity of product

Csp Relative complexity coefficient for sequence-based attributes.
C; Complexity coefficient of attribute I.

Cins Relative insertion complexity factor

Cin Average insertion complexity factor

C, Overall complexity for other attributes

Cor Other attributes based complexity coefficient.

Gy Overall part complexity coefficient.

Cpart Individual part complexity

Cpat Merged product complexity

Cs Complexity for other attributes

Doijk Number of operation sequences dismissed due to other constraints
DC Attribute value of changing demand
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DMS Dedicated manufacturing system

F; The maximum number of operation sequences

FMS Flexible manufacturing system

G; The total number of possible operation sequences for part i

Gmax The max number of possible operation sequences among the available
parts

GA Genetic algorithm

hijk Part feature for part i.

L, Relative part complexity (without weightages)

N, Curved feature attribute index

N¢ Number of features for part i.

N; Angular/ inclined feature attribute index

N; Jix / fixture type attribute index

N,, Material type attribute index

N, Number of possible operation sequences for part i.

N No. of machines in stage s

N Part shape attribute index

NG; Normalized complexity coefficient of G;

OT; Complexity coefficient of part | of the 4 attributes: fixture or jig type,
shape, surface treatments, material type

RMS Reconfigurable manufacturing system

n; No. of parts for product i

S; Total number of part i’s features

Wy o Wy Weighted factors for the attributes.
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Abstract

In the modern world of competition, having wide variety of products is main
challenge, the manufacturing industry is facing nowadays. They mainly focus on
customization of products, which increases the complexity in a lot of many ways in
manufacturing system. Thus, to tackle this challenge a novel metric is suggested in this work,
which mainly focus on product complexity. This includes product manufacturing complexity
and products assembly complexity and integrating both complexities to have a combined
complexity of a product. The manufacturing complexity is assessed on the basis of nine
attributes, which play a significant role in manufacturing of a product and assembly
complexity is assessed on the basis of previous work, which focus om handling and insertion
attributes. This complexity metric is then proved by applying on an industrial case study
which give the perfect results. So, the suggested complexity metric can serve as a tool for
decision making during the design selection of a product or comparison between different
products. Thus, measuring the complexity is helpful in reduction of complexity which in

result reduces production time and production cost.
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Chapter 1: An Overview

Chapter 1: An Overview

The idea that variation in the products design and functions can boost sales in a
cutthroat market and bring in more profit has always seemed intuitively enticing. Sales first
increase as the products offered become more appealing. Product’s variety should be
according to customer’s choice, but the market trends shows that the increase in variety make
the cost of the products expensive which not in favors of customer nor client. returns do not
keep up with the costs as variation keeps growing. In such cases, the business is required to
offer a variety of the product at lower costs and higher quality. One way to fulfil this
obligation is by maximizing the external variety is in direct relation with the complexity of
product’s manufacturing and assembly and overall systems disturbance. Designing and
creating product families is a well-known and efficient way to manage product variation for a
few market niches. Product family formation can offer a number of advantages in a
production system, which can a reduce complexity of the production system and risks
involved in development of a product, the ability of a process of upgradation of products
design can become better, improvement in manufacturing processes with better flexibility, in
addition to that it helps the optimize use of resources of an organization by managing the
variety to cost ratio. When a corporation invests in the development of new product families,
its primary goal is to offer its consumers a wide enough selection of options while
maintaining an acceptable cost-to-delivered-variety ratio within the limits of their

manufacturing capacity.

These greater product variants, shifting consumer preferences, and high production
rates have significantly altered the manufacturing paradigms. These problems have given rise
to a number of novel automated assembly lines that offer a quick change in both structure and
software. Additionally, specialized system configurations for a product family—a collection
of products that share a number of characteristics—can be created. This family formation can
be based on a number of factors, including the assembly of the components and similarity in
shape of the components. All production systems, in general, are composed of a wide range
of resources, including workers, experts, managers, tools, machinery, and computers. Due to
the evolution of the parts being manufactured, their associated product characteristics, forms,
etc., these systems get more and more sophisticated with time. Therefore, operation
sequences for part manufacture and assembly sequences for product formation serve as the
foundation for modern manufacturing systems' flow lines. These systems have complex

architectures because of their highly automated nature. To create complex and elaborate
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Chapter 1: An Overview

products, numerous production phases like material processing, handling, and transportation
are interwoven. These systems' complexity tends to rise along with the frequency of
disruptive occurrences like equipment failures. It is important to remember that complexity
cannot continue to rise indefinitely, just like many other aspects of existence. Above a certain

"upper critical threshold,” complexity inevitably ends to increase.

One of the most popular approaches to the quick and economical development of various
products is the use of scalable systems. By having the ability to produce a wide variety of
complicated items, these systems enable manufacturing of the products at a fixed throughput
and may be updated for a bigger throughput with a minimal loss in lead time. The number of
stages and the number of machines per stage must be adjusted to meet the new production
requirements. Conventional methods often concentrate on changing the number of machines
per step while maintaining the same number of stages. Additionally, certain product
complexity factors have a direct impact on the stage requirements. These elements, when
incorporated into a production structure, will not only decrease potential issues but also
decrease lead times.

In this thesis, part- and product-based complexity models that are currently in use are
first examined. A novel method of determining the degree of complexity in the manufacture
and assembly of a product is devised based on their capabilities and limitations. Nine
characteristics of Hasan, 2018 have been chosen as the foundation for part segregation from a

variety of potential characteristics. These include:

1. Tool approach direction

2. operation sequences

3. number of features

4. feature type: angular inclined features
5. feature type: curved features

6. fixture type
7. material type
8. part shape

9. surface treatments

14



Chapter 1: An Overview

Based on these attributes manufacturing complexity of product is calculated and integrates
with assembly complexity given by (Samy, 2010) then applied on industrial complex
products as a case study and so enhancing their capacities.

It should be emphasized that there are three unique methods for assessing complexity:
complexity control, complexity reduction, and complexity prevention (Hasan, PhD Thesis,
2018). Because it aids in streamlining production system flow lines, "complexity prevention”
is the type of complexity moderation taken into consideration in this work. The capabilities of
the suggested paradigm are demonstrated by an industry case study involving goods with

various degrees of complexity.

Outline of Dissertation

The following chapters make up the remainder of the dissertation:

Chapter 2: It presents a thorough survey of the literature on research on scalable systems,
part/product family creation, and complexity and its variants. The chapter shows prospects
for participation in product family construction based on complexity, part-complexity
assessment, and development/modification of scalable systems based on product complexity.

Chapter 3: It presents a proposed product manufacturing complexity metric, integration with
existing product assembly complexity, and a thorough methodology are covered in this
chapter.

Chapter 4: there is given the application of suggested model on an industrial case study

which elaborates the useability of proposed complexity metric with better results.
Chapter 5: Conclusions including novelty of work, its applications are detailed.

Chapter 6: Gives the future recommendations regarding the complexity of a system.

15



Chapter 2: Literature Review (Motivation)

Chapter 2: Literature Review (Motivation)

Objective
This chapter is written with the intention to provide a detailed review of relevant

research done in the past. The work is focused on:

e A brief overview of the major Manufacturing systems in practice today.

e Need for Reconfigurable Manufacturing Systems (RMS)

e Complexity and the need for its proper assessment in the modern industry.

e Existing work done in the domain of complexity and its sub features: part, product
and system complexity.

e Research carried out in product-family formation along governing factors including
complexity.

e Review of research work on scalable lines / setups with changing products.

e Conclusion of research work.

Manufacturing Systems

Manufacturing is still a crucial aspect of daily life. The conversion of raw materials into
completed goods can be interpreted as the definition of manufacturing when expressed in
clear, concise terms (Beamon et al, 1998). Manufacturing was automated in the early 20th
century (Goldin et al, 2018). Unorganized production can result in unfinished goods, a low
production rate, and other problems. As a result, there was a need to coordinate this
production, and the idea of manufacturing systems was born. Since the advent of automation,
numerous new systems have been developed (Chryssolouris, 2013). These systems can be

categorised into three groups:

1. Dedicated Manufacturing System
2. Flexible-Manufacturing System

3. Reconfigurable-Manufacturing System
The following sections offer a quick overview of these systems:

1.1.1 Dedicated Manufacturing System

In the early twentieth century, automated machines were made up of fixed
mechanisms that were made to accomplish just one task. Cork fitting, bottle capping, and

16



Chapter 2: Literature Review (Motivation)

fundamental assembly procedures are a few examples of them. These equipment pieces made
up the production system called as Dedicated-Manufacturing System (DMS) or Dedicated
Manufacturing Lines (DML), which was created specially to fulfil a single, unique purpose
(Nagel et al, 1991).

DMS is ideal for high production rates because it is built to create a single product
with little to no changes. Operating the devices requires only a minimal amount of training
and labor expertise. The machines require little maintenance because they have been refined
over time for the same product. As a result, the machine is very expensive. The phrase
"dedicated manufacturing lines" comes from the fact that the system has a typical rigid
structure and that the machines are typically connected by a number of production lines. The
system's overall design is very stiff, therefore its potential for improvement is not very
promising. The development of any change in the part specifications is severely hampered by
this concentration. Due to its incapacity to adapt to changing consumer expectations in the

modern era, DMS is progressively becoming obsolete.

Flexible Manufacturing Systems

Flexible-Manufacturing Systems (FMS) were first introduced in the latter part of the
20th century. Currently, FMS is a highly well-liked production system. The foundation of
FMS is cellular manufacturing (Thomas et al, 1988). For each sort of activity, a different
manufacturing cell is available. For instance, there could be separate cells for milling,
finishing the surface, and drilling activities. In this thesis, FMS is restricted to machining
processes that result in metal products. FMS has, nevertheless, generally shown to be
appropriate for creating a wide range of goods. Figure 1 depicts an illustration of a flexible

manufacturing facility.

