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Abstract  

This thesis examines the past, present and future of industrialised architecture and 

roles of computing in the evolution of the practice of architecture.  Modern 

manufacturing industries are now fully integrated with computers which control the 

management, processes and manufacturing of products offering increased levels of 

sophistication and quality while delivering enhanced economies and efficiencies.  In 

this respect architecture and the construction industry have not kept pace with the 

advances demonstrated in other industry sectors.    

Given recent progress in the realm of digital architecture, the hypothesis is that the 

potential industrialization of architecture and the greater use of machines to make 

buildings do not necessarily result in a higher level of undesirable standardization but 

might lead to a similar revolution as seen in the wider manufacturing sector. This premise 
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is initiated by considering buildings as the result of a production processes, a view much 

closer to the field of product design.  

The methodology underpinning the research has been to follow the evolution of the 

design process and the introduction of design computing through the development 

of increasingly sophisticated technologies commonly employed within a range of 

industries.  Within this progression it will be shown that all aspects of computing now 

facilitate the advanced levels of design, communication, planning, manufacturing 

and construction of just about all modern products.  While it is acknowledge that 

architecture has a different market from most other manufactured goods it will be 

evident that there are aspects of new manufacturing technology that if adopted, 

would have fundamental implications for the construction industry.  

Within the context of a broader investigation exemplary projects have been chosen 

to illustrate some of the desirable qualities of leveraging new technology. These will 

demonstrate that architectural quality can be enhanced, efficiency and economy can 

be delivered and that mass customisation can be achieved in a more sustainable and 

advanced level compared to other conventional methods.  

1. Introduction  

The research reported here intends to investigate new possibilities for building 

design and construction through the application of the emerging digital technologies. 

Given recent advances in the realm of digital architecture, the hypothesis is that the 

industrialization of architecture and the use of machines to make buildings should 

not necessarily result in a higher level of standardization or just the repetition of 

forms and spaces which had become familiar in the era of post war mass produced 

buildings. This document seeks to explore examples demonstrating different 

approaches in applying digital technologies to the making of buildings where the 

research has identified exemplars of the ability to enhance creativity, increase 

efficiency, improve environmental impacts and tailor outcomes through individual 

customisation.  
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Usually the introduction of new technology or working methods will be viewed as a 

threat to traditional values but here it is possible to propose a synergy from within 

the examples cited above that would serve to enhance and protect the existing 

vernacular values of traditional architecture.   

Finally, there is the prospect that new manufacturing techniques and machinery 

could pave the way for the development of structures which could provide greater 

scope for the design and customization of living spaces based on the needs of any 

individual while also delivering economy and efficiency within a sustainable product 

lifecycle.  

1.1. Motivation and problem statement  

CƻǊ ƻǊŘƛƴŀǊȅ ǇŜƻǇƭŜΣ ǘƘŜ ǉǳŜǎǘƛƻƴ ƻŦ ΨƘƻǿ ŀǊŜ ŎƻƳǇƭƛŎŀǘŜŘ ōǳƛƭŘƛƴƎ ŦƻǊƳǎ ŎǊŜŀǘŜŘΚΩ 

ǿŀǎ ǎƛƳǇƭȅ ŀƴǎǿŜǊŜŘ ōȅ ǘƘŜ ǊŜǎǇƻƴǎŜ ΨǳǎƛƴƎ ŎƻƳǇǳǘŜǊǎΩ ŀƴŘ ƴƻǘƘƛƴƎ ƳƻǊŜΦ .ŀǎƛŎŀƭƭȅ 

the designs which were being developed by pioneering architects such as Gehry, 

Foster, and others. were not common practice amongst the majority of other 

architects; therefore for a while people could see buildings which not many  
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knew the details of their design and construction. On the other hand, conventionally 

most of the ǳǎŜ ƻŦ ŎƻƳǇǳǘŜǊǎ ƛƴ ŀǊŎƘƛǘŜŎǘǎΩ ǿƻǊƪǎ ƛǎ ŘŜŘƛŎŀǘŜŘ ǘƻ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ 

models which only carried a representation of the geometry but could not be 

attributed with the real life features of buildings; consequently this is the only aspect 

of Computer Aided Design known by many people and even architects. These types 

of models were not useful in simulation, evaluation and ultimately the manufacturing 

of the design. With the presence of Computer-Aided Design applications and 

techniques as design tools and not solely as means to visualise illusions, designers 

are now able to add real life features to their designs and assess them in a virtual 

replica of the real world. They also could define some rules which can for example 

govern the structural features of design and keep it in the feasible margin(Kolarevic, 

2005).  

Looking at the cities and our living spaces, we realise that, in the real world of building 

construction the majority of our design proposals are based on conventional 

concrete and/or steel and/or timber beams and columns which, based on the nature 

of the materials and the conventional construction methods, are lacking the 

capability of handling complicated and multi curved forms. In the mainstream of the 

current trend in design and construction, apart from the limits in form generation, 

projects also inherited some complications on the construction site. In contrast with 

the historical vision of a Master Builder, architects were becoming more and more 

distanced from the construction work. Projects were largely designed by a person or 

a group and built by another group; usually the two groups had minimal knowledge 

ŀōƻǳǘ ŜŀŎƘ ƻǘƘŜǊΩǎ ǿƻǊƪΦ !ǎ ŀ ǊŜǎǳƭǘ ŎƻƴǘǊŀŎǘƻǊǎ ŀƴŘ ǎǳōŎƻƴǘǊŀŎǘƻǊǎ ŦŀŎŜŘ ǇǊƻōƭŜƳǎ 

that were not resolved during the initial design phase and the final structure was 

subject to numerous alternations, distancing them from the original design. The lack 

of transparent communication between all groups is wasteful and expensive and in 

some cases may cause the dilution of important design concepts in the final product. 

Even if the design and construction teams were fully integrated and share a good 
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ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŜŀŎƘ ƻǘƘŜǊΩǎ ǿƻǊƪΣ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ ŎƻƴǎǘǊǳŎǘƛƻƴ ƳŜǘƘƻŘǎ ǎŜŜƳ ǘƻ 

be incapable of realizing complicated designs and taking advantage of new materials. 

With the expected standards in aesthetics and quality, producers need new tools, 

techniques and means of communication in order to update their workflow and 

products (McMahon & Browne, 1998).  

The built environment forms a large part of the cultural identity of many countries 

which in turn means that architecture, as a cultural phenomenon, is influential on 

the culture of people and therefore the local culture is consequently influential on 

the architecture of that region. In fact architecture and local cultures share numerous 

similar roots such as climate, historical background, religious beliefs, and local 

customs. Nonetheless technical changes in the way of delivering buildings have 

always had an influence on this cultural link. History has shown that the growth of 

the global population had increased to the extent that the material needs of society 

can no longer be met by hand crafted artefacts. The root of this problem lay in the 

limitations to the quantities of goods able to be produced by manual methods and 

the attendant lack of economy in manufacturing both in terms of the time scale and 

the material usage involved. In response to this scenario, industrialised processes 

evolved to mass produce basic items in such quantities and at a cost point that was 

attractive to the consumer market. As a consequence processes and components 

became increasingly standardised which, while delivering the desired efficiencies and 

economies, have also reduced consumer choice and the opportunity for local 

optimisation.  

The significance of increased levels of standardisation is also evident in some aspects 

of the design and construction of our built environment.  At its extreme extent this 

has resulted in generic building types being constructed all around the world with 

the consequence that there is an over reliance on electrical and mechanical services 

to tackle the problem of poor indoor environmental quality. There is a similar risk in 
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ignoring local geographical and cultural features which tend to result in incongruous 

and unsuitable architecture.  

After the Second World War, the process of modern architecture [modern 

architecture has varied description and scope and is primarily based upon the 

industrial revolution of mid eighteen century. The term is widely used to describe the 

architectural movement at the beginning of the 20th century.] was subject to a major 

transformation that not only resulted in the evolution of modern architecture in 

western countries but also had a significant influence on the architecture of other 

countries. The extent of the destruction left by the war and subsequent 

socioeconomic necessities of reconstruction brought modern architecture and 

ǳǊōŀƴƛǎƳ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƳƻǊŜ ǘƘŀƴ ŀǘ ŀƴȅ ƻǘƘŜǊ ǘƛƳŜ ƛƴ ƘƛǎǘƻǊȅΦ ΨaƻǊŜΩΣ 

Ψ/ƘŜŀǇŜǊΩ ŀƴŘ ΨCŀǎǘŜǊΩ ǿŜǊŜ ǘƘǊŜŜ ŦǳƴŘŀƳŜƴǘŀƭ ǘǊŜƴŘǎ ǘƘŀǘ ǘƘŜ ǎƻŎƛŜǘƛŜǎ ƻŦ Ǉƻǎǘ ǿŀǊ 

Europe were seeking to follow in the reconstruction and revival of their war-torn 

cities (Etesam, 1995). Accordingly, high levels of standardization appeared to be the 

favoured solution in the process of construction and renovation of the buildings and 

cities. Hence, due to time and cost shortages, application of previous forms, 

structures and construction techniques were often abandoned and architectural 

decorations and details were sometimes excluded in order to achieve a higher rate 

of productivity and efficiency in building construction. This approach to the creation 

of new buildings and the revival of cities has become even more intensified after the 

Second World War (Mohammadzade, 2009).   

The influence of post war shortages in Europe had generated a style of buildings and 

urban construction which has been replacing the local architecture in developing 

countries [especially where they were technologically dependent on Europe and the 

United States]. Nevertheless the penetration of this relatively new style has mostly 

ignored any sort of domestication that reflects the local social, economic, cultural, 

climatic traditions and identities (Mohammadzade, 2009). Although there might be 

some adaptation to methods, structures, forms and the resulting spaces, the 

majority of these revisions are now regarded as shallow and not fully compatible 
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ǿƛǘƘΣ ŀƴŘ ǇǊŀŎǘƛŎŀƭ ŦƻǊΣ ǇŜƻǇƭŜǎΩ Řŀƛƭȅ ƭƛǾŜǎΦ ¢ƘŜ ŀǎǎǳƳǇǘƛƻƴ ƘŜǊŜ ƛǎ ǘƘŀǘ ǿƘŀǘ ƛǎ 

formed as modern architecture in developing countries appears to be mostly 

deprived of any local identity, products that affect their users in every possible way 

but still not responsive to their needs in respect of climatic, and cultural/social 

considerations. Therefore, the incompatibility of architecture with the local 

necessities has resulted in an increasing use of energy and natural resource, causing 

modern buildings and cities to become increasingly unsustainable both socially and 

environmentally.  