FMS is flexible enough to accommodate significant product changes (Gerwin, 1993). Only
the drilling cell will need minimal alterations to allow the machine to drill the hole in the new
place, for instance, if a hole has been moved in a product's design. DMS is unable to perform
this function. Therefore, it is simple to create alternative products by altering the surface
finish, the locations of the operations on the surface, etc. By rearranging the operation cells,
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Chapter 2: Literature Review (Motivation)

the order of the operations on the part in FMS can also be altered.

|

M v o

I

Figure 1: An example of FMS Plant *.

1.1.2 Reconfigurable Manufacturing System

The idea of Reconfigurable Manufacturing Systems (RMS) developed at the turn of
the 20th century (Mehrabi et al, 2000). Using a single platform, this manufacturing system's
reconfigurable machines, which have several tool posts and a high degree of freedom, can
create a wide range of goods. The primary distinction between RMS and FMS is that the
former uses fixed machine architectures while the latter uses a specific set of reconfigurable
machines, each of which typically consists of a single unit (see Figure 2). (Manufacturing
cells). In the last ten years, the manufacturing industry has evolved a lot of new paradigms

(Tao, 2017)

3 Axis Line Boring Machine to 3 Axis
Milling Machine. Modules Swapped: 4

3 Axis Milling Machine to 4 Axis
Milling Machine. Modules Added: 1

Figure 2: Reconfigurable machines having different capabilities w.r.t. modules attached 2

1 http://www.pietrocarnaghi.it/en/42/fms-cell-system.html

2 http://www.expo21xx.com/automation21xx/15268_st2_university/default.ntm
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Chapter 2: Literature Review (Motivation)

Due to its shorter lead times and flexibility in responding to shifting market trends,
RMS is an efficient and effective production method in the modern period where fierce
competition and unexpected consumer demands are commonplace (Zheng et al., 2016). By
altering the tool posts and sequences, RMS can alter its manufacturing methods from a low
quantity single batch production to a large quantity line production (Hu et al., 2011). RMS is
primarily intended for automated industries; as a result, two levels of configuration are
needed, the first at the system level and the second at the localised machine level, or tooling
and tool positioning (Andersen et al., 2015). As a result, RMS also needs two levels of
control: software control (Hoffman et al., 2016) at the system level and G&M code (CNC)
control (Lesi et al., 2016) at the machine or hardware level. This is started by creating
system-level control algorithms (Haddou et al., 2017), and after the system as a whole is
configured, the algorithm is transformed into G&M codes that control the CNC machines.

1.1.2.1 Key Characteristics of RMS
Five essential traits of RMS were identified by Y. Koren, and they are still used as a
foundation for subsequent research (Koren, 1999). As a result, in order to achieve the design

objectives established by the sector, the following important traits are necessary:

1.1.2.1.1 Modularity

All of RMS's components, including its structural parts, axes, controls, software, and
tools, are regarded as modular, meaning they can be easily adjusted to meet changing needs
(Lameche et al, 2017).

1.1.2.1.2 Integrability

The machine's control modules and the machine itself are built via component
integration interfaces. The functional useability of an integrated system can be predicted on
the basis of working of its components and the interfaces of both hardware modules and

software of a machine.(Farid, 2017).

1.1.2.1.3 Customization
Two separate features of this quality can be distinguished:

e Customized-Flexibility

e Customized-Control

Customized-flexibility refers to giving the linked part family flexibility and designing

the machines around it to cut costs.
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Using open-architecture technology to integrate control modules that provide the

precise functionality required, customized control is made possible (Andersen et al, 2018).

1.1.2.1.4 Convertibility
The capacity to convert configuration in small batches that should be finished in a
single day with minimal conversion intervals. To do this, new tools, part-programs, fixtures,

and degrees of freedom must be developed (Da Silva et al, 2016).

1.1.2.1.5 Diagnosability
It is critical to swiftly adjust the newly reconfigured system as production systems are
modified more frequently and become more reconfigurable. Additionally, quick detection of

inferior parts is necessary for this (Sampath et al, 1995).

The reduction in reconfiguration time and effort is a significant benefit of modularity,
integrability, and diagnosability. Costs can be cut by customizability and adaptability. These

characteristics will be regarded as highly reconfigurable in a system.

1.1.3 Comparison between DML, FMS and RMS

Table 1 compares the three manufacturing systems based on a number of
characteristics, such as complexity, cost, necessary skill level, production volume, variety,
etc., and shows that RMS is generally a better option as a manufacturing system (Koren et al,
2006).

Table 1: Comparison between FMS, DML and RMS.

Factors DMS FMS RMS
Complexity Low High Medium

Initial Cost High High Medium
Training required and Skill level Low High Medium
Integration capacity of new )

Jdditions Low Low High
Upgradation Potential Low Low High

Structure Rigid Rigid Modular
Product-variety Low High—Very High | Medium —High
Production Volume High Variable Variable
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Chapter 2: Literature Review (Motivation)

Structure of Machine Fixed Fixed Adjustable
Focus of System Part Machine Part Family
Flexibility No General Customized

There is a large quantity of operation sequences and manufacturing methods available
to produce any new part that is added to any of the three systems. These can be chosen
depending on a variety of criteria, including (but not limited to) the machinery that is
available, the needed production rate, and the product quality (tolerance limit). There are
many practical designs that can be used for every given production unit that are both within
the capability of the currently available machinery and economically viable for the system
(Abdi et al, 2018).

Understanding the manufacturing system is a prerequisite for developing process
plans (operation sequences). When using computer-aided process planning systems (CAPP)
traditionally, the parts of machine are thought of as static and only one process plan is created
for the system (dedicated-manufacturing lines). However, much recent research has been
focused on creating various process plans and a framework to apply them. Reconfigurable
process planning (RPP), the CAPP for RMS, offers a great deal of latitude in this area.
Multiple process plans can be created, and from those process plans, various machine
configurations can be derived (Bagai, 2009). Figure 3 provides an illustration of this idea.

Pat, —» Process Structure,
Plan,
Part, —— Process Structure,,
Plan,
~

Reconfigurability

NN

Part, Process Structure,
' Plan, .
Process ’
Part, é Plan, Structure,,
\—\}—/
Reconfigurability Reconfigurability

Figure 3: Enhancement of the domain of reconfigurability (Bagai, 2009)
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The traditional methods involve creating a single process plan for a single portion, after
which there are numerous possibilities for choosing the structure of that single process plan.
For a single part, there are various RPP-related process plan options. As a result, the
structure's potentialities are increased. Selecting a process strategy is a labor-intensive
operation that takes a lot of time. Even so, it is quite uncommon to choose a specific process
plan that will be quick, produce accurate results, and just need basic equipment. In light of
the selection criteria, various process strategies exist that are appropriate for a single product.
A specific process plan might be appropriate, for instance, if the selection criterion is
production rate, but it might not be appropriate if the selection criterion switches to quality,

and so on.

Review on Reconfigurable Systems

Unexpected changes in consumer demand are transforming items at an accelerating
rate. These modifications serve as the foundation for the introduction of novel materials and
production techniques. Such modifications have also led to increasing production variations,
which have resulted in unanticipated and expensive delays—a characteristic frequently
related to the ongoing development in the field of reconfigurable manufacturing systems
(RMS). O. Garro created the first reconfigurable machine tool (RMT) in 1992 by suggesting
a design methodology for creating machine tools (Garro, 1992). Tollenaere then improved the
process by incorporating machining elements and machine equipment (Tollenaere, 1998).
The next strategy led to "Machining RMTs," which are machines with multiple spindles and
a variety of tools to help the machine perform several "operations™ at once. These operations
can be used sequentially, concurrently, or as a combination of both. Lead times are shortened
by using parallel machining, however complications like reduced accessibility owing to size
and vibrations (many spindles) simultaneously arise. On the other hand, sequential processes
require more time but are advantageous because the vibrations are generally minimal. Thus, a
variety of parameters, including the key ones of the required lead time and tolerance limit,
influence the choice of the best mode of operation. In 1993, O. Garro et al. also developed a
temporal logic for the mathematical foundation of operation sequencing. Chu et al. offered
various methods for the element of process planning that deals with setup minimization (Chu,
1996). In following years, other design tool techniques emerged, with the first one being
introduced by Moon and Kota (Moon and Kota, 2002; Moon, 2000).

Koren et al. offered several methods for the machine structure quality analysis (Koren and
Katz, 2003; Koren and Moon, 2003). The full analysis of these machine structures was
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further completed by Bonev (Bonev, 2003), and then by Yousef et al. (Yousef, 2006).
Additionally, Ismail et al. suggested combining the ideas of flow lines and RMS (Ismail,
2008). Later, optimization approaches were applied to flow lines as well as part sequencing
(Quanwei, 2015), product architectures and machine capability optimization (Asghar, 2018).

Cellular manufacturing's conceptual underpinnings are built on group technology,
which groups together parts that are similar based on a variety of characteristics (Groover,
2007). The foundation of part family formation is "Cellular Manufacturing,” just like in many
other parts of Reconfigurable Manufacturing Systems (RMS). Researchers from many fields
have classified parts into part families in literature based on a variety of criteria. These
include demand, reusability, modularity, and operational similarity. Yousef et al. created a
favourable selection model as a result of optimal machine configuration (Yousef, 2006).
Shabaka et al. improved the model by include the idea of minimum machine configuration
selection (Shabaka, 2007). Therefore, the emphasis of these strategies was to increase
manufacturability while controlling modularity and reconfigurability, thereby lowering
complexity. These ideas go beyond what conventional production methods can do. Modern
systems should not only be modular (Costa, 2001) (customizable and adaptable to change),
but also affordable and capable of high speed (Li, 2017). Such high and complex
requirements for part manufacturing introduce "complexity" into the system, resulting in

unanticipated backlogs and losses.

1.1.4 Complexity

There is no agreed-upon definition of "complexity™ and the term itself is ambiguous.
Complexus originally meant "entwined" or "twisted together" in Latin. Similar to the
meaning of "complex™ in the Oxford Dictionary, which is something made up of (often
numerous) tightly connected elements (Stanwoski, 2011). A system is deemed more
complicated in the field of manufacturing systems if it has a disproportionate number of

pieces or components and more connections between them.

One of the main difficulties facing manufacturing sectors in the modern, highly
automated world is complexity (Baines et al, 2009). Generally speaking, any manufacturing
system is made up of a variety of employees, experts, managers, tools, machines, and
computers. These systems get more and more complicated over time. Supervisors and
managers should place a high priority on managing complexity (Steger, 2007). Researchers

have demonstrated in the past that productivity problems result from disregarding complexity
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(Lindemann, 2008). Hubbert et al(Hubbert, .'s 2008) research demonstrated that the Mercedes
E-series' sophisticated electric systems had serious issues. Complexity was cited as the main
expense driver by managers in an automated industry survey by 64 percent of respondents
(Figure 4). (Schleich, 2007). Complexity has evolved into a crucial criterion for product
development as a result of similar problems in products in a relatively short period of time
(Ulrich, 2003).

Do you / does your company
consider complexity as a major
cost driver?

16, 16% 20, 20% B Strongly Agree
: H Agree
Maybe
Disagree

W Strongly Disagre

Figure 4: Managers consideration about complexity and cost? (Schleich, 2007)

There are some characteristics that modern manufacturing systems can have in
common, such as the abundance of different elements, the shifting interactions between these
elements, and technological advancements. Limiting the adoption of new technologies should
be done if they are not increasing productivity (Kuzgunkaya, 2006). Since complex systems
cannot be simply simplified, the top management must show a real commitment to managing
such systems (Steger, 2007). Additionally, proper differentiation between the various
approaches addressing complexity, such as complexity prevention, complexity reduction, and
complexity control, is necessary for proper complexity management (Figure 5) (Bednar,
2014).
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Assesment

Figure 5: Complexity & its Measures (Bednar, 2014)

Complexity Prevention
The creation of models to evaluate complexity is the main goal of complexity
prevention. The models that have already been created can be used at various stages
of development, from the conceptual phase to an operational manufacturing setup.
The effectiveness of complexity prevention is higher at the conceptual stage, which
includes helping to compare various tools, equipment, settings, etc. as well as (in
some situations) simplifying manufacturing setups (Blecker et al, 2004).

Complexity Reduction
The goal of complexity reduction is to make structures simpler. It is a temporary
measure that, for example, aids in the elimination of unprofitable product versions or

the reduction of customer system components (Matt, 2007).

Complexity Control
The remaining complexity that cannot be minimized by the earlier procedures is the
focus of complexity control. Included in this is the complexity brought on by shifting
market trends, a wide range of consumer needs, adaptable industry objectives, and so
forth.

Complexity prevention was chosen as the intervention for this work for three main
reasons: The construction of a model to evaluate complexity at the conceptual/design stage
will be aided, ultimately leading to a preliminary simplification. The concept will also be

implementable at a later time, giving the business a variety of remodeling options should they
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be needed. The model will also help in reaching the required throughput with the least

amount of additional machine constructions.

Particularly for elaborate items that would otherwise require costly manufacturing
setups to be developed, system simplification has a considerable impact on both direct and
indirect costs (Brooks et al, 2000). Complexity is treated as a flaw in the system by
researchers who are committed to creating methods for dealing with it (Mehra et al, 1996).
Therefore, their strategies center on either completely avoiding complexity or drastically
reducing it (Nelles, 2013). It should be observed, nevertheless, that rigidity or negativity in
the system are not always brought about by complexity. Additionally, the system may
become more positive and flexible as a result (Burnwal, 2013). Manufacturing setups will
likely change over time to become more capable and adaptable machines since ongoing
product variation will have an impact on them. Therefore, benefits of complexity should be

utilized whenever available (Zhang et al, 2000).

Complex products are produced by integrating several production phases, such as
material processing, handling, and transportation, in today's extremely complex
manufacturing systems (lansiti et al, 2007). As disruptive occurrences like machine
breakdowns also start to take place, the complexity of the system is seen to further expand
(Cho, 2009). However, there is an upper critical-threshold limit, above which complexity
cannot continue to rise indefinitely. The system may be harmed or fail if this limit is

exceeded.

Manufacturing
Setup

Part
Complexity

Assembly
Complexity

System
Complexity

Assembly
Setup

Figure 6: Manufacturing System Complexity
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Due to complexity's covert nature, attention has switched to "quantifying” product
complexity and the development of product families (Samy, 2010). (Kashkoush, 2015). The
resulting algorithms concentrated on assembly system optimization (Al-Geddaway, 2015).
Four key areas must be examined in order to actively assess the product's overall complexity:
| the complexity of the part's individual parts; (ii) the setups that will produce the part; (iii)
the complexity of the part for assembly; and (iv) the complexity of the setups that will
assemble the part (see Figure 6). It was noted that the complexity of the portion itself was not
thoroughly covered in literature. Additionally, a standard strategy that considers all four of
the previously described factors should be developed, as this will not only make it easier to
execute complexity assessments but also eliminate many complexity-related problems at the
conception and design stages. But given the size of the manufacturing and assembly
industries, it is unlikely that a unified strategy will be developed any time soon. Therefore,
the research teams' present course entails creating modular mathematical models that may be
integrated with other models to increase the functionality of the original systems.
Theoretically, this should advance the study toward a cohesive strategy for the entire
production and assembly process.

Product Family Formation

For RMS, Abdi et al. (Abdi, 2004) developed an approach based on operational
similarities for grouping part families using the Jaccard similarity coefficient (McAuley,
1972). Galan et al. (Galan, 2007) offered a feasible approach by including many features,
such as reusability, modularity, compatibility, commonality and demand, as opposed to
employing a single criterion. The five coefficients were combined using a weighting
technique called the Analytic-Hierarchy Process (AHP) (Vadiya, 2006), and then a clustering
method known as average-linkage hierarchal clustering (Seifoddini, 1989) was used to create
a binary linkage rooted tree known as a dendrogram (Kashkoush, 2014). Rakesh et al.
suggested a modified existing clustering technique on the basis of idea of Jaccard-similarity
coefficient (Rakesh, 2010).

A dual criterion based evolutionary genetic algorithm for the establishment of
production families was created by Pattanaik et al. taking into account the capability and
functionality of RMS (Goyal, 2013). In machining applications and manufacturing, it is usual
to arrange items based on the order of processes. To handle numerous products on the same

line and minimise the number of reconfigurations necessary, Galan et al. stated that it is

27



Chapter 2: Literature Review (Motivation)

crucial to take the operation sequence into consideration while grouping parts (Galan, 2007).
Therefore, variety management of items appears frequently in literature (EIMaraghy H.,
2013).

1.1.5 Complexity as a Product Family Formation Criterion

For the segregation of product into groups, several criteria exist, such as product size,
shape, throughput, and so forth, have been utilized in the past. What justifies the formation of
product families at the onset of complexity? As we've previously stated, failing to account for
complexity during the design phase may result in severe backlogs and delays (Pirmoradi et al,
2014). The Mercedes E-series electric systems might have been sufficiently simplified to
avoid the complexity-based concerns if a product family had been created based on
complexity (Schleich et al, 2007). Additionally, the intricacy of the product may not
contribute as much to its cost.

An improved method for forming product families is to evaluate the level of
complexity of the existing modular product families (Weiser, 2016). Multiple elements
contribute to the overall complexity of reconfigurable systems (Wang, 2016). (Papakostas,
2009). These consist of things like connectivity between parts, part features, and operation
sequences. Elmaraghy (2012) states that while some of these factors affect component
manufacturing difficulty, others have an impact on part assembly complexity (Samy, 2010).
These elements allow for the computation of the product's total complexity (Wang, 2011),
which aids in the creation of product families.

The research revealed that although a number of criteria have been utilised to create
product families (Galan, 2007), complexity in combination with the binary rooted trees has
not been investigated. Product families can be created based on the rising levels of
complexity using the complexity of the individual pieces and the complexity of the overall
product. It should be highlighted that one of the considerations for the establishment of
product families is complexity (Esmaeilian et al, 2016). Additionally, there is enough of a
"gap" to work toward product family creation based on complexity while taking other
criteria, like assembly joints, into account (Hasan et al, 2018). This will loosen the bond
between complicated and simple items by grouping together the products with similar levels
of complexity, minimising disruption in the assembly setup, and helping to resolve some

complexity-related concerns. As a result, the subject study proposes a strategy for grouping
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products into families based on complexity. In the following chapter, the methodology for the

approach is explained in depth.