Nowadays there is a better awareness of the limitations and problems of mass 

production in building construction. People recognise that the quality of living spaces 

relates to individual lifestyles and individual needs, many of which are informed by 

cultural and social differences among diverse populations. Every day we hear about 

new methods and devices which can reverse the negative effects of global 

standardization, but their influence in the building design and construction industry 

and the impacts of new possibilities in the realm of the built environment are as yet 

unclear. What is the future direction of construction and Architecture? What 

percentage of the population is actually involved in the design and construction of 

habitable space? How can we increase the number of customized living spaces while 

improving the economy of construction projects? How can we design and build more 

efficient and creative architectural products.  

1.2. Research aim and objectives  

The aims and objectives which this research seeks to address are as follows:  

Å One: To investigate and describe the state of the art in the realm of 

Computer-Aided Design, Computer-Aided Manufacturing, process planning 

and the organization of work in digitally integrated production industries and 

to study the possible potentials for improvement of the workflow and 

production.  
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o To consider the history of digital design and production in order to 

identify emerging trends  

o To investigate the role of computers in the systematic approach to the 

design and production o To compare the results of applying 

conventional and digital tools  

o To demonstrate different aspects of the application of digital 

technology  

o To determine the advancement in the quality of products using 

computers  

o To illuminate the design/manufacturing link in a modern organization 

o To investigate new means of project planning using computers o To 

explore new potentials for supplier/producer/customer linkages 

through the digital environment  

o To outline the potential for ultimate productivity and efficiency 

through new systems, methods and devices  

o To identify new strategic trends in design and production o To define 

the new approach towards making comprehensive models of products 

to be used in design, production, product lifecycle and recycling 

procedures  

Å Two: To study the notion of conventional approaches to industrialized 

architecture and also to investigate the role of CAD and CAM in its progress.  

o To investigate the history of industrialized architecture and to follow 

its path of progress, reasons for failures, elements of successes and 

changes in the flow of progress  

o To define the poplar methods which are currently used to construct 

ǇǊŜŦŀōǊƛŎŀǘŜŘ ōǳƛƭŘƛƴƎǎ ƛƴ ƻǊŘŜǊ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŜŀŎƘ ƳŜǘƘƻŘΩǎ 

advantages and disadvantages.  
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o To exhibit examples of using digital technologies for gaining extreme 

creativity, productivity, efficiency and customization in designing and 

making of buildings. In fact to demonstrate different aspects of digital 

architecture.  

Å Three: To determine the role of digital architecture and to explain the 

potential for new improvements in this field.  

o To study the impacts of globalization and undesirable standardization 

within local societies  

o To highlight the loss of vernacular values and subsequent building 

failures  

o To investigate new systematic and technical improvements with the 

potential to reverse the negative trend  

o To establish the strategies to democratize architecture through 

making architecture and uniquely designed spaces available and 

affordable for the majority and to explore the potential for involving 

communities in the creation of their living space.  

1.3. Methodology  

Based on the objectives of this research, the sequence of work was designed to 

synthesise the literature and provide an original interpretation of the collected 

information. The aim is to build a narrative that connects the rise of computing and 

its role in the delivery of economies and efficiencies within modern manufacturing. 

Also to describe how aspects of technological and economic progress have 

influenced the global construction industry. Further development of the concept will 

be dependent on knowledge concerning the current qualities of the digital design 

and production area, an understanding of the differences compared to traditional 

methods and will conclude with observations on the future directions in the field.   
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Literature based studies will provide more specific data regarding the history of 

industrial manufacturing of architectural products throughout recent history as well 

as investigating the available common practices in this field.  

Studying the architecture in the northern and central regions of Iran lays out a 

historical context and will establish the fact that industrialization and modernization 

have been culturally and ecologically influential within the local communities. The 

intention of this part is to demonstrate the necessity for changes in the ways we 

design and build our living spaces.  

The next stage of research includes reference to examples in order to illustrate how 

different influences have impacted on architectural design in different periods of 

time. The intention is that this part of the research will use existing buildings as 

examples to show how digital architecture can influence the design and production 

of building.   

The presented research consists of a few main topics, each playing an essential role 

in the formation of the narrative of the written document. One of the key elements 

of this research is CADCAM and the quality of work in such a system of design and 

production. In order to establish a firm knowledge base in this topic the research 

refers to sources such as: CADCAM Principles, Practice and Manufacturing  

Management by Chris McMahon and Jimmie Browne (McMahon & Browne, 1998);  

Digital design and manufacturing by Daniel Schodek (Schodek & Bechthold, 2005); 

Green BIM by Eddy Krygiel (Krygiel & Nies, 2008).   

As the other major field in this research, literature based research then targeted the 

industrialisation of architecture. The main references reviewed are:  Architecture, 

Technology and Process by Chris Abel (Abel, 2007); Managing the building design 

process by Gavin Tunstall (Tunstall, 2006); Architecture in the digital age, Design and 

manufacturing by Branko Kolarevic (Kolarevic, 2005); Refabricating architecture by 

Stephen Kieran (Kieran & Timberlake, 2004); Modern architecture by Kenneth 

Frampton (Frampton, 2007); Prefab architecture by Ryan Smith (Smith, 2010). In 
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order to discuss the main topics in detail and explore the most recent works, 

developments, innovations and case studies in the realm of digital design and 

manufacturing, websites [SucƘ ŀǎ ǘƘŜ Ψ.ǊƻŀŘ ŎƻƳǇŀƴȅΩ ǿŜōǎƛǘŜ ŀƴŘ ΨCŀŎƛǘ ƘƻƳŜǎΩ 

website etc.], published papers, governmental and institutional reports, interviews 

and books such as Digital Gehry by Bruce Lindsay (Lindsay, 2001); Symphony: Frank 

DŜƘǊȅΩǎ ²ŀƭǘ 5ƛǎƴŜȅ ŎƻƴŎŜǊǘ Ƙŀƭƭ by Deborah Borda (Borda, 2003); has provided some 

very useful material.  

As an objective, this research intends to highlight the potentials of CADCAM 

technologies for making radical changes in the architectural process and 

architectural products. In fact to introduce what has been achieved and what could 

be achieved by using the Digital techniques in order to preserve architectural values  

[creativity,  innovation,  efficiency,  productivity,  practicality, 

 customisation, availability] and how the built environment related problems 

of our societies could be resolved by these novel methods and devices. This is gained 

through reviewing the most recent presentations in well-known conferences [e.g. 

TED] and ground breaking projects that are being developed by leading academic 

organizations or small groups and individuals.  

1.4. Chapter plan   

The two chapters, which form the main body of this research, can be described briefly 

as follows:  

Chapter two: Computer-Aided Design and Computer-Aided 

Manufacturing technological overview  

This chapter consists of twelve subchapters which intend to demonstrate the 

technical capabilities of CAD and CAM. The initial part [2.1] is a brief exploration of 

the diversity, penetration and capabilities of CAD. Of particular note is how systems 

were introduced by the high value, heavily capitalized industries but quickly became 

more widely available to the general industry. In parallel to the advances and 
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adoption of CAD it can be seen that there is also a growing advance in associated 

CAM technology.  

After discussing the recent history of CAD CAM systems the next part [2.2] seeks to 

review the typical definition of a design process by mapping a path through some 

well established models of design. The intent is to provide the context for a more in 

depth discussion of the relationship between the design process and the technology 

of the production line.   

Chapter 2.3 is an introduction to the concept of geometrical representation which 

starts by briefly defining the idea of 2D representation followed by a discussion of 

representation through the adaption of graphical standards which reflects on the 

deficiencies and limitation of the process. By the introduction of 3D models more 

intelligence could be incorporated in the model.   

Innovation within CAD triggers a movement from representation models towards a 

system which can facilitate design evaluation and other design related processes. In 

section 2.4 it can be seen that differing types of models could be made using 

computers and what useful kinds of data could be attributed to them and how these 

models can help throughout the design process.  

As outlined in chapter 2.5 we are faced by the new found abilities of digital 

techniques which can potentially revolutionize the conventional ways in which we 

manage the organisation of projects. Based on the materials presented in previous 

chapters, the discussion so far has revealed that computer aided design has become 

ubiquitous and the development of design tools has led to the ability to construct, 

simulate and evaluate a representation of reality and so the next challenge is to 

provide tools and techniques that also provide design decision support.  

Despite the fact that what was mentioned so far was mostly focused on the design 

phase the research reported in chapter 2.6 demonstrates that in a concurrent 

systems of work the definition of the relationship between design and manufacturing 

is not just limited to discrete and sequential tasks but can be considered as a unified 

and simultaneous process. The aim is to identify strategies which can lead to 
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increased efficiency and economy and also provide the designer with better 

oversight and control of the production process.  

Having introduced the fundamental concepts of computing in design, process 

planning and manufacturing process it is essential to introduce developments in 

machines and machining processes. In chapter 2.7 it can be seen that as the 

technology has developed we have witnessed the introduction of a wider range of 

supporting computer based tools i.e. automatic programming tools and cutter 

location data files. The technology has also been extended throughout the 

production line and now supports rapid prototyping and robotic controls.  

Section 2.8 looks at different aspects of manufacturing planning by initially 

investigating discrete manufacturing and the contrast with continuous 

ƳŀƴǳŦŀŎǘǳǊƛƴƎ ŀƴŘ ǳƭǘƛƳŀǘŜƭȅ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛƴŘǳǎǘǊȅΩǎ ƻǊƎŀƴƛǎŀǘƛƻƴŀƭ ŎƘŀƴƎŜǎ ǘƻ ƳŜŜǘ 

the challenges of customised, customer driven manufacturing. The case is made such 

ǘƘŀǘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎ ƛǎ ŀƭƭ ŀōƻǳǘ ŀƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŎǳǎǘƻƳŜǊǎΩ 

desires and the ability to convert data into objects. Planning this process is crucially 

integrated with time, cost and availability of raw materials.  

The pursuit of ever greater production goals has led to the concept of Just In Time 

ŜƴƎƛƴŜŜǊƛƴƎ WL¢Φ Lƴ ŎƘŀǇǘŜǊ нΦф ǿŜ ǿƛƭƭ ǎŜŜ ǘƘŀǘ ǘƘƛǎ ǎȅǎǘŜƳ ǎŜŜƪǎ ǘƻ ǇǊƻǾƛŘŜ ǘƘŜ ΨǊƛƎƘǘ 

ƛǘŜƳǎΩ ƻŦ ǘƘŜ ΨǊƛƎƘǘ ǉǳŀƭƛǘȅΩ ŀǘ ǘƘŜ ΨǊƛƎƘǘ ǇƭŀŎŜΩ ŀƴŘ ǘƘŜ ΨǊƛƎƘǘ ǘƛƳŜΩΦ ¢Ƙƛǎ ǎȅǎǘŜƳ 

considers the totality of the project and although hard to deliver may promise the 

greatest return. Key to this concept is communications, flexibility in machinery 

deployment, optimal accuracy and zero errors. Implementation of all the previously 

discussed computer based processes is essential to underpin the success of the 

system.  