1.1.6 Product Line Balancing

The increase in productivity is one of the big challenges facing the industrial industry
(Rubmann et al, 2015). A manufacturing system's performance has a direct impact on its
productivity (Sundar et al, 2014). The expense and effort necessary to simplify the product
cannot be justified if the complexity-based simplification does not reduce costs or achieve
throughput requirements (Sagawa et al, 2015). Earlier in the history of manufacturing, it was
thought that a optimum production line could offer the highest output (Hasan, 2016). Three
key criteria of a balanced production line (Figure 7) include equal mean operation times at
all stations, same statistical distributions for all of the mean operation times, and equal
variation in mean operation times (Hasan et al, 2016).

Station-1 Station-2 Station-3 " "
Configuration-1 R || RuTE || RMITE] i
{Inverted Bowl) z - i
1 =1.086 12=120 13=0.714
Station-1 Station-2 [ station-3 -
Configuration-2 Rt || Rz | ]| mar i
{Bowl) o - aL T
1 =1.086 H2=0.82% 13=1.086 o
Station-1 Station-2 Station-3 o
Configuration-3 " " " - ——
O‘-‘imﬁ‘[ﬂﬂitﬂll}' RMT _:!é - RMTb\; - RMT 3% “; s
Decreasing) v
L1=1.086 112-0.970 13=0.944
Station-1 stafion-2 Station-3 o
Configuration-4 ™ - = _ 5 -
{Monotonically RMTag || RMT > | RMTg, | S =
Increasing) I. :
= 1y =0.503 120,976 pi=1.521
Stafion-1 Station-2 Stafion-3 .
Configuration-3 i
{Balanced RMT,,, »(| RMT, || RMTy i
Production Line) 1
Hp=L0 p2=1.0 H3=1.0

Figure 7: configuration of possible production line along with the mean operation shape

(Hasan et al, 2016)
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It is typically quite difficult to achieve all three production line balancing criteria
because of the variety and complexity of the products. As a result, researchers looked at the
effects of shifting the production lines out of balance (Das, 2010). Hiller and Boling (Hiller,
1966; Hiller, 1967) came to the conclusion that, in certain circumstances, a stochastic
production line that was purposefully bowl-shaped and intentionally unbalanced (with mean
operation-times increasing from the middle to the end of the line) was significantly more
productive than a balanced-production line (Hiller, 1967). Other typical production line
layouts include monotonically increasing, monotonically decreasing, and inverted bowl (Das,
2010). Additionally, it should be remembered that most production systems are built for a
specified capacity based on a demand projection (Tang, 2003). Due to this, the system will
find it increasingly difficult to satisfy future demand for new items (Koren, 2010): Stack
overflow is a possibility if demand is higher than production capacity on the one hand (Silva
et al, 2017). On the other hand, some stations might remain idle if demand is considerably
lower than the output capacity. Even when the system is operating at maximum capacity, the
duration may occasionally be shorter than the entire product life cycle (Degarmo, 1997). In
conclusion, the type of production line chosen will largely depend on the rate of production
and the nature / specifications of the particular items. For our efforts, the balanced production
line with equal mean operating times during each stage of setup continues to be the main

focus.

1.1.7 Scalable Systems

The creation of a system with the ability to adjust its capacity in response to demand
is one of the answers to the problems covered in the preceding section. Scalability is a more
popular term for this quality (Wu et al, 2015). This enables future throughput change based
on product demand in a prompt and efficient manner (Koren, 1999; Landers, 2001). Scalable
systems have two major characteristics: quick capacity change (just when required) and

incremental capacity change (exactly how much increase or reduction needed) (Singh, 2013).

Scalability is a crucial aspect of RMS (Koren, 1999). This relatively new
manufacturing system may change machine functionality and capacity to accommodate a
wide range of products and production volumes (Elmaraghy H., 2005). Modularity,
integrability, convertibility, diagnosability, and customisation are further crucial traits that
have already been mentioned. RMTs (Moon, 2002) can be adapted to do a specific, tailored

range of tasks, in contrast to standard CNCs, which are general-purpose machines. In the
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event that a change in production is required, they can also be modified (by switching
machine modules) to carry out a different set of tasks. RMT modules can be divided into two
categories: basic/essential modules and auxiliary modules (Gadalla et al, 2017). The
machines' structural components, such as the sides, beams and columns, beds, housing, etc.,
are all regarded as basic modules (Scholz et al, 2015). Auxiliary modules include elements
that can be changed, such as tool posts, spindles, indexing units, and others. These modules
provide the RMTSs capability that goes beyond what is offered by typical CNCs. This capacity
does (at times) come at the expense of accuracy (Hasan, 2013). As a result, during

production, attention must be paid to the tolerances and faults related to part geometry.

The resulting flow line is called as a reconfigurable-product flow line (RPFL) if the
RMTs are configured in a way to support the production and/or assembly of a product
(Ashraf et al, 2018). This flow line has the flexibility to quickly change its configuration at
the outset of product variation and its associated process plans since RMTs are readily
available (Hasan, 2013). The RPFL is made up of stations, and each station may have
numerous machine sets, just like a traditional flowline. The RMTs' availability of auxiliary
modules gives the RPFL the capacity to alter each station's configuration in accordance with
the demands of the operation sequence. Generally speaking, there are two primary categories
of the product flow line: connected and decoupled (see Figure 8). There are no buffer gaps
between stations in coupled flow lines. The stations are reliant on the preceding and next
stations in line (Dallery, 1992). A station could be in one of three situations: operating,
blocked, or starving. The station is in a working state while it is carrying out any activity or
operation on the workpiece. It is advised to create buffer zones between stations to store the
job due to these problems. If there are infinitely many buffer stations, it would be ideal for
there to be zero blocked and famished stations. The buffers, however, are expensive for the
employer and cannot be installed everywhere, making this a less than ideal alternative. To

find the best amount of buffers for a setup while conserving cost, an optimum cost analysis is

necessary.
Station Station Station Station Station Station
N \, N N A
1 . P 3 N e 5 1 e |/ 3 = / 5
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2 4 6 2 4 6

Figure 8: Configurations of flow lines: coupled and decoupled (Dallery, 1992)
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Many models have been created in the literature, thanks to the best setup selection
(Yousef, 2006; Shabaka, 2007). The variety of RMT machine setups is another element that
aggravates the problems. The system becomes more complex as the number of possible
configurations grows. Using an algorithm for minimum machine configurations could be a
solution (Shabaka, 2007). The amount of parts for the product or the number or kind of
stations that will be needed to produce the product are not taken into account by this method,
which is instead focused on configuration selection based on product attributes. Another
strategy is to build the systems so that they can be scaled up or down with the fewest possible
setups or stations (Koren, 2017). Currently, methods are either concentrated on machine level
configuration optimization or systems scalability (Wang, 2013; Hasan, 2014). (Bensmaine,
2013; Gadalla, 2017). Thus, it can be concluded that using RMTs to customise configuration
level while accommodating complexity goes beyond using traditional methods. In order to
avoid complexity-related problems, a production system should not only be modular but also

scalable with minimal complexity.

Conclusion of Literature Review

The following are significant deductions from the literature review:

1. Further research is needed on the complexity as selection criteria

2. As a result of its use throughout the design phase, complexity prevention is
appropriate for product modelling.

3. There is a lack of a uniform strategy to account for part, product, machine, and setup
complexity.

4. There is enough room for research on the creation of product families based on
complexity.

5. Complexity-based system modelling has a lot of room for improvement.

A model for the evaluation of part complexity needs to be established in light of these
findings. Following that, a system for building product families based on complexity may be
developed. The next chapters give the details of methodology for complexity computation.
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Chapter 3: A model for the assessment & integration of
Product’s manufacturing & assembly complexity

Objective:

This chapter is focused on providing the following:

e Mathematical modeling of part combined complexity
e An algorithm and detailed methodology for the proposed complexity metric

e Case study of the presented model

Measuring Part Complexity

In this chapter, an approach to assess the complexity in the production of an individual
part is proposed. There are many methodologies available for the calculation of complexity of
individual part of a product. complexity of a part is primarily based on many characteristics
such as number of features, type of features it include, surface finishing, weights and sizes,
along with thickness etc. (Wang et al., 2013). These characteristics can be divided into two
main categories: One category, which is related to the complexity of manufacturing of the
part and the second category focus on the complexity of assembly of these parts. Different
authors worked on different attributes shown in Table 1, but the attributes related to
manufacturing of a part are considered by Hasan 2018 who proposed a technique to assess
the manufacturing complexity of a product, and S. N. Samy 2010 presented the complexity
due to Assembly attributes which is given in the next section of this chapter for the
computation of assembly complexity. The flow diagram of the methodology suggested is
presented in Figure 9. The first section of this chapter focus on a modified methodology for
the computation of complexity of a product during its manufacturing is presented and in the
next section assembly complexity of a product (Samy, 2010) is presented and in the last the
integration of both manufacturing and assembly complexity is presented which is called

combined complexity here.

Measuring Product Manufacturing Complexity

The assumptions made for the manufacturing setup are stated below:

e A reconfigurable or flexible or system is used having the ability to process all the
features of considered parts of a product.
e The considered manufacturing system is capable of doing required surface finish.

e There is availability of all tools required for different types of material.

33



Chapter 3:Product Complexity Assessment

e The considered manufascturing system can have many operation sequences that may

be applied according to situation.

Product

Specifications

Manufacturing

Attributes

Manufacturing
Complexity
Factor

Manufacturing
Complexity
Index

Product
Manufacturing
Complexity

Insertion Handling
Attributes Attributes
Insertion Handling
Complexity Complexity
Factor Factor

Assembly Complexity
Index

Product
Assembly
Complexity

Product Combined Complexity

Figure 9: Flow diagram for the suggested methodology of Product Complexity assessment

The attributes which the Hasan, 2018 deemed significant for the computation of

manufacturing complexity are listed in Table 3. If there is a need by designer for the

alteration or addition of new characteristics into the suggested approach, a provision can be

provided.

Table 4 presents the numeric values of the nine attributes selected for the computation of

products manufacturing complexity. Based on these values factor of complexity of

manufacturing is computed at first point then remaining points on the basis of complexity

factor.
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Table 2: Characteristics considered for manufacturing complexity (Hasan, 2018)

No. Attribute Details
A total of 6 basic TADs exists: +x, -x, ty, -y +z, -z
Tool Approach . ) . )
1 o Higher number of possible TADs for a part add multiple
Direction (TAD) o )
possibilities and thus complexity.
. Higher number of Possible Operation Sequences (POS)
Operation
2 further complicates the selection process for the
Sequences ) ) )
appropriate process plan & increases complexity
| Feature Tvpe/No of | Higher numberitypes of independent features add to the
3
Features complexity of the part.
| Angular/inclined teatures hike inclined hole(s) require
Angular/Inclined . .
4 rotation of either the workpiece or the tool, thus further
features o )
complicating the manuflacturing of the part.
o Automated Oxture types will require additional care for
5 Jig/Fixture Type .
machining,.
i Harder materials require specialized equipment for their
6 Material Tvpe .
machining,.
Complicated shape will have multiple 1ssues of grasping
7 Part Shape ) o
and induced vibrations.
Additional steps/equipment will be added il any surface
8 Surface Treatments . .
treatment is required.
. Curved feawres like curved slot or tapered holes will
9 Curved Features ) o
further complicate the machining process,
Table 3: Factors considered by other authors for computation of part/product complexity
Authors Factors Considered
Information content, variety, size, dimension, sophistication connectivity,
Badrous, 2011 entropy, cognitive complexity, logical complexity, time, TAD, Features, ,

Operation Sequences

Thome et al, 2016

Component type, , product quantity, product quality. flexibility, steps/
operations , material type, part shape

Genta et al, 2018

Components shape, coupling directions, Forces required, Components

alignment, Components geometry, Components size, ratio bt components
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Schwabe, 2016

operation , Complexity pattern, cost variance, assemble sequences

Guoliang, 2017

No. of operations, , operation sequences, operation type

Table 4: Attributes for Part Manufacturing Complexity (Hasan, 2018)

Sampl|Sample
e Max.  |[Normalized P P _
No.|Aspect Description Value . e e Normalized
alue alue
Value [Value
Tool Approach TAD;
TAD o 1-6 6 ;= 3 0.5
Al Direction (All) 6
Possible Operation G;
A2| POS G | Guax | NG, = 10/10 1
Sequences Gmax
Orthogon| Feature Type / No
S.
A3| al of Orthogonal Si | Smax | Cro =3 — | 5/5 1
features | Features "
Angular /| None 0
A4| Inclined | Singular 1 2 Cpr=—m | 1 0.5
feature Multiple 2
None 0
Curved . .
A5 Singular 1 2 Crc =— 1 0.5
features
Multiple 2
Jig/ Manual 1
N:
A6| Fixture Semi-Automatic 2 3 Cor = ?] 3 1
Type Automatic 3
Material | Soft 1 N,,
A7 2 Copp=— 1 0.5
Type Hard 2 2
Simple 1
Part . N
A8 Medium 2 3 Coz3 =— 3 1
Shape 3
Complex 3
Surface No Treatment 0
A9| Treatmen 1 Cos 1 1
. Surface Hardened | 1
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@ No
Yes

n = No. of parts, TAD, precedence,
features, surface treatments, material

Generating Normalized

1 type, shape, weightages: Values (Attributes):
TAD;, S;, Ni, N, Nj Nom, N Ti= TADi/6
i,j, k, Gmax, Smax =0 NGi = Gi/Gmax
l Cro = Si/Smax
: i Cri= Ni/ 2
Generation of all possible Crc=Nc/2

operation sequences for n parts,

Gmax, Smax,n=m Co1=N; / 3

Coz=Nm/2
Cos=Ns/ 3
Co4 = Surf. treatment
No H 3
i<n
Generating complexity
Yes using assigned
weightage

Total features=a l
POS =b of Partn

j=j+1

—

Relative complexity

i=i+1

Figure 10: Flow chart for computing the complexity of the part (Hasan, 2018)

Earlier Hasan, 2018 presented a methodology Figure 10 for the computation of part’s
manufacturing complexity described in Equation 1, which gives the manufacturing
complexity of a part which can be rewritten in more detail in Equation 2 in accordance with

their elements as below.

o Z::{ w;C; Equation 1
P ‘]/'V=a Wj

37



Chapter 3:Product Complexity Assessment

[WaTi + WbNGi] +

m n 0
WCZCFO(i'm) +WdZCF1(j'n) +WeZCFC(k'O) + u
Py = pa— Wa+Wb+Wc+Wd+We+Wf+ZWl
4 p =1
\ [Z wCoi(L,4) + wy Z Cs(m, P)] /
=1 m=1

Equation 2

Equation 2 gives the elaborated form of Equation 1 describing all the nine attributes and

their respective weightages, which can vary according to situations.

1l

Manufacturing Attributes

‘I

Manufacturing
complexity Factor (C, ()

Figure 11: Flow diagram for Product Manufacturing Complexity Computation

In the current research work the methodology is modified from Figure 10 to Figure 11 and
Equation 2 is replaced by Equation 3 using the information content definition of complexity
by modifying Elmaraghy 2003. The methodology starts with product specification, then
based on the nine attributes mention in Table 4 manufacturing complexity factors Equation 4
are computed. These complexity factors then used to compute the manufacturing complexity

of a product Equation 3.

. .
C, = (N—’; + Clm) [log,(Np + 1)] Equation 3
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Where C,, is product’s manufacturing complexity, np is number of unique-parts, Np is total
parts numbers in a product and CI,, is complexity index for manufacturing, which is
described in Equation 4, where Cp, ; are complexity manufacturing factors, which are

calculated from Table 4 by analyzing each part of a product and I is number of attributes.

i Cny Equation 4
Clm = T

Case Study: Calculation of manufacturing Complexity of product
Part_2

Part 3
Part 1

==

Part_4

S
o

Part_7

X 4

Part Part 6

Firing Body 120mm_Mortar
Figure 12: Product_1 for computing the complexity of the part

Figure 12 shows a product related to a mechanical industry. It is made up of seven metallic
parts which are assembled together to give our product. First of all, we are concerned with the
manufacturing of these parts in this stage and will do work on assembly process on later
stage. Its manufacturing can be done on automated manufacturing plant, manual
manufacturing plant or hybrid manufacturing plant but in our case study all the
manufacturing process is being carried out manually, so we will compute the complexities for

a manual manufacturing system.

Starting with part_1 as shown in figure, analysis is done to measure the values of complexity
related to each attribute (tool approach direction, possible-operation-sequence, orthogonal-
features, curved features, inclined features or angular, jig or fixture type, part shape, material

type, and surface treatment) listed in the table.
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Table 5. Manufacturing Complexities for Part_1 of Product 1

Part Name Part_1
Number 1
TAD 0.33
POS 0.75
Orthogonal Features 0.19
Angular/inclined 1.00
Curved features 1.00
Jig or fixture type 0.67
Type of Material 1.00
Part-Shape 0.67
Surface-Treatment 0.00

Now Equation 4 is used to calculate the manufacturing complexity index for the given values

as follow.

Cl,, = 0.112208 Equation 5
In the same way CI,,, for remaining parts of the product 1 are computed in table below.

Table 6:Manufacturing Complexities for Part_1 to 7 of Product 1

Part Name Part 1 |Part 2 |Part 3 |Part 4 |Part5 |Part 6 |Part 7

Number 1 1 1 1 1 1 1
TAD 0.33 0.50 0.33 0.33 0.50 0.50 0.33
POS 0.75 0.86 1.00 0.70 0.65 0.20 0.20

Orthogonal Features 0.19 0.62 0.79 0.36 0.50 0.60 0.38

Angular/inclined 1.00 1.00 0.50 1.00 0.00 0.00 1.00
Curved features 1.00 0.50 1.00 1.00 0.50 0.50 1.00
Jig/fixture type 0.67 0.33 0.67 0.33 0.33 0.33 0.67
Material Type 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Part Shape 0.67 0.33 0.67 0.33 0.33 0.33 0.33
Surface Treatment 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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and the CI,,, manufacturing complexity index is computed by using Equation 4, is given as.

Cl,, = 0.634 Equation 6

Now it’s time to calculate the C,, the product’s manufacturing complexity using Equation 3 as
below.

Cm = 4.90 Equation 7

Product’s Assembly Complexity

This content is related to the calculation of assembly complexity of the product. The
procedure to calculate the assembly complexity of a product is given by S.N. Sammy & H.
Elmaraghy 2010. The methodology for the computation of product assembly complexity is
shown in the flow chart shown in Figure 13. First step is analyze the attributes considered
important for the computation of assembly complexity of a product by Sammy, 2010. The
attributes used are grouped into two types handling attributes and insertion attributes which

are given in Table 7

The procedure for calculating the product assembly complexity is like product manufacturing

complexity. Procedure comprised of following steps.