The impact of all aspects of the digital technologies on manufacturing has been 

compared to the industrial revolution of the previous century. Digital technologies 

are supporting all aspects of society and this impact is augmented by the ability of 

disparate technologies to communicate and reinforce each other e.g. autonomous 

vehicles. Section 2.10 is intended to briefly demonstrate the latest trends in the 



1. Introduction  

  

12  

  

progression of CADCAM technology. As manufacturing and fabrication become more 

complex there are more teams working on a greater variety of aspects of the project. 

This calls for closer collaboration and better communications. On the other hand the 

logical extension of CAD systems has resulted in the development of a product model 

that contains all the information relevant to that object. Networks and internet 

communications facilitate the sharing of knowledge and facilitate the connection of 

those people who may work on the same project whether located in the same group 

or from different groups. Nowadays accessing knowledge and updating the central 

data model is a key to the success of projects where collaborative virtual teams may 

gather from different parts of the world and participate in projects, miles away from 

their own location.   

Since the focus of this thesis is the architecture industry, chapter 2.11 introduces the 

Building Information Models as one family of product model that is used in building 

construction. Traditionally production of the necessary data to transit a project from 

the design phase to the construction site was done manually as a result of the 

collaboration of different groups of experts, each controlling a different discipline. 

When computers stepped in the realm of building construction, activities such as 2D 

drafting, structural estimation, bills of materials production and project management 

scheduling were performed more easily, faster and with greater precision. The 

ultimate goal in this field appeared to be the creation of an integrated organization 

to contain all the building related activities in one virtual place which can provide 

better communication between different stakeholders.  

Section 2.12 provides a summary of chapter 2.  

Chapter three: Industrialised architecture and the contribution of 

CADCAM  

In the previous chapter some of the features of CAD CAM systems and the ways in 

which they can be used to improve the workflow in various industries have been 

described. It can be a good time to narrow down the discussion to the industry of 

interest which is Architecture and Building Construction. The intent of the first part 
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of the third chapter [Traditional approaches towards industrialised architecture] is to 

Ǝƻ ōŀŎƪ ƛƴǘƻ ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ ΨǇǊŜŦŀōΩ ōǳƛƭŘƛƴƎǎΤ ǘƻ ǘƘŜ time when there was no sign of 

computers or NC and CNC devices. Although the main requirement of this chapter is 

to introduce the history of construction systems which would ultimately lead to the 

ŀǊǊƛǾŀƭ ƻŦ ΨCƛƭŜ ǘƻ CŀŎǘƻǊȅΩ ƳŜǘƘƻŘƻƭƻƎȅ ƘƻǿŜǾŜǊΣ ǘƘŜ ƴŀǊǊŀtive of this chapter ends 

right before the time when computers get involved in the construction industry since 

the application of the digitally-driven methods are going to be discussed in following 

chapters.  

Following the exploration through the history of prefabrication, chapter 3.2 attempts 

to study the various types of popular materials used in prefabricated construction 

and the different conventional prefabrication approaches and industrial techniques 

that are being used to apply them in buildings. Apart from the introduction of 

different categories of building elements that are being used in such buildings, 

different materials and methods of using them to fabricate those elements are briefly 

explained.  

As was mentioned towards the beginning of this document, any systematic or 

technological modification of the process may have vast cultural impacts both on the 

local societies where buildings are built and in the groups which participate in 

projects. The intent of chapter 3.3 is to demonstrate the depth of these cultural 

changes and the potential of these systems to create a new path in the progress of 

architecture and construction that can lead the industry to deliver a more suitable 

built environment both from a cultural and environmental perspective. Hereby the 

first part of chapter 3 is concluded by studying the history of prefabrication, 

conventional prefabrication methods and an example showing the impacts of current 

global standardisation on local societies.  

The second part of chapter three illustrates three examples each showing a 

distinctive approach in the use of CAD CAM techniques. The first example is 

dedicated to a discussion of the creative approach of Frank Gehry in designing the 
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Disney Concert Hall in Los Angeles. Equally there is mention of many other 

inspirational projects from all around the world which used digital technology to take 

the definition of building aesthetics and form generation to a higher level. The 

ǎŜŎƻƴŘ ŎŀǎŜ ŘŜǎŎǊƛōŜǎ ǘƘŜ .ǊƻŀŘ /ƻƳǇŀƴȅΩǎ ǇǳǊǎǳƛǘ ƻŦ ŜŦŦƛŎƛŜƴŎȅ ƛƴ ǘƘŜ ŘŜǎƛgn and 

production of multi storey buildings. The efficiency savings run all the way through 

the building lifecycle and even impact on recycling and reuse. Their level of efficiency 

in design, evaluation and construction methods have broken many world records and 

they are still working to improve them. The last example of this document as shown 

in chapter 3.6 defines the work of a relatively new group called Facit Homes. Their 

approach to the use of CAD CAM is to take building construction projects extremely 

close to the Just In Time concept. Trying to apply as many as possible of the 

optimization techniques in their production process, keeping the process as simple 

and affordable as possible, creating a flexible production line to reduce the 

manufacturing time and associated cost as well as focusing on product customization 

have made their approach to CAD CAM very interesting. The result is highly 

customised buildings which have been constructed using modern techniques and 

machinery that could now be more readily available for wider application. An 

improvement that could not be anticipated only a few years ago.  

Based on the information presented throughout the preceding chapters we are at a 

point where outcomes and results of the use of digital design and manufacturing in 

the realm of building architecture could be identified. On the other hand in chapter 

3.7 the focus is to show the most recent improvements of digital fabrication systems 

which can be accessible for the majority of people even in remote areas of the world. 

This time, globalization does not necessarily means that people need to use the exact 

same products all around the world. Using these newly available methods and 

devices can enable us to produce almost everything on a global standard but highly 

customized based on local needs and the availability of resources.  
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Section 3.8 presents a brief summary of chapter three. In this section the reasons 

why such examples have been chosen through the course of this research and the 

relationship between these examples have also been explained.   
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2. CAD and CAM technological overview  

Before getting involved in any kind of project and starting any design work or 

production initializatioƴ ƻǊ ŜǾŜƴ ǇƭŀƴƴƛƴƎ ǘƘŜ ǇǊƻƧŜŎǘǎΩ ǇǊƻƎǊŜǎǎΣ ǿƘŜƴŜǾŜǊ ǘƘŜǊŜ ƛǎ 

the prospect of using any type of methods or strategies it is an advantage to know 

about the abilities, limits and the quality of their current contribution in other 

projects. This way the direction of projects in which different project teams may get 

involved is clear and it becomes possible to avoid many of the difficulties that may 

occur later in the process. It is clear that the philosophy of the existence of 

engineering and teams of engineers with different skills in every project have been 

based on the optimization of processes, materials used and also the organization of 

the work force and project framework etc.; however the limits and demands of the 

modern market and features of the modern industries do not allow much in the way 

of trial and error or defects in the manufacturing of products as may have existed a 

few decades ago. The current experience of providing services and artefacts for 

society establishes the demand for high quality delivered in a short period of time to 

a large number of users with as little as possible waste and desirably with zero 

defects. Growing competition and technological innovations have raised the bar in 

the case of expectations in all aspects but fortunately computer aided systems have 

brought new resources and solutions to the work of designers, engineers and 

manufacturers. Based on what is said so far and in order to realize the quality of the 

contribution of the digital technologies in production industries, the contents of the 

twelve sections in chapter two is intended to investigate the design approaches and 

tools. This is then followed by an introduction to manufacturing devices, 

organizations and planning strategies. This then leads us towards the ability to 

envisage the generation of new forms, flexible production lines, mass production and 

customization all gathered together in order to facilitate the realization of design 

proposals and raise the quality of products and optimize the processes, material use 

and human resources.  
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Part one: History and basics  

2.1. CAD and CAM progress timeline  

2.1.1. Introduction  

This chapter intends to deliver a very brief narrative in regard to the developmental 

chronology of Computer Aided Design [CAD] and Computer Aided Manufacturing 

[CAM]. For the purpose of commencing an investigation on any matter it is always 

useful to step in through their background to gather knowledge about the way which 

ƭŜŘ ǘƘŜƳ ǘƻ ǘƘŜ ŎǳǊǊŜƴǘ Ǉƻƛƴǘ ƻŦ ŜȄƛǎǘŜƴŎŜΦ {ǘǳŘȅƛƴƎ ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ Ψ/!5Ω ŀƴŘ Ψ/!aΩ 

ǿƘƛŎƘ ŀǊŜ ƛƴŘŜŜŘ ǘƘŜ ŎƻǊŜ ŎƻƴŎŜǇǘǎ ƻŦ ǘƘŜ ΨCƛƭŜ ǘƻ CŀŎǘƻǊȅ ¢ŜŎƘƴƻƭƻƎȅΩ Ŏŀƴ ōŜ 

regarded as the foundation from which it is possible to enter the vast realm of digital 

technologies being used in the design and manufacture of all products, and in the 

case of this research, buildings. CAD can be seen as the starting point for the digital 

production process; therefore the historical research within this document will begin 

with Computer Aided Design.  

2.1.2. CAD  

Even a cursory review of the work of most modern design companies over a wide 

range of industry sectors establishes the fact that using CAD has become an 

inseparable element in modern design and manufacturing. It is not only technically 

advanced industries such as aerospace, architecture and medicine but it has also 

penetrated through domains such as entertainment, advertising and other creative 

industries as exemplified by film and animations, one example of which is shown in 

Figure 2 .1. Originally developed in the early 1980s as an aid to drafting and 

documentation, software now plays a more dramatic role in its ability to expand the 

capabilities of designers and now may be utilised to demonstrate, calculate, simulate, 

evaluate and fabricate their increasingly highly detailed products. Basically CAD is the 

foundation for modernized systems which allow better communication and the 
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exponential growth of creativity and productivity in almost any project in any domain 

(McMahon & Browne, 1998).   