1. Complexity matrix construction based on attributes given in Table 10
2. Handling complexity factor calculation,
211 Ch ¢ Equation 8

Ch: j

Where Chy is the handling-complexity factor and j is the numbers of handling-attributes for

each part. Handling complexity factor is calculated by analyzing each part against each
attribute and assigned a value according to Table 7. The values and attributes considered in
this work are for a manual assembly system. For an automated assembly system attributes

and respective values are different and can be consulted from S. N. Samy, 2010.
3. Insertion complexity factor calculation

X Gy Equation 9

C; X

Table 7: Attributes for manual Assembly complexity of product by S.N. Samy & H.
Elmaraghy 2010
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Gro Attribute Description Average complexity
up factor, Cy
Symmetry o + 3 <360 0.70
(o +B) 360 < a + B <540 0.84
540<a+ B <720 0.94
o+ B =720 1.00
Size > 15 mm 0.74
6 mm < size < 15 mm 0.81
<6 mm 1
Thickness >2mm 0.27
I 0.25 mm< size <2 mm 0.5
S <0.25 mm 1
S | Weight < 10 Ib. (light) 05
Q > 10 Ib. 1
= Grasping and | Easy to grasp and manipulate 0.91
= | manipulation | Not easy to grasp and manipulate 1
% Assistance Using one hand 0.34
@ Using one hand with grasp-aids 1
Using two hands 0.75
Using two hands with assistance 0.57
Nesting and Parts do not severely nest or tangle and 0.58
tangling are not flexible.
Parts severely nest or tangle or are 1
flexible.
Optical Not necessary 0.8
magnification | Necessary 1
Holding down | Not required 0.54
Required 1
Alignment Easy to align or position 0.86
Not easy to align or position 1
Insertion No resistance 0.87
__ | resistance Resistance to insertion 1
2 | Accessibility | No restrictions 0.57
= | and vision Obstructed access/restricted vision 0.81
g' Obstructed access and restricted vision 1
o Mechanical Bending 0.34
S | Fastening Riveting 0.58
2 | processes Screw tightening 0.42
7 Bulk plastic deformation 1
Non-Mech. No additional material required 0.58
fastening Soldering processes 0.67
processes: chemical processes 1
Non fastening | Manipulation of parts or sub-assemblies | 0.75
processes: (fitting or adjusting of parts, ...)
Other processes (liquid insertion, etc) 1

where C; ¢ is the average insertion complexity of each part and k is the numbers of insertion

attributes for each part.
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4. Based on these factors, calculate the complexity of a part Cpart given Equation 10 and

then compute the complexity index Clproduct Of product shown in Equation 11.

G Y Crp+ G YECys Equation 10
part — -
Y Chy + 25 Cip

p=n Equation 11

CIproduct = Z xpCpart
p=1

Product Specifications

Handling Insertion
Attributes Attributes

Handling Insertion
Complexity Complexity
Factor Factor

Product Assembly
Complexity

Product Complexit

Part Complexity ’

Index

Figure 13: Flow chart for Assembly Complexity Computation (S.N. Samy, 2010)

5. Now using the complexity index Equation 11 we can calculate product assembly

complexity using the Equation 12.

n ns .
Cassembly = (N—; + CIproduct) [log,(Np + D] + (m) [log,(Ns + 1] Equation 12

Case study for the computation of assembly complexity of a product:
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Starting with the same product used in the manufacturing complexity is used here for
calculation of assembly attributes and related handling complexity factors of part 1 of

product 1, which are given in Table 8.

Table 8: Handling attributes of part_1 of product 1

Part name Part_1
Number 1
Symmetry 0.84
Size 0.74
Thickness 0.27
Weight 0.5
Grasping & Manipulation 0.91
Assistance 1
Nesting/tangling 0.58
Optical Magnification 0.8

Next there are given the insertion attributes and related insertion complexity factors of part 1
of product 1 in the Table 9 .

Table 9: Insertion attributes for part_1

Part name Part_1
Number 1
Holding Down 0.54
Alignment 0.86
Insertion resistance 1
Accessibility and vision 0.57
Mechanical Fastening processes 0.42
Non-Mechanical fastening processes 0.58
Non-fastening processes 0.75

Handling complexity factor Cn s for part_1 is presented in Equation 13

Chf = 293 Equation 13

And the insertion complexity factor Ci for part_1 is presented in Equation 14
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Cl.f = 3.18 Equation 14

In the same way we have calculated the following Table 10 values for both insertion and

handling attributes and related insertion and handling complexity factors of all parts of

product 1.
Table 10: Handling and insertion attributes of all parts

Part name Part_ | Part_ | Part_ | Part_ | Part_ | Part_ | Part_

1 2 3 4 ) 6 7
Number 1 1 1 1 1 1 1
Symmetry 084 |094 (094 |094 084 |094 |0.7
size 0.74 |074 (074 |074 |0.74 |0.74 |0.74
Thickness 0.27 |0.27 |027 |027 |0.27 |0.27 |0.27
Weight 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Grasping & Manipulation 091 (091 |[091 (091 |091 (091 |0.91
Assistance 1 075 |1 075 |1 0.75 |0.75
Nesting/tangling 058 |058 |058 |058 |058 |058 |0.58
Optical Magnification 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Holding Down 0.54 1 1 0.54 1 0.54 0.54
Alignment 08 |1 1 086 |1 0.86 |0.86
Insertion resistance 1 087 |1 087 |1 0.87 |0.87
Accessibility and vision 057 |057 |081 |057 |057 |081 |057
Mechanical Fastening | 0.42 |0 042 |0 042 |0 0
processes
Non-Mechanical fastening | 0.58 | 058 |058 |058 |058 |058 |0.58
processes
Non-fastening processes 075 |075 |075 |075 [075 |0.75 |0.75

Mean of handling complexity_factor for all parts of product is given in Equation 15

Cp = 484 Equation 15

And mean of insertion complexity factor for all parts of product is given in Equation 16

C;=4.72 Equation 16
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By using Equation 10 and then Equation 11 the assembly complexity indexis computed and

stated in Equation 17

ClLyroquct = 0.665 Equation 17

So, using the Equation 12,the assembly complexity of the product 1 computes and stated in
Equation 18. Here npis number of unique parts is 7 and N, the total number of parts is also 7
and ns the number of unique fasteners is 1 and total numbers of fasteners is also 1.

Cassembly = 4.99 Equation 18

Integration of manufacturing complexity and assembly complexity

In literature there are many types of complexities exists as we have studied earlier like
manufacturing complexity, process complexity, assembly complexity etc. but here we are
presenting a novel complexity metric by integrating the manufacturing complexity and
assembly complexity of a product ( S.N.Samy & Elmaraghy 2010 ), which gives us the
combined effect of manufacturing attributes, handling attributes and insertion attributes as

describe in the Equation 19

Coroquct = —2— (1’;—; + c1,) [log,(Np + 1) + (%) [log,(Ns + 1)]  Equation 19

Wa+Wm
* (Z—I; + Clm) [log2 (Np + 1)]

Wm

Wa+Wm

Here Cproquce 1S the suggested combined complexity of the product, np is the number of
unique parts in a product, Np is the total number of parts in the products, CI, is the assembly
complexity index, CI,, is the manufacturing complexity index, and w, & w,, are weight for

assembly and manufacturing respectively which may vary for each product.
Example:

By using Equation 19 the suggested combined complexity of the product 1 can be computed
and presented in Equation 20, which comes as 4.95 where the values of weights wa & wm is
equal to 1 for ideal condition. The values of weights can be varied according to situation and

can be computed by doing experiments.

Cproduct = 4.95 Equation 20
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Normalization of Complexity:

The computed complexity of products can give the better insights for
comparison by normalization. It can be done by dividing the obtained
complexity with maximum complexity i.e. complexity obtained at value
of Clm, Cla =1.

Cnormalized = Cproduct / Cmax Equation 21

Conclusion of the chapter

Although a significant number of complexity measures exist in literature that cover a wide
range of part / product aspects, but still, a complexity metric assimilating sequence based and
feature based attributes of a part for manufacturing and handling based attributes and
insertion-based attributes which are important in assembly of a product has not been fully
explored. Thus, this chapter suggested an integrated complexity metric which has the

following capabilities:

e |t can assimilate manufacturing-based attributes comprises of feature-based aspects as
and when required by the designer.

e It can assimilate the assembly-based attributes which mainly comprised of handling
and insertion attributes.

e It can be incorporated into other strategies that other authors have previously

presented.
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Chapter 4: Implementation of Proposed Model on an Industrial
Case Study

The suggested model for the computation of product combined complexity is elaborated by
considering four products manufactures and assembles in a mechanical industry shown in
Figure 14 to Figure 17. It can be said that, the subtractive manufacturing and assembly
techniques-based industry is the focus of this model. Products were selected on the basis of
many characteristics means feature variety types as well as number of features and aspects
related to manufacturing techniques and as well as handling and insertion attributes related to

assembly aspects.

Part_2

Part_1 &

s

Part_4

=5

Part_7

Part_6

Part_5
Firing_Body_120mm_IMortar

Figure 14: Specifications of Product 1

The suggested combined complexity for product 1 has been calculated in the previous
chapter. In the same way the suggested combined complexity for the other three product will

be calculated in this chapter.
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Gauge for 81lmm Mortar
t_9

&9

Part_10
Part_2
Part_1
Figure 15: Specifications of Product 2
Part_8
Part_7

Py

P/
Part_5

art_1
Part_11
Part_4
q ’ Part_16 Part 3
Part_12 st art_.
.Part_z

Part ! . Part_15 Part_1

Part_14

Part_6

Solenoid

Figure 16: Specifications of Product 3
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Part_2

Part_4

Part_1

Figure 17: Specifications of Product 4 (VPC Socket)

2.1  Working
The product 1 is firing body used in mechanical industry, has seven parts. The values for the
all attributes of manufacturing and handling and insertion complexity factors for the product

1 are given in the Table 11 .