  

 
Figure 2 .1 Motion capture  

Ψaƻǘƛƻƴ ŎŀǇǘǳǊŜΩΣ a digital technique used in animation and movie making to recreate natural movements in 

ŘƛƎƛǘŀƭ ŦƻǊƳŀǘǎΦ .ŀǎƛŎŀƭƭȅ ŀ ǾŀǊƛŜǘȅ ƻŦ ǎŜƴǎƻǊǎ ǿƛƭƭ ōŜ ƭƻŎŀǘŜŘ ƻƴ ŀ ǇŜǊǎƻƴΩǎ ōƻŘȅ ώŜǎǇŜŎƛŀƭƭȅ ƻƴ ǘƘŜ ǇƭŀŎŜ ƻŦ ǘƘŜ 

body joints]. Those sensors capture the movements of each join and body parts. These data then could be used 

to make digital movie frames or even to move robots in factories. Picture (Hamm, 2007).  

Previously the expectation of the output from CAD packages was limited to 2D 

printed sheets or virtual models. Now new and advanced rapid prototyping 

techniques have the ability to produce a physical prototype of the design relatively 

easily and in a considerably shorter period of time as compared to traditional 

techniques [Figure 2 .2]. Unlike before, CAD models in a more sophisticated BIM 

system [an object-oriented system] now contain more sophisticated data [such as 

bills of materials, schedule, performance data, production plans, etc.] rather than just 

the classic package of shapes or dimensions [known as graphic representation]. By 

the presence of these relatively new tools the traditional manual methods of drawing 

and presentation are being gradually eliminated even in many universities and 

schools. Since the development of CAD systems are highly related to computers, 
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knowing about computers can take us to the roots of this relationship and emergence 

of CAD (Krygiel & Nies, 2008).  

 

Figure 2 .2 Stereo lithography  

Stereo lithography, a rapid prototyping technique using information from 3D digital CAD models and 

produces the physical replicas by plastic materials. Picture (Proto3000, 2012)  

  

A history of devices which can be considered to be computers [based on the 

definition of computers as machines capable of calculation and programmability] 

dates back to 2500 B.C. when Sumerians used the Abacus (Ifrah, 2007); but in fact 

the first time when the term Computer was used can be traced back to the early 17th 

century (Oxford English Dictionary, 2009). Nonetheless mankind had to wait until the 

mid 20th century when Konrad Zuse [Figure 2 .3] developed the concept of the first 

digital and programmable computers as the initiators of the current theme in the 

digital technoloƎƛŜǎ όCƭƛǇǇƻΣ нлмоύΦ Lƴ мфплΩǎΣ ŀǘ ǘƘŜ ǘƛƳŜ ǿƘŜƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ 

ŜƭŜŎǘǊƻƴƛŎ ǎŎƛŜƴŎŜ ƛƴ ǘƘŜ ǊŜŀƭƳ ƻŦ ŎƻƳǇǳǘŜǊǎ ǿŀǎ ƘŀǇǇŜƴƛƴƎΣ wƻōŜǊǘ LǎŀŀŎ bŜǿǘƻƴΩǎ 

Study on the mathematical definition of curves founded new descriptions of 

geometry that have opened new possibilities in the formation of digitally-processed 

geometries and added the promise of graphical processing capabilities to computers 

that previously were mostly used for calculations  
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όLƴǎǇƛǊŀǘƛƻƴ ŦŜŜŘΣ нлмнύΦ !ƭƳƻǎǘ ŀ ŘŜŎŀŘŜ ƭŀǘŜǊ ǘƘŜ ǘŜǊƳ Ψ/!5Ω ǿŀǎ Ŧƛrst used by 

Douglas T. Ross who was inspired by the display devices on American defence radar 

systems that can now be considered as the first graphic systems and were in use from 

1950 (Ross, 1960).   

 

Figure 2 .3 Konrad Zuse and the Z1   

Konrad Zuse besiŘŜ Ƙƛǎ ƳŀǎǘŜǊǇƛŜŎŜΣ Ψ½мΩ ǘƘŜ ŦƛǊǎǘ ǇǊƻƎǊŀƳƳŀōƭŜ ŘƛƎƛǘŀƭ ŘŜǾƛŎŜΦ tƛŎǘǳǊŜ ό{ǘŀŀǘǎƪŀƴȊƭŜƛΣ нлмлύΦ  

  

  

It is evident that the aerospace and automotive industries were at the forefront of 

development and were able to take full advantage of digital graphic systems. 

European and American car manufacturers focused on design, calculation and 

production of multi curved surfaces for their products and among them Pierre Bezier 

has been recognised as developing the most distinct inspiring and pioneering work in 

designiƴƎ ŎŀǊ ōƻŘƛŜǎ ŀǘ ǘƘŜ wŜƴŀǳƭǘΦ Lƴ мфрт 5ǊΦ tŀǘǊƛŎƪ IŀƴǊŀǘǘȅ ƭŀǘŜǊ ƪƴƻǿƴ ŀǎ ΨǘƘŜ 

CŀǘƘŜǊ ƻŦ /!5κ/!aΩ ǇǊƻƎǊŀƳƳŜŘ ǘƘŜ ΨtǊƻƴǘƻΩ ǘƘŜ ŦƛǊǎǘ ƻŦ ŀ ƎŜƴŜǊŀǘƛƻƴ ƻŦ /b/ 
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systems. Later in the early 70s he explored the limits of Computer aided technologies 

by founding the ΨaŀƴǳŦŀŎǘǳǊƛƴƎ ŀƴŘ /ƻƴǎǳƭǘƛƴƎ  

{ŜǊǾƛŎŜǎ LƴŎΦΩ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ Ψ!b±L[Ω /b/ ǇŀŎƪŀƎŜǎ ώCƛƎǳǊŜ н .4].  

His company developed software and hardware bundles which were used at that 

time by leading companies such as McDonnell Douglas. Even though there have been 

numerous advancements in the area of CAD/CAM technologies, it has been 

estimated that 70% of all the current CAD/CAM systems are based on what the 

aŀƴǳŦŀŎǘǳǊƛƴƎ ŀƴŘ /ƻƴǎǳƭǘƛƴƎ {ŜǊǾƛŎŜǎΩ ǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜƛǊ ŎƻǊŜ ǎȅǎǘŜƳ όa/{Σ нлмнύΦ   

  

 

Figure 2 .4 Hanratty and the Anvil-4000  

Dr. Patrick Hanratty beside the CNC package called ANVIL-4000 which was released in 1981 by his company 

MCS. Picture (Dalton, 2004)  

¢ƘŜ ǇǊƻƎǊŜǎǎ ƛƴ ŘƛƎƛǘŀƭ ƎŜƻƳŜǘǊȅ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŀŘǾŀƴŎŜƳŜƴǘ ƛƴ ŎƻƳǇǳǘŜǊǎΩ 

hardware and software, but the initial breakthrough can be attributed to the 

sketchpad project [1960] by Ivan Sutherland at the Massachusetts Institute of 

Technology [Figure 2 .5] which facilitated a better user interface with computers. In 

fact the sketchpad was the first tool to develop graphical interaction and was 

followed by innovations such as the digitizer and the light pen (Sutherland, 2012).   
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By the end of the 1970s what was at hand as a CAD system at a cost of $125,000 

consisted of a 16-bit minicomputer with 512kb of ram and storage capacity of up to  

300 Mb (NASA). Due to the high cost of the hardware, CAD technology first became 

used in those industries with a particular interest in form generation and geometry 

simulation such as within the car, aerospace and electronics domains but gradually 

the technologies achieved penetration within a wider range of industrial areas.   

   

 
Figure 2 .5 The Sketchpad  

LǾŀƴ {ǳǘƘŜǊƭŀƴŘΩǎ {ƪŜǘŎƘǇŀŘ ŎƻƴǎƻƭŜΣ мфснΦ {ƪŜǘŎƘǇŀŘ ƛǎ ƻǇŜǊŀǘŜŘ ǿƛǘƘ ŀ ƭƛƎƘǘ ǇŜƴ ŀƴŘ ŀ command button box 

[under left hand]. The four black knobs below the screen control position and scale of the picture. Picture and 

descriptions (Müller, 2012).  

Time has made all those new technologies not to be seen just as exclusive products 

and now many other companies and industries find these technologies affordable 

and are able to leverage their capabilities in all areas of design and manufacture. In 

the mid 60s the first interactive graphics manufacturing system was designed by  

Hanratty in ŎƻƭƭŀōƻǊŀǘƛƻƴ ǿƛǘƘ ǘƘŜ DŜƴŜǊŀƭ aƻǘƻǊǎ ŀƴŘ ǿŀǎ ŎŀƭƭŜŘ ǘƘŜ Ψ5ŜǎƛƎƴ 

!ǳǘƻƳŀǘŜŘ ōȅ /ƻƳǇǳǘŜǊΩΦ Lƴ мфсн ǘƘŜ aŀƴ-Mac device had been developed, 

focusing on designing interior office spaces. Eight years later, the narrow path of CAD 

technology became wider as many companies focused their work so as to offer 

further advancements in mechanized design systems. This expansion is mostly owed 
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ǘƻ ǘƘŜ ǿƻǊƪ ƻŦ 5ǊΦ IŀƴǊŀǘǘȅ ŀƴŘ Ƙƛǎ ŎƻƳǇŀƴȅ Ψa/{ΩΦ Lƴ мфтн Ψ!5!aΩ ώ!ǳǘƻƳŀǘŜŘ 

Drafting and Machining] was released by MCS and soon found its place among the 

pioneering commercial digital products serving mechanical design. At the same time 

the first prospect of an extension of CAD towards integration with CAM has been 

made possible due to innovation of 3-axis N/C machining tools (MCS, 2012).  

Lƴ ƳƛŘ тлǎ Ψ!a5Ω ώ!Ǿƛƻƴǎ aŀǊŎŜƭ 5ŀǎǎŀǳƭǘϐ ŀƴ !ƛǊŎǊŀŦǘ ƳŀƴǳŦŀŎǘǳǊŜǊ ŀŎǉǳƛǊŜŘ 

software licenses [a package called Computer-Augmented Drafting and 

Manufacturing also known as CADAM] from Lockheed. In just two years [1977] they 

formed a group focusing on creation of 3dimensional interactive software which was 

the predecessor of CATIA [Figure 2 .6] [Computer-Aided Three-Dimensional 

Interactive Application]. The first version of CATIA was released in 1982 as an addon. 

It was capable of 3D design, surface definition and numerical control planning 

(Bernard, 2003).   

  

 
Figure 2 .6 CATIA  

A screenshot showing a recent version of the CATIA work environment designed for mechanical engineering 

projects. Picture (Idex Solutions Inc., 2004).  

That breakthrough coincided with the advent of more powerful computers at lower 

ǇǊƛŎŜǎ ŀƴŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ Ψ!ǳǘƻŘŜǎƪΩ /ƻƳǇŀƴȅΦ !ǳǘƻŘŜǎƪ ŀƛƳŜŘ ǘƻ ŘŜǾŜƭƻǇ  
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CAD software for PCs with the goal of marketing at a relatively low price [under 

Ϸмлллϐ ŀƴŘ ǘƘŜ ƻǳǘŎƻƳŜ ǿŀǎ Ψ!ǳǘƻ/!5Ω ώCƛƎǳǊŜ н .7]. Continual development and the 

constant improvement of tools and abilities made this CAD software arguably the 

most popular amongst the current users of the technology. However other 

companies such as Bentley systems [Est. 1985] also brought many of new tools and 

techniques into this world.   

Comparing to other major industries, architecture was among the first to benefit 

from the efforts of software developers who produced a modelling application called 

Ψ!ǊŎ/!5ΩΣ ǎǇŜŎƛŦƛŎ ǘƻ !ǊŎƘƛǘŜŎǘǳǊŀƭ uses, in 1991. In 1995 Autodesk became the fifth 

leading software company due to their outstanding improvements onto AutoCAD 

and 3D studio. Their attempt to produce specific version of CAD software for each 

field of industry proved to be a great success to the company. It was mainly their 

endeavours which made it possible for users to purchase comprehensive CAD 

software in a reasonable price and run it on their own ubiquitous PCs and make the 

best out of cutting-edge technologies, it was accessible and responsive to students, 

professionals and at the highest level of industrial needs. Their round-the-clock 

technical support and constant development cycle keeps Autodesk always a few 

steps ahead of their users and responsive to their needs (Jassi, 2013).  

 

Figure 2 .7 AutoCAD  
A screenshot showing a recent version of AutoCAD work environment. Picture (Cloud Atlas, 2013).  
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2.1.3. CAM  

In general, the action which is defined by the term CAM or Computer Aided 

Manufacturing is to conduct the process of fabrication and provide necessary data to 

control machinery and manufacture a product through digitally driven devices and 

applications (Hosking, 1992). In a broader regard to the term it may also refer to other 

miscellaneous groups of activities controlled by computers which result in fabrication 

of a product which may range between designing to shipping schedules or 

supervision throughout the product process (Pichler & Diaz, 1992). The distinct 

product of CAM systems is a lean production process rather than just objects. It 

enables factories to produce in shorter periods of time with much less waste of 

material and energy. These elements have a direct influence on increasing 

productivity and reduction of production costs. Accurate machining tools develop the 

quality of final products. In addition CAM systems are capable of fabricating 

complicated objects which otherwise in most cases are not feasible using other 

conventional methods of manufacturing [Figure 2 .8]. A direct link between the 

designed object and the manufacturer in a CAD/CAM system also makes the final 

product as much as possible close to the purpose of the design and with as few as 

possible errors during the process (McMahon & Browne, 1998).  

  



2.1. CAD and CAM progress Timeline  

  

26  

  

 

Figure 2 .8 Multi-curved surfaces  

Curved steel plates in conference chamber of the DG Bank-Berlin designed by Gehry and Partners and built in 

2000. Realization of some forms is not possible using traditional methods. Picture (Wikimedia-a, 2010).  

What we see today as the great capabilities of the Ψ/ƻƳǇǳǘŜǊ-!ƛŘŜŘ aŀƴǳŦŀŎǘǳǊƛƴƎΩ 

ǎȅǎǘŜƳǎ ƛǎ ƻǊƛƎƛƴŀƭƭȅ ǎǘŜƳƳƛƴƎ ŦǊƻƳ Ψb/Ω ƻǊ ΨbǳƳŜǊƛŎŀƭ /ƻƴǘǊƻƭΩΦ bǳƳŜǊƛŎŀƭ ŎƻƴǘǊƻƭ ƛǎ 

series of programmed sequential commands which orchestrates one or more tools 

to execute certain pre-planned actions based on a precise timing and order of 

actions. These lists of commands are saved and fed to machines via various types of 

media. The concept of Numerical Control is also highly related but at the same time 

different from the mechanical control which existed long before NC. Examples of 

mechanical control could be found in car engines [camshaft], factory machinery or 

ǎƛƳǇƭȅ ƛƴ ΨƳǳǎƛŎŀƭ ōƻȄŜǎΩ ώCƛƎǳǊŜ н .9]. Their popularity can be traced back to the 

1800s where cams mechanically controlled the movements of parts that each was 

capable of creating exact musical note by small pins or other family of components 

(Chapuis, 1980). Although cams had been used since 300 BC it was only around a 

century ago at the time of the Great War that those media which were responsible 

for dictating commands to machines had reached to their full potential and were 

used in many devices and war military machines(Wilson, 2002).   

  



2.1. CAD and CAM progress Timeline  

  

27  

  

 

Figure 2 .9 Cam shaft  

A cam shaft was designed to control the sequence of musical notes made by a metallic comb in old music box. 

Picture (deviantART).  

Signalling the end for the dominance of mechanical control, John Parsons can be 

recognised as the father of NC machining tools(Ward, 1968). In the process of 

designing a helicopter his team used punched card calculators ŘŜǎƛƎƴŜŘ ōȅ ΨL.aΩΦ 

From this experience he formulated the idea to automate the process of milling, 

cutting and connecting the components and fundamentally initiated the automated 

manufacture of the aircraft. Thus the first NC manufacturing machines used punched 

cards [Figure 2 .10] to store and transfer fabrication and machining commands to the 

machines and acted as a connector of the design to the automated fabrication 

procedure(Smil, 2006).   
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Figure 2 .10 Punch card  

Punch card operator, a person responsible for manually encoding the manufacturing commands and presenting 

them on punch cards. Picture (Fuller, 2010)  

As the technology matured, the focus of research and development concentrated on 

bringing accuracy to automated processes. At this time the use of a Servomechanism 

was a step forward in the field of NC technology. Although engineers could transfer 

stored commands to machines the main obstacle in the way of increasing precision 

in production was the lack of machine feedback and an analytical unit in the 

production line which could assess the ongoing progress and redirect commands 

based on the production line conditions [basically to monitor and check to see if the 

process is going as planned, and that machines are doing the correct job and the 

results are as desired]. The presence of such control systems could also add to the 

ƻǇŜǊŀǘƻǊǎΩ ŀōƛƭƛǘƛŜǎ ǘƻ ƻǊƎŀƴƛȊŜ ǘƘŜ ƳŀŎƘƛƴƛƴƎ ǇǊƻŎŜǎǎ ό.ŜŘǿƻǊǘƘΣ Ŝǘ ŀƭΦΣ мффмύΦ 

Parsons developed his machine and produced an integrated device to fabricate 
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perfectly precise components which were a product of the work of the 

Servomechanism Laboratory at the Massachusetts Institute of Technology. Later in 

1955 MIT replaced the punch card with a magnetic tape (Seames, 2002). NC 

techniques slowly but constantly spread throughout various industry sectors and the 

benefits were convincing to the point that Boeing published a report asserting the 

efficiency of NC (Makely, 2005). After further research on the input methods of the 

NC systems, MIT also published a report indicating the benefits of NC over manually 

controlled machines while criticizing the time consumption which had moved from 

fabrication of objects to programming the magnetic tapes. However the presence of 

computers was revolutionary and fundamentally changed the way things were being 

designed and produced.  

 By making the Whirlwind [real-time computer] at MIT in late 1950s [Figure 2 .12], 

John Runyon and his team dramatically lowered the time needed to produce tapes 

for NC machines by up to almost 97% through creating a program to automate the 

process which was seen to be much faster and more precise than the existing manual 

methods (Ross, 1978). The first computer integrated Numeric Control system was 

released as a result of MIT collaborating with the aligned group of aerospace 

companies in 1959(MIT Tech TV, 1959).  In 1970 Lockheed acquired  

Ψ5ƛƎƛƎǊŀǇƘƛŎǎΩ ώŎƻƴǘǊƻƭ Řŀǘŀϐ ŀƴŘ ŀǇǇƭƛŜŘ ǘƘŜƛǊ ǘŜŎƘƴƻƭƻƎȅ ǘƻ ǘƘŜ ŦŀōǊƛŎŀǘƛƻƴ ƻŦ ǘƘŜ /р 

Galaxy [Figure 2 .11]. This aircraft has come to be regarded as the first integrated 

product of CAD/CNC.   
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Figure 2 .11 The C5 Galaxy  

The C5 Galaxy, the first product of CAD/CNC technology. Picture (Demand Media, Inc., 2013)  

It is evident that changes in the field of CNC was not just the preserve of one institute 

or company and had been pieced together gradually to build the present state of the 

art. Despite all of the revolutionary innovations in the field of digital technologies, 

each of which had opened new opportunities for CNC to grow in capability and 

acceptance, in similar manner to that seen in the CAD world, it was the price 

reduction of the hardware and computer applications that made CNC popular 

amongst manufacturers. A large variety of industries has flourished under the 

capabilities of computer controlled production; nevertheless no one can disregard 

the contribution of both MIT and the Aerospace industries in helping promote the 

technology as being both affordable and practical. This developmental trend had 

continued until the present when it can be seen that there is consistent presence of 

CNC systems even in the smallest manufacturing companies.   
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Figure 2 .12 The Whirlwind Picture 

(Ganapati, 2010).  

As the technology began to deliver tangible benefits, more manufactures of this 

equipment brought more models to the market. This wider range of equipment also 

started to be used in a wider range of applications. This in turn meant that with this 

gradual acceptance there came a need for standardization of programming 

languages, fabrication commands and machine control. G-code is one such example 

which today has become a defacto standard (Smid, 2003).   

Today there are all sorts of CNC systems each use series of strategies, applications 

and materials to serve a range of industries. Now there are 2D cutting and milling 

machines of a large variety of capabilities [Figure 2 .16], and other 3D subtractive 

[Figure 2 .14], additive [Figure 2 .13] and formative [Figure 2 .15] devices which add 

much more flexibility to production lines(McMahon & Browne, 1998). The current 

popularity of such system and with their affordability, ease of programming and the 

ability to integrate with almost all of the common CAD applications have brought 
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these machines even to our homes. As well as seeking to develop extended 

capabilities of this technology, R+D engineers are also trying to reach a domestic 

market.  This way, customers can buy a design, or even design something themselves 

[as CAD applications are getting as easy to be used by everyone], and ultimately print 

their own products that they might need in their homes. It may not be a legal or moral 

action, but one of the most recent examples has been the open source organization 

ŎŀƭƭŜŘ Ψ5ŜŦŜƴŎŜ 5ƛǎǘǊƛōǳǘŜŘΩ ǿƘƻ ŘŜǎƛƎƴŜŘ ŀ ǊƛŦƭŜ ƪƴƻǿƴ ŀǎ ǘƘŜ Ψ²ƛƪƛ ǿŜŀǇƻƴΩ ǿƘƛŎƘ 

could be downloaded from the internet and could then be actualized by a 3D 

printer(Greenberg, 2012).   