Table 11: Manufacturing and Assembly attributes for Product 1

Part name Part_ | Part_ | Part_ | Part_ | Part_ | Part_ | Part_
1 2 3 4 5) 6 7
TAD 033 |050 |033 |033 [050 [050 |0.33
POS 075 |08 |1.00 (070 |065 |0.20 |0.20
Material Type 019 |062 |079 |036 |050 |0.60 |0.38
Insertion resistance 1.00 |1.00 |050 |1.00 0.00 |0.00 |1.00
Alignment 100 (050 |1.00 |1.00 |050 |0.50 |1.00
Grasping & Manipulation 0.67 |033 |067 |033 |0.33 |033 |0.67
Symmetry 100 (100 |1.00 |1.00 |1.00 |1.00 |1.00
Assistance 0.67 |033 |067 |033 [033 |033 |0.33
Optical Magnification 080 (080 |080 |0.80 |0.80 |0.80 |0.80
Curved features 1.00 (050 |1.00 {100 |050 |050 |1.00
Non-fastening processes 075 |075 |075 |075 [075 |0.75 |0.75
size 074 |074 (074 |074 |0.74 |0.74 0.74
Holding Down 054 |1.00 |1.00 |054 |100 |054 |054

50




Chapter 4: An Industrial Case Study

Angular/inclined 1.00 |100 |050 |1.00 |0.00 |0.00 |1.00
Accessibility and vision 057 |057 |081 |057 |057 |0.81 |0.57
Nesting/tangling 058 |058 |058 |[058 |058 |0.58 |0.58
Non-Mechanical fastening | 0.58 | 058 |058 |058 |058 |058 |0.58
processes

Weight 050 |050 |050 |050 |[050 |0.50 |0.50
Orthogonal Features 019 |062 |0.79 |036 |050 |0.60 |0.38
Jig/fixture type 067 |033 |067 |033 |033 |0.33 |0.67
Part Shape 067 |033 |067 |033 033 |033 |0.33
Thickness 0.27r |0.27 |027 |027 |027 |0.27 |0.27
Mechanical Fastening | 0.42 |0.00 |042 |0.00 |042 |0.00 |0.00
processes

Surface Treatment 0.00 |0.00 |0.00 |0.00 |0.00 |0.00 |0.00

The product 2 is bore measuring gauge widely used in an industry has eleven parts. The

values for the complexity factors of manufacturing attributes, handling attributes and

insertion attributes are all given in

Table 12: Manufacturing and Assembly attributes for Product 2

Part |Part |Part |Part |Part |Part |Part |Part |Part |Part_|Part_
Part name 1 |2 [3 |4 5 6 |7 |8 |9 10 [11
Number 2.00/ 1.00| 2.00| 1.00| 1.00( 2.00| 1.00| 1.00| 1.00| 1.00, 1.00
Symmetry 0.94] 1.00| 0.94| 0.94| 0.94] 1.00| 0.94| 0.84| 1.00, 0.94| 0.84
size 0.74] 0.74| 0.74| 0.74| 0.74] 0.81] 0.74| 0.81 0.81| 0.74| 0.74
Thickness 0.27| 0.27| 0.27| 0.50 0.50( 0.27| 0.27| 0.50| 0.50| 0.50, 0.50
Weight 0.50| 0.50| 0.50| 0.50| 0.50( 0.50 0.50| 0.50| 0.50, 0.50, 0.50
Grasping & Manipulation | 0.91] 0.91 0.91 0.91] 0.91] 0.91] 0.91] 0.91] 1.00, 0.91) 0.91
Assistance 1.00( 0.75| 1.00[ 0.34| 0.34] 0.34| 0.34] 0.34| 1.00{ 0.34| 0.34
Nesting/tangling 0.58| 0.58| 0.58) 0.58| 0.58| 0.58| 0.58| 0.58| 0.58 0.58 0.58
Optical Magnification 0.80( 0.80| 0.80| 0.80| 0.80( 0.80| 0.80| 0.80| 0.80| 0.80, 0.80
Holding Down 1.00| 0.54] 1.00| 0.54| 0.54| 0.54| 0.54| 0.54| 0.54| 0.54| 1.00
Alignment 0.86| 0.86/ 1.00| 1.00| 1.00( 0.86| 0.86| 0.86| 1.00| 1.00, 0.86
Insertion resistance 0.87| 0.87| 0.87| 0.87| 0.87| 0.87| 0.87| 0.87| 0.87| 0.87| 0.87
Accessibility and vision 0.57| 0.57| 0.57| 0.57| 0.57| 0.81] 0.57| 0.57| 0.57| 0.57| 0.57
Mechanical Fastening
processes 0.42| 0.00| 0.42| 0.58| 0.58| 0.58 0.00| 0.00| 0.58 0.58 0.58
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Non-Mechanical fastening

processes 0.58| 0.58| 0.58| 0.58| 0.58| 0.58| 0.58| 0.58| 0.58 0.58/ 0.58
Non-fastening processes 0.75| 0.75| 0.75| 0.00/ 0.00f 0.75| 0.75| 0.75| 0.00; 0.00{ 0.75
TAD 0.50] 0.50| 0.33] 0.33| 0.33| 0.50/ 0.33| 0.17| 0.33] 0.50, 0.50
POS 0.71 0.79| 1.00| 0.50f 0.50 0.57| 0.43| 0.43| 0.50, 0.71 0.43
Orthogonal Features 0.67| 0.73| 1.00| 1.00| 1.00| 0.25| 0.42| 1.00| 1.00, 0.67| 0.67
Angular/inclined 0.50| 1.00| 0.00| 0.00f 0.00| 1.00| 1.00| 0.00| 0.00, 1.00y 0.00
Curved features 1.00| 0.50/ 0.00| 0.00| 0.00| 1.00/ 1.00( 0.50] 0.00; 0.50; 1.00
Jig/fixture type 0.67| 0.67| 0.33) 0.33| 0.33| 0.67| 0.67| 0.33| 0.33| 0.67| 0.67
Material Type 1.00| 1.00| 1.00| 0.50| 0.50| 1.00| 1.00( 0.50] 0.50; 1.00] 1.00
Part Shape 0.67| 0.67| 0.33) 0.33| 0.33| 0.67| 0.67| 0.33| 0.33] 0.67| 0.33
Surface Treatment 0.00| 0.00| 0.00| 0.00f 0.00{ 0.00] 0.00 0.00| 0.00, 0.00, 0.00

Similarly, the product 3 is solenoid which is used in a mechanical industry, it has sixteen
parts and twenty-one fasteners. The values for manufacturing, handling and insertion
complexity factors are all combinedly given in Table 13.

Table 13: Manufacturing and Assembly attributes for Product 4

Part name Part 1 Part 2 Part 3 Part 4

Number 1 1 1 1
Symmetry 0.7 0.7 0.7 0.7
size 0.74 0.74 0.74 0.74
Thickness 0.27 0.27 0.27 0.27
Weight 0.5 0.5 0.5 0.5
Grasping & Manipulation 0.91 0.91 0.91 0.91
Assistance 0.34 0.34 1 0.75
Nesting/tangling 0.58 0.58 0.58 0.58
Optical Magnification 0.8 0.8 0.8 0.8
Holding Down 0.54 0.54 0.54 0.54
Alignment 0.86 0.86 0.86 0.86
Insertion resistance 0.87 1 1 0.87
Accessibility and vision 0.57 0.57 0.57 0.57
Mechanical Fastening processes 0 0 0.42 0
Non-Mechanical fastening processes 0.58 0.58 0.58 0.58
Non-fastening processes 0.75 0.75 0 0.75
TAD 0.33 0.33 0.33 0.33
POS 1.00 0.02 0.14 0.00
Orthogonal Features 0.53 0.67 0.73 0.75
Angular/inclined 1.00 1.00 0.50 0.00
Curved features 1.00 0.50 1.00 1.00
Jig/fixture type 0.33 0.33 0.33 0.33
Material Type 1.00 1.00 1.00 0.50
Part Shape 0.67 0.67 0.33 0.33
Surface Treatment 0.00 0.00 0.00 0.00
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Part name 1 2 3 4 6 10 11 |12 13 14 |15 |16

Number 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1
Symmetry 0.84 1 0.7, 07 0.7 07 07 1 1 0.84] 0.94] 094 0.7, 0.84 0.94 0.7
size 0.74) 0.74] 0.81] 0.81] 0.74] 0.81] 0.74] 0.74) 0.74] 0.74] 0.81] 0.74] 0.74] 0.74] 0.74] 0.74
Thickness 0.27) 0.27] 0.5 0.27] 0.27] 0.5 0.27] 0.27] 0.27] 0.5 0.27] 0.27] 0.27| 0.27] 0.27] 0.27
\Weight 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05
Grasping & Manipulation 0.91] 0.91] 091 1 091 1 0.91) 0.91] 0.91] 0.91 1 0.91) 0.91] 0.91] 0.91] 0.91
Assistance 1 1 1] 0.75 0.75 0.75 0.75 1 1 0.75 1] 0.75 0.75 0.75 1 0.75
Nesting/tangling 0.58 0.58] 0.58 1| 0.58 0.58] 0.58 0.58 0.58 0.58 1] 0.58 0.58/ 0.58 0.58 0.58
Optical Magnification 08 08 08 08 08 08 08 08 08 08 08 08 0.8 08 0.8 0.8
Holding Down 1| 0.54] 054 1| 0.54] 0.54] 0.54 0.54 1] 0.54 1| 0.54] 0.54] 0.54 1] 0.54
Alignment 1| 0.86 1 1 1 1| 0.86 1 1 1 1 1| 0.86 1 1| 0.86
Insertion resistance 0.87| 0.87 1 1 1 1 1 1 0.87 1 1 1 0.87 1 1 0.87
Accessibility and vision 0.87| 0.57| 0.57] 0.57] 0.57] 0.57] 0.57 1 0.81] 0.57] 0.81] 0.57] 0.57] 0.57] 0.81] 0.57
Mechanical Fastening processes 0 0 0 0 0 0 0 0.42 0 0 0 0 0 0 0 0
Non-Mechanical fastening processes| 0.58/ 0.58/ 0.58/ 0.58/ 0.58 0.58| 0.58 0.58/ 0.58/ 0.58/ 0.58 0.58 0.58 0.58 0.58 0.58
Non-fastening processes 0.75| 0.75 0| 0.75 0.75 0 0| 0.75 0.75 0 0.75 0 0.75 0 0.75 0
TAD 0.50, 0.50] 0.33] 0.33] 0.33] 0.33] 0.33] 0.67] 0.50] 0.33] 0.33 0.33 0.33 0.33 0.67] 0.33
POS 0.26/ 0.26] 0.07/ 0.12| 0.10] 0.07| 0.07] 1.00, 0.33] 0.12] 0.12] 0.24] 0.10] 0.14] 0.24] 0.10
Orthogonal Features 0.50, 0.67] 0.67| 0.67] 0.75 0.67] 0.67] 0.79 0.56| 0.33] 0.67] 0.73 0.00, 0.67| 0.67| 0.67
Angular/inclined 1.00] 0.50, 0.00[ 0.00] 0.00] 0.00] 0.00, 1.00] 1.00] 0.50, 0.50| 1.00] 0.00] 1.00] 1.00/ 0.00
Curved features 1.00] 1.00, 0.50[ 0.50| 0.50; 0.50 0.50, 1.00; 1.00] 1.00; 0.50 0.00] 1.00; 1.00] 1.00; 1.00
Jig/fixture type 0.33 0.33 0.33 0.67] 0.33] 0.33 0.33] 1.000 1.00[ 0.67| 0.67] 0.67 0.67| 0.67| 0.67| 0.67
Material Type 1.00] 1.00, 1.00] 0.50| 1.00] 1.00] 1.00, 1.00; 1.00] 1.00; 1.00 1.00] 0.50] 1.00] 0.50 1.00
Part Shape 1.00] 1.00, 0.33] 0.67| 0.33] 0.33] 0.33 1.00, 1.00; 0.67| 0.67| 0.67| 0.67] 0.67] 1.00, 0.33
Surface Treatment 0.00/ 0.00] 0.00; 0.00[ 0.00] 0.00] 0.00] 0.00] 0.00] 0.00 0.00] 0.00] 0.00| 0.00] 0.00] 0.00
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In the last, the fourth product is VPC socket, used in industry for electrical devices. It consists
of four parts. The manufacturing, handling and insertion complexity factors are all

combinedly given in Table 13

Based on Equation 4 manufacturing complexity index CI,, and using Equation 10 part
complexity and using Equation 11 assembly complexity index CI, are calculated and given
in Table 4.5. The values for assembly complexity, manufacturing complexity and combined

product complexity are also shown in Figure 19

Table 15: Complexity indices for products 1 to 4

No Name Cly Cl,

1 Product 1 0.63484 0.665268
2 Product 2 0.652319 0.648406
3 Product 3 0.634453 0.741517
4 Product 4 0.593814 0.634773
2.2 Results

In the end the manufacturing complexity Cr of all four products is calculated using Equation
4 and using Equation 12 C, assembly complexity of product and using Equation 13 the
suggested combine complexity is calculated and given in Table 16 . Here the weights are put

equal to 1 for the sack of simplicity which can be vary according to situation.

Table 16: Suggested Combined complexities of Products 1 to 4

Values Firing Body Gauge Solenoid VPC Socket

Absolute 4.950 6.965 7.199 4.060
Max 6.000 8.357 8.491 5.040
Normalized 0.825 0.827 0.846 0.805
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Relative ‘ 0.214 ‘ 0.301 ‘ 0.311 ‘ 0.175 ‘

The Table 16 gives the absolute values of complexities if a product for manufacturing,
assembly and suggested combined complexity. These complexities can be normalized by
dividing these values by their maximum complexity; thus, it gives the normalized complexity
having values ranging from 0 to 1. That means a value closer to O is least complex and a
product having complexity near to2 is most complex. Here in our case study VPC Socket
shows least complex which is 4.14, and the solenoid is most complex one with complexity
value equals to 7.25. it is also evident that VPC Socket has four parts which are simple and
on the other hand Solenoid has sixteen parts and some parts are very complex to manufacture

and assemble. This trend is easily evident in Figure 18.

2.3  Conclusion

The results shows that product 3 Solenoid is most complex product among the four products,
which is also evident from many other aspects such as number of parts equals to sixteen, and
the product 4 VPC socket is the least complex product, it has least number of parts, which are
four. Product 1 Firing body ranks at number second in the scale of least complex product, it
has seven parts and product 3 Gauge ranks at number third at the scale of least complex

product. Below graph explain the scenario in a better way.

Line Graph for combined complexities

8.000

7.000
6.000

4.950
5.000

4.060
4.000
3.000

2.000

1.000

Firing Body Gauge Solenoid VPC Socket

Figure 18: Combined Complexity of four Products
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COMPLEXITY OF FOUR PRODUCTS
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Figure 19: Cassembly, Cmanufacturing @Nd Cproduct OF four products of case study

In Figure 19 it can be seen that VPC Socket which is least complex product has smallest
value of 3.70 for manufacturing complexity. Which means that among the four products vpc
socket is easy to manufacture and solenoid has a value of 7.20 for manufacturing complexity
which means that solenoid is difficult to manufacture as compared to other three products.
Similarly seeing the assembly complexity of these products VPC Socket has value of 4.59
which is lowest among four mean it is easy to assemble, and Solenoid has a value of 7.60
which, means it id most difficult to assemble. Figure 20 shows the normalized values of the
same products, which also shows the same trend of complexities. Normalized values are
achieved by dividing the absolute complexities by the maximum complexities. The overall
ranking lies as vpc socket is least complex then firing body and then gauge and, in the end,
solenoid is most complex product. Thus, relating these items, a manager can predict that
which product takes more time to product and cost expensive. Complexity has direct relation
with cost and time, thus by measuring the complexity of a product one can predict the cost
and time to produce the product. In early design stage it is very important to check these
variables. If there are many variants available of a same product then by implementing the
suggested methodology one can measure the complexities of all the available variants, thus it
can be predicted that which variant of most suitable to manufacture and assemble according
to available manufacturing system. By choosing the best variant a manager can optimize the

take time and minimize the cost to produce a product without experimenting to produce the
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product. Summarizing the whole discussion, by using suggested methodology a best product
can be produce having low cost and minimum time to produce by measuring the combined
complexity comprising of manufacturing and assembly effects in it. In manufacturing
systems where products are produced in the form of batches, or where products are classified
in the form of similar products i.e., product family formation, suggested complexity metric
can become a base for the products family formation and product similarity co-efficient.
Hasan, 2017 did the similar work on product family formation but that id based on assembly
complexity, by measuring the product similarity coefficients in the basis on only assembly

complexity.

Normalised
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0.800
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Firing Body Gauge Solenoid VPC Socket

Figure 20: Normalised Suggested Product Complexities of Case Study
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Chapter 5: Conclusion

Chapter 5: Conclusion

Two models were presented in this dissertation:

a) Product’s manufacturing complexity computation model

b) Integrated product manufacturing complexity with assembly complexity

The work initially focused on developing a system to compute product manufacturing
complexity by modifying existing two models. Once that was achieved, we moved on to
integrating this into product assembly complexity. In the end the integrated complexity model
is elaborated by a mechanical industry case study to get the results for comparison. Novelty

of these models is discussed as follows:

Product complexity model based on both manufacturing and assembly attributes are
presented in the chapter three was implemented with on a case study of four products of
related mechanical industry, which gives the perfect results and showed that the presented
model can figure out the most complex product. First novelty is, existing work for
manufacturing complexity model (Hasan, 2018) is improved to be capable of incorporating
concept of information content complexity model, which was neglected previously. Secondly
the previous manufacturing model was used for only part of a product, not a whole product,
but this model gives the complete manufacturing complexity of a product. Thirdly the
suggested manufacturing complexity model is integrated with assembly complexity model (S.
N. Samy, 2010). Based on that, a combined product complexity model is developed in
previous chapter for the computation of complexity.

For product design managers, the suggested models enable the division of products
into different groups based on manufacturing complexity and assembly complexity. If, in
certain cases, a part is most complex as manufacturing requirements or assembly
requirements are significantly higher, then product design can be modified to minimize the
complexity. Furthermore, prospective managers can compare products using this model to

assess the different designs of a product or different products.
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Chapter 6: Future Recommendations

Future Recommendations of this dissertation include the two possibilities:

e The suggested model can serve as a base for a model for the segregation of product into
the groups for the ease of batch production.

e As the suggested model starts with the complexity of an individual part, so it can be
modified for other production processes such as additive-manufacturing, injection-
molding, metal forming, sheet metal cutting, bending, punching as so forth. However,
modification may be required to incorporate such production techniques into the
suggested method.

e An integration of suggested product complexity can be done with the complexity of the
system on which the product is being manufactures and assembles. This can be done by
measuring the complexities of machines, buffers and material handling systems on which

parts are being manufactured, and products are being assembled
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