After briefly following the development of 

progress in the CAD and CAM technologies 

over the past decades in this chapter, the 

following sections of the CAD and CAM 

technological overview intends to deliver a 

more detailed definition of these 

technologies and to explore the capabilities 

they add to industries and their products 

within the current manufacturing domain.   

Figure 2 .16 Laser cut device  

Laser cut devices are one of the 2D fabrication  
Figure 2 .14 CNC milling  

devices.  The 2D operation can lead to the  
CNC milling machines are the min devices used for  

production of 3D objects as parts are assembled subtractive manufacturing. Picture (Lmnts).  
together. Picture (Subcon Laser Cutting Ltd, 2013).  
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Figure 2 .15 Robofold  Figure 2 .13 Additive technique  

RoboFold, a new formative CAM technology. Additive techniques use large variety of materials Picture (Piasecki, 

2009). to create forms. Picture (designboom, 2012).  

  

To summarise this section, figure below demonstrates the overall timeline of the 

CADCAM progression through the past seven decades. It contains significant 

movements which have happened during this period of time.  

1950  The first graphic system was developed by US Air Force's SAGE (Semi Automatic  

Ground Environment) air defense system. The system was developed at 

Massachusetts Institute of Technology's Lincoln Laboratory.  

1957  Dr. Patrick J. Hanratty known as "the Father of CADD/CAM" for his pioneering 

contributions to the field of computer-aided design and manufacturing, developed 

PRONTO, the first commercial numerical-control programming system.  

1960  McDonnell Douglas Automation Company (McAuto) was founded. It played a 

major role on CAD developments with the introduction of CADD program.  

1962  SLS Environectics in Chicago began development of the Man-Mac machine, 

intended to draft plans for interior office space.  

1965  Donald Welbourn heard a lecture to the Engineering Society by Strachey of the 

Mathematical Laboratory (now the Department of Computer Science) on the early 

work at MIT on Computer Aided Design (CAD).  

1967  Dr. Jason R Lemon founds SDRC in Cincinnati.  

1972  The MCS company's first product, ADAM (Automated Drafting and Machining), 

was released in 1972, ran on 16-bit computers, and was one of the first 

commercially available mechanical design packages.  
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1975  Å Electronic Data System Corporation (EDS) is founded.  

Å Avions Marcel Dassault (AMD) purchased CADAM (Computer-Augmented 

Drafting and Manufacturing) software equipment licenses from Lockheed thus 

becoming one of the very first CADAM customers.  

1976  United Computing, developer of the Unigraphics CAD/CAM/CAE system, acquired 

by Mc Donnell Douglas Company.  

1977  Avions Marcel Dassault assigned its engineering team the goal of creating a 

threedimensional, interactive program, the forerunner of CATIA (Computer-Aided 

Three-Dimensional Interactive Application).  

1979  Boeing, General Electric and NIST develops a neutral file format as a contract from 

Air Space called IGES (Initial Graphic Exchange Standard).  

1981  Unigraphics introduced the first solid modeling system, UniSolid. It was based on  

 

 PADL-2, and was sold as a stand-alone product to Unigraphics.  

1982  Å CATIA Version 1 is announced as an add-on product for 3D design, surface 

modeling and NC programming.  

Å AutoCAD Release 1.0 was launched.  

Å A company called P-CAD released a CAD program called CADplan. Later the 

product was purchased by CalComp and renamed CADVANCE.  

1983  Å Unigraphics II introduced to market  

Å AutoCAD Release 1.1 was launched.  

Å AutoCAD Release 1.2 was launched.  

Å AutoCAD Release 1.4 was launched.  

1984  AutoCAD Release 2 was launched.  

1985  Å CATIA Version 2 is announced with fully integrated drafting, solid and robotics 

functions.  

Å CATIA becomes the aeronautical applications leader.  

Å AutoCAD Release 2.1 was launched.  

Å Diehl Graphsoft, Inc. is founded and the first version of MiniCAD is shipped in the 

same year. MiniCAD will become the best selling CAD program on the Macintosh.  
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1986  Å Dassault acquires CADAM  

Å AutoCAD Release 2.5 was launched.  

1987  Å General Motors selects Unigraphics company as a Strategic Partner  

Å Pro/ENGINEER 1 - 1987 (Autofact 1987 premier)  

Å AutoCAD Release 13 was launched.  

Å AutoCAD Release 2.6 was launched.  

1988  Å CATIA Version 3 is announced with AEC functionality. CATIA is ported to IBM's 

UNIX-based RISC System/6000 workstations. CATIA becomes the automotive 

applications leader  

Å Surfware Inc., ships the first version of SurfCAM, a CAD/CAM program.  

Å AutoCAD Release 10 was launched.  

1989  Parametric Technology ships the first version of Pro/ENGINEER  

1990   McDonnell Douglas (now Boeing) chooses Unigraphics as the corporate standard  

 

 for mechanical CAD/CAM/CAE  

 AutoCAD Release 11 was launched  

1991  Å GE Aircraft Engine and GE Power Generation select Unigraphics as their 

CAD/CAM system  

Å Pro/ENGINEER 8.0 - 1991  

1992  Å CADAM was purchased from IBM and the next year CATIA CADAM V4 was 

published  

Å Pro/ENGINEER 9.0 - 1992  

Å AutoCAD Release 12 was launched.  

1993  Å Pro/ENGINEER 10.0 - 1993  

Å Pro/ENGINEER 11.0 - 1993  

Å Pro/ENGINEER 12.0 - 1993  

1994  Å Pro/ENGINEER 13.0 - 1994  Pro/ENGINEER 

14.0 - 1994  

Å AutoCAD Release 13 was launched.  
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1995  Å Dassault Systems ships ProCADAM, a shorter version of CATIA for use on NT 

systems.  

Å Pro/ENGINEER 15.0 - 1995  

Å Unigraphics on Microsoft Windows NT debuted  

Å First Autodesk Web site www.autodesk.com  CADKEY version 7 was launched.  

1996  Å Solid Edge version 3 from Intergraph hits the market at the price of around USD 

6000.  

Å EDS Unigraphics version 11 with 4 new CAM modules.  In August Autodesk 

ships Mechanical Desktop version 1.1  Camand version 11, a CAM product from 

SDRC.  

Å Corel Visual CADD version 2 (a 2D program) and CorelCAD ( a 3D version) from 

Corel.  

Å Pro/E version 17 with a new module which allows files to be exported into VRML 

file format for display on the Internet.  

Å Pro/ENGINEER 16.0 - 1996  

Å In 1996, it was ported from one to four Unix operating systems, including IBM  

 

 AIX, Silicon Graphics IRIX, Sun Microsystems SunOS, and Hewlett-Packard HP-UX.  

1997  Å AutoCAD Release 14 was launched.  

Å TurboCAD Professional version 4 from IMSI.  

Å VGX technology from SDRC provides intuitive interaction for the design and 

modification of parametric feature - based solids. It will be used first in I-DEAS 

Master Series 5.  

Å Pro/ENGINEER 17.0 - 1997  

Å Pro/ENGINEER 18.0 - 1997  

Å First version of IDEAS Artisan Series from SDRC, fully compatible with Master 

Series, priced at ~ USD 5,000.  
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1998  Å An entirely rewritten version of CATIA, CATIA V5 was released,  First version of 

IronCAD for VDS market.  

Å Solid Edge version 3 from Intergraph with more than 150 new features.  

Å TurboCAD Professional version 5 from IMSI.  

Å Pro/ENGINEER 19.0 - 1998  

Å Pro/ENGINEER 20.0 - 1998  

Å 1998, V5 was released, which was an entirely rewritten version of CATIA, with 

support for UNIX, Windows NT and Windows XP since 2001  

1999  Å Unigraphics Solutions signs five-year, $43 million contract with Boeing for 

CAD/CAM Software  

Å In June Pro/E 2000i was launched.  

Å Pro/ENGINEER 2000i - 1999  

Å Unigraphics Solutions Acquires German high-tech Company, dCADE.  

Å March - Dassault Systems introduces CATIA Version 5.  

Å AutoCAD 2000 was released.  

2000  Å SDRC, a global supplier of e-business collaboration solutions for the product 

lifecycle, announced on March I-DEAS 8, a major software release to enable 

edesign automation.  

Å Dassault Systemes and announced the readiness of CATIA Solutions Version 5 

Release 3(b) (V5R3) for Microsoft Windows 2000 operating platform.  

Å PTC announced two major updates to its PTC i-Series of flexible engineering 

solutions: Pro/MECHANICA 2000i² and Pro/DESKTOP 2000i².  
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 Å Dassault Systemes announced that it plans to integrate Microsoft's Visual BASIC 

for Applications into its products, including SolidWorks, CATIA, SmarTeam, 

ENOVIA, and DELMIA..  

Å IBM and Dassault Systemes launched Version 5 Release 5 of CATIA, to be 

available for Windows and UNIX.  

Å Delcam has been the world's leading specialist supplier of NC machining 

software and services during 2000.   

Å Second position is Hitachi Zosen followed by Cimatron.  

Å SolidWorks 2001  

Å Unigraphics Version 17 was launched.  

Å Pro/ENGINEER 2000i2 - 2000  

Å AutoCAD 2000i was released.  

2001  Å SolidWorks 2001 Plus launched  

Å SDRC I-DEAS was bought by its competitor, Electronic Data Systems  

Unigraphics Version 18 was launched.  

Å Pro/ENGINEER 2001ς2001  

Å AutoCAD 2002 was released.  

2002  Å SolidWorks 2003 was released.  

Å Unigraphics NX was launched.  Pro/ENGINEER 

Wildfire 1.0 - 2002  AutoCAD 2003 was released.  

2003  Å SolidWorks 2004  

Å UG NX 2 was launched  

Å AutoCAD 2004 was released.  

2004  Å SolidWorks 2005  

Å EDS sold off its EDS PLM Solutions business to the private equity group of Bain 

Capital, Silver Lake Partners, and Warburg Pincus in 2004. The company 

resumed operating under the UGS name following the private equity sale.  

Å UG NX 3 was launched.  

Å Pro/ENGINEER Wildfire 2.0 - 2004  AutoCAD 2005 was released.  
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2005   SolidWorks 2006 (Native Windows x86-64 version was released from SP4.0  

 

 onwards)  

Å UGS purchased Tecnomatix Technologies Ltd.  

Å AutoCAD 2006 was released.  

2006  Å SolidWorks 2007 (A Beta version for Vista 

exists with limited support.)  UG NX 4 was launched.  

Å Pro/ENGINEER Wildfire 3.0 - 2006  AutoCAD 

2007 was released.  

2007  Å SolidWorks 2008: Includes full support for Vista x86. Out in October, 2007. SP3.1 

includes native Vista x64 support  

Å UGS was purchased by Siemens AG in May 2007, and was renamed Siemens PLM 

Software.  

Å UG NX 5 was launched.  

Å AutoCAD 2008 was released.  

2008  Å SolidWorks 2009: Released September, 2008. Includes native Vista x86 and x64 

support. Final update is SP5.1  

Å Solid Edge with Synchronous Technology was launched.  

Å Dassault announced and released CATIA V6.  

Å Pro/ENGINEER Wildfire 4.0 - 2008  AutoCAD 2009 was released.  

Å 2008, Dassault announced and released CATIA V6.While the server can run on 

Microsoft Windows, Linux or AIX, client support for any operating system other 

than Microsoft Windows is dropped  

2009  Å NX 6 was launched by SIEMENS PLM Softwares.  

Å SolidWorks 2010: SP0.0 Released October, 2009.  

Å Solid Edge with Synchronous Technology 2 was launched.  

Å Pro/ENGINEER Wildfire 5.0 - 2009  

Å AutoCAD 2010 was released on 24 March 2009.  

Å NX 7 was launched by SIEMENS PLM Softwares  
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2010  Å AutoCAD 2011 is launched on 25th March 2010.  

Å NX 7.5τlaunched in mid 2010. NX 7.5 to include more industrial design 

enhancements to make styling easier.  

Å Creo element pro R 5.0 launched in2010.(Pro/Engineer)  

 Å SolidWorks 2011: Launched in jun 2010.  

Å November 2010, Dassault launched Catia V6R2011x, the latest release of its 

PLM2.0 platform while still continuing to support and improve its Catia V5 

software  

2011  Å AutoCAD 2012 is launched on 22 march 2011.  

Å NX 8 is launched on 17th october 2011.  

Å SolidWorks 2012 is released on 10 october 2011.  

Å Creo 1.0 launched in 2011.(Pro/Engineer)   June 2011, Dassault launched 

V6 R2012.  

2012  Å AutoCAD 2013 is launched on 27 March 2012.  

Å SolidWorks 2013 released in September, 2012.  

Å Creo 2.0 launched in 2012.(Pro/Engineer)   

2013  Å AutoCAD 2014 V-19.1, is launched on 26 March 2013.  

Å SolidWorks 2014 released in october, 2013.  

2014  Å AutoCAD 2015 V-20.0, is launched on 27 March 2014. (29th Release)  

Å Creo 3.0 launched in 2013.(Pro/Engineer)  

Å SolidWorks 2015 releasing in october, 2014  

Figure 2 .17 CAD CAM timeline  

Information (Jassi, 2014).  

  

  



2.2. Design and Process, the role of Computers  

  

41  

  

2.2. Design and process, the role of computers  

2.2.1. Introduction  

This section seeks to review the typical definition of a design process by mapping a 

path through some well established models of design. Attempts are made to clarify 

the integration of computer-based technologies within systems, offering examples 

from leading exponents of design methods such as those discussed through the work 

of Pahl and Ohsuga. The intent is to provide the context for a more in depth 

discussion of the relationship between the design process and the technology of the 

production line that might allow for further efficiencies in concurrent engineering 

and opening opportunities for further investigation of integrated design and 

manufacture.  

In the modern societies of the 21st century, mankind is surrounded by all kinds of 

engineered products. On a daily basis, we all use countless products, tools and spaces 

ǿƘƛŎƘ ŀǊŜ ΨŘŜǎƛƎƴŜŘ ŦƻǊ ǘƘŜ ǇǳǊǇƻǎŜΩΦ bƻƴŜǘƘŜƭŜǎǎ ǘƘŜ ŀŎǘ ƻŦ ŘŜǎƛƎƴ ƛǎ ƴƻǘ ŀ 

phenomenon of recent years, decades or even centuries; it is demonstrable that the 

history of design dates back to a time when early man started to make basic tools for 

ƘǳƴǘƛƴƎ ƻǊ Ǉƭŀƴ ŦƻǊ ŀ ǎŀŦŜ ƴƛƎƘǘΩǎ ǎƭŜŜǇ ƛƴ ǘƘŜ ǿƛƭŘΦ ¢ƘŜ ƘǳƳŀƴǎΩ ŘŜǎƛǊŜ ŀƴŘ ƴŜŜŘ ŦƻǊ 

ΨŘŜǎƛƎƴ ŦƻǊ ǇǳǊǇƻǎŜΩ Ƙŀǎ ƴƻǘ ŎƘŀƴƎŜŘ ƻǾŜǊ ƘƛǎǘƻǊȅΣ ōǳǘ ŀǎ ǘƛƳŜ ǇŀǎǎŜǎ ǘƘŜ ƳŜǘƘƻŘǎ ƻŦ 

ŘŜǎƛƎƴΣ ǘƘŜ ǿŀȅ ƻŦ ŘŜǎƛƎƴŜǊǎΩ ǘƘƛƴƪ ŀƴŘ ultimately the resultant products are 

dramatically becoming more and more complicated. Procedures are becoming more 

productive and the products more efficient. Nowadays, daily presentation of 

improvements in various aspects of design makes the products which have been 

designed and produced some few years ago appear to be outdated compared to 

ǘƻŘŀȅΩǎ ǇǊƻŘǳŎǘǎ ώCƛƎǳǊŜ н .18].  

In the path to achieve efficiency and productivity and to cope with complicated 

obstructions to design and production, engineers have benefited from computers as 

machines which can speed up data processing and calculations and which provide 

rapid communication to facilitate design, management, planning, supply, fabrication, 
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distribution and recycling [e.g. BIM systems which are discussed later in chapter 

2.11.].   

 
Figure 2 .18 Samsung phones Fast 

development of technology....    
Left: Samsung Galaxy S4 released in 2013. Picture (GSMArena, 2013)   
Right: Samsung SGH-Z700 released in 2005. Picture (phoneArena)  

2.2.2. Design strategies  

To discuss the production process the best way is to start from the beginning and 

study the roots. Needs are the generators of innovation and production. In order to 

ŀŘŘǊŜǎǎ ŀ ƴŜŜŘ ǘƘǊƻǳƎƘ ƛƴƴƻǾŀǘƛƻƴ ŀƴŘ ŘŜǎƛƎƴΣ ŜƴƎƛƴŜŜǊǎ ǇǊŜǇŀǊŜ ŀ Ψ5ŜǎƛƎƴ .ǊƛŜŦΩ 

which defines the need and the required features of the desired product. 

Researchers can help designers build a comprehensive knowledge about the subject. 

Their hypothesis and experimental work opens new horizons in the minds of 

designers which may have not been realised or had been previously ignored. 

Research can also help introduce new materials or technical advancements which 

can enhance the level of design and production. The design brief, accompanied by 

related research form the foundation for designers to develop their ideas and create 

the best functionally and economically possible design proposal. In every proposal 

there is always the possibility of mistakes and unexpected problems. Analysts study 
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the proposal and break it down to smaller elements; consequently, they can map 

errors and malfunctions within the design. Using design analysis and prototyping 

techniques, product developers can modify the product and run finetuning processes 

before finalizing the design proposal in detail(Pugh, 1990).  

After the confirmed design, comes the next stage which can be seen as a transition 

from design to production. Conventionally, Process Planning can be regarded as the 

overlap of two major phases of design and production [Figure 2 .19]. The reason is 

that the work being done in this stage is closely related to both design and 

production. Traditionally it is not similar to either of them, yet, organizational plans 

are truly essential links that connect the design to production and to lead the way to 

manufacturing.   

  

 
Figure 2 .19 Design-plan-production  

Planning process connects the design and production phases in a traditional production system.  

Process planning is the act of identification of those required procedures, 

technologies and actions in order to fabricate components and pull them together to 

produce the intended artefacts. This plan has to be processed based on the 

production line intended to be used. Planning for production integrates the process 

plan and the design proposal into a timeline, based on the factory potentials and 

limits(Nam, 1990). [More of organizational planning is going to be discussed in 

chapters 2.6, 2.7 and 2.8]   

In fact, all the factors mentioned above can be seen as a very simplified view of the 

design process. Going deeper into the details of every aspect of the production 

course, shows that existing stages and their details can be fundamentally different in 

every production system and from one product to another. The complexity of each 
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part of the process and the number of operations involved is directly connected to 

the complexity of design and fabrication(French, 2010).  
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Figure 2 .20 The Pahl and Beitz model  

Pahl and Beitz flowchart, defining the design process in 1984 (Pahl & Beitz, 2006).  

    

  

 

Figure 2 .21 The Ohsuga Model  

Ohsuga model of design process released in 1989 (Ohsuga, 1989).  

Throughout recent decades, there have been many efforts to initiate a universal 

method of design and production to be used in all design projects which seek to 
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divide the whole process into certain steps and define a standard procedure to link 

them together. Despite all of these endeavours, until now there is not one design and 

fabrication process within which all details are approved by all experts so as to be 

declared as a standard procedure(Tunstall, 2006). There are many ways of 

conceptualising the process which vary in details but almost all can unanimously 

agree on those key process elements which start from an expression of a need then 

pass though many filters of analysis and the generation of a complete knowledge in 

regard to the implicit set of problems, constraints and solutions, followed by 

fabrication, investigation and application. The most recent paradigms recognise and 

include more elements into the previous way of thinking which support the lifecycle 

of the product and ultimate recycling.  

In 1984 Pahl and Beitz published a methodical design approach [Figure 2 .20], 

defining the design process (Pahl & Beitz, 2006). Key elements of their concept are 

demonstrated below:  

Å Data collection: gathering knowledge about the need, problems, limits and 

restrictions  

Å Concept generation: investigating possible answers   

Å Formation of the design proposal: transformation of the theoretical possibilities 

into controlled reality  

Å Refinement and development: to finalize the design proposal with analysis, 

measurements, supplies and features of every piece of the artefacts.  

In such systems the organization of the process is based upon the product where its 

production is based on a requirement to serve those exact needs of the users which 

were initially highlighted and investigated. Designers can categorize components of 

the product based on the features that suit the design process in order to simplify it. 

More complicated components also can be broken down into smaller, less 

complicated parts to ease design and fabrication. Nevertheless although such a 
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subset of components can be easier to design yet, it may cause some problems in the 

fabrication process unless appropriate strategies are in place(Pahl & Beitz, 2006).  

It can be seen that apart from the key stages of a design process, the flow of the 

process is also demonstrated in the model. This additional layer to the design model 

plays a key role in increasing the quality of products and the efficiency and 

productivity of different teams in every stage of the process and ultimately 

throughout the whole project. A well tuned model of the design process can 

guarantee the success of projects due to the fact that a suitable model can link 

different teams and organize the tasks within a suitably hierarchical structure.  

Five years later in 1989 Ohsuga released his model of a design approach(Ohsuga, 

1989). As illustrated in Figure 2 .21 and in a similar way to the previous model, the 

gradual evolution of the design happens through several stages of modelling, analysis 

and modifications.  

In this method repetitive iteration of each activity develops the concept and design. 

In each stage, the model circulates between different parties until the designer 

decides that it is ready for more detailed work and takes the model to the next stage. 

This flow of work continues right to the end where the finalized design proposal is 

ready. Again at this point the process and production planning method delivers the 

design to the manufacturing plant for production.  

The increasing pressure for faster processes imposed by market demands has made 

large scale companies attempt to conclude their research, design work, analysis, 

refinement, process and manufacturing planning stages almost at the same time. The 

two design trends which have been described above, when compared to current 

themes in design are notably old-fashioned. In response to the needs of the modern 

market they do not have much to offer. In addition, major changes happening in 

manufacturing systems make traditional practice less and less compatible with the 

new systems. In return relatiǾŜƭȅ ƴŜǿ ƳŜǘƘƻŘǎ ƪƴƻǿƴ ŀǎ Ψ/ƻƴŎǳǊǊŜƴǘ 9ƴƎƛƴŜŜǊƛƴƎΩ 
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seem to offer the best response for demands and changes at the moment(Cross, 

2008). Different aspects of concurrent engineering which are influential in many 

stages of the production process are going to be discussed in chapters 2.6 and 2.7.  

2.2.3. Design models and systems of communication  

First and foremost it is important to know that in a design project there can be many 

fundamentally different families of models which may define the design approach or 

establish the process of the design development or can only be models which just 

represent the design proposal. Any product while being developed in the design 

phase is a virtual entity. Designers use various kinds of metaphors encapsulated in 

virtual oǊ ǇƘȅǎƛŎŀƭ ƳƻŘŜƭǎ ώƪƴƻǿƴ ŀǎ ΨwŜǇǊŜǎŜƴǘŀǘƛƻƴΩ ƳŜǘƘƻŘǎϐ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜƛǊ 

ideas and transfer data amongst themselves [communication] and to be able to 

analyse, measure the qualities of the design, modify concepts and improve them with 

added details [Documentation] or many other purposes. Since the design method, 

the nature of the intended products and the complexity of the designs are different 

in every project, representational methods may vary from a simple concept in the 

ŘŜǎƛƎƴŜǊΩǎ ƳƛƴŘ ǘƻ ŀ ƳǳƭǘƛƳŜŘƛŀ combination for a situation involving greater 

complexity(Dym, 2012).  

Representation is one of the participant tools in the design process that has a 

constant presence in all stages of the production process. For example in the Pahl 

and Beitz model: the research team gathers information with the focus on needs and 

problems and transform this data into parameters and through them communicates 

with the designer who is then tasked with findings solutions which fulfil the stated 

requirements. These actions are expressed through 2D and 3D drawings or 3D virtual 

or physical models which provide sufficient information for analysts to run evaluation 

tests and suggest required amendments to the design group in order to modify the 

design proposal. A wide range of representational methods, from technical drawings 

to prototypes can be used for analysis and preparation of fabrication data or even 

pre-production marketing(McMahon & Browne, 1998).  
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2.2.4. Simultaneous and efficient  

Despite all of the technological improvements, technical drawings are still the most 

widespread method of representation to be used for documentation, records and 

communication among all of the other different groups in every production stage 

from pre-design and conceptual design to manufacturing and recycling preparations. 

Analysts and testers as a part of their job map errors and highlight aspects of the 

design which need alternation and improvement. Typically they return the drawings 

accompanied by analytical comments to the designers for amendment. This means 

that they should solve the problems and then reissue an updated version of the 

proposal. In most cases of very complicated products such an exchange happens 

more than one time and not just for design purposes but also for fabrication 

adjustments. This continuous pattern of trial and error is considerably time, cost and 

labour consuming. On the other hand simultaneous systems which focus on 

increasing productivity and efficiency try to group several consultants who are 

experts in every aspect of design and fabrication of a certain product, eliminate the 

wasteful course of trial and error and produce a flawless piece of design work through 

the seamless collaboration of specialists right from the initiation of the project in 

order to avoid any single defect in component compatibility through 

miscommunication amongst different parties, in a similar manner to what happens, 

for example, in a gradual evolution system(Hartley, 1998)(Nevins & Whitney, 1989).  

Like most conventional methods, concurrent engineering is not limited to the design 

phase and the system can also be seen as being applicable to pre-production and 

ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǎǘŀƎŜǎΦ ¦ƴƭƛƪŜ ŀƴ ΨƻǾŜǊ ǘƘŜ ǿŀƭƭΩ ǎŎƘŜƳŜ ώŘƻ ȅƻǳǊ ǇŀǊǘ ŀƴŘ ǘƘǊƻǿ ƛǘ 

over the wall for the next group] where process planning is being pursued in several 

separate stages and the potential for miscommunication is the largest disadvantage, 

simultaneous systems create a firm connection between all groups and factories. In 

the Figure 2 .22 a schematic comparison of conventional approaches and 

simultaneous engineering is illustrated(Prasad, 1997).  
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Although a concurrent flow of work has many positive features, it is not always an 

optimal choice; especially in cases which need unusual product planning and 

development. In these circumstances before starting on the production planning and 

other lifecycle issues, designers may need to primarily focus on unfamiliar or less well 

understood functional aspects of a novel design proposal until becoming assured 

about the feasibility of design and compatibility of all components(Aitsahlia, et al., 

1995).  

  

 

Figure 2 .22 Sequential and concurrent  
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Comparison of the sequential and simultaneous production. Extracted from (Prasad, 1997).  

  

2.2.5. CAD models  

Nowadays models of all kinds clearly play a key role in all design projects. Using these 

models, designers are able to develop their designs from initial concepts to fully 

detailed proposals and then prepare them for fabrication. These models are 

represented through various types of media and associated metaphors. Information 

presented within the design model can be seen as an established source of data with 

which to test the design proposal for desired features.   

By reviewing a simultaneous engineering oriented system it can be seen that many 

different types of design models are being used throughout the process. In many 

cases several models are being made or modified at the same time. While the model 

of physical features and dimensional details are under development, there is often 

opportunity for the concurrent development of other models containing (McMahon 

& Browne, 1998):  

Å /ƭƛŜƴǘǎΩ ƴŜŜŘ ŀƴŘ ŜȄǇŜŎǘŀǘƛƻƴǎ ǿƘƛŎƘ ŎƘŀƴƎŜ ŘǳǊƛƴƎ ǘƘŜ ǇǊƻŎŜǎǎ  

Å Feasibility limits  

Å Environmental impacts from the intended product  

Å Comparable features of the product for simulation and tests  

Lƴ ŀ Ψ/ƻƳǇǳǘŜǊ-!ƛŘŜŘ 5ŜǎƛƎƴΩ ǎȅǎǘŜƳ ŘƛƎƛǘŀƭ ǘŜŎƘƴƻƭƻƎȅ ƛǎ ŀ ǇƻǿŜǊŦǳƭ ǘƻƻƭ ǿƘŜƴ ǳǎŜŘ 

to share knowledge which concern various aspects of the project and which can also 

provide the functionality to create further design models for a variety of allied 

purposes. Basically, computers are capable of processing and storing data for the 

purpose of (Schodek & Bechthold, 2005):  

Å Representation and documentation  

Å Generation, simulation and evaluation  

What made computers the favourite tool for representation and documentation 

[computers are currently mainly dedicated to serve these purposes especially in small 

projects] is the automation of the drafting process and the elimination of recurring 
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procedures in drafting where users can copy and modify similar components of any 

product instead of drawing them by hand repeatedly. In addition these machines 

compute data with both great speed and accuracy thereby increasing the 

productivity of the design process and raising the quality of products. Dealing with 

complicated designs [such as curved surfaces] is also an important aspect of the 

ƳŀŎƘƛƴŜǎΩ ŎŀǇŀōƛƭƛǘƛŜǎΦ Lƴ Ƴŀƴȅ ŎŀǎŜǎ ƘǳƳŀƴǎ ŀǊŜ ƴƻǘ ŀōƭŜ ǘƻ ǇǊƻŎŜǎǎ ŎƻƳǇƭŜȄ 

geometries accurately; in other words it is getting harder to create complicated 

volumetric models without applying computers.   

Currently, there is not much evidence of computer use throughout the very initial 

stages of design. This is because of a lack of precise information about the desired 

qualities of the products. A computer functioning in the role of a design generation 

tool is totally reliant upon given parameters and human intervention. After all they 

just process and analyse provided data based on constraints which are defined by us, 

the human(Kolarevic, 2005).  

2.2.6. Constitution of Computer -Aided Design  

CAD whether being regarded as a tool or a system, has been formed by elements 

namely (Ingham, 1990):  

Å Electronic devices, also known as visible parts of a computer or hardware  

Å Applications and programs which organize the work of hardware to serve a 

certain purpose known as software  

Å Raw material or information which needs to be processed. Information can 

also be produced by computers which used some data primarily.  user 

interaction  

Basically Computer-Aided systems are computer applications which are empowered 

by computer hardware. Figure 2 .23 shows the hierarchy of a computers function 

ǘƘǊƻǳƎƘƻǳǘ ŘŜǎƛƎƴΦ 9ƭŜƳŜƴǘǎ ƻŦ ŎƻƳǇǳǘŜǊǎΩ ǿƻǊƪ ƛƴ ŎƻƳǇǳǘƛƴƎ Řŀǘŀ Ŏŀƴ ōŜ  

(Kolarevic, 2005):  

Å creation of virtual models of geometric measures  
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Å design evolution and improvement  

Å visualization for the purpose of communication and presentation  

Å operator interface as a bidirectional communication to input data and 

receive feedback  

Å Documentation and keeping records of information to create a virtual base 

for all parties referral.  

Å Analytical elements which extract data for different intentions  

Å System tools which are not influential on the geometry of design but define 

parts of the process such as machining details in manufacturing.  

The data processing can be performed by a single software package or in some 

cases several compatible computer programs can process information. A 

program may also have access to several resources to gather data or store all 

information in one database(Krygiel & Nies, 2008).  
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Figure 2 .23 CAD systems  
Schematic definition of a CAD system (McMahon & Browne, 1998).  
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2.3. Conventional and digital geometric models for design  

2.3.1. Introduction  

In the previous section some approaches to the design problem, exhibiting common 

stages of design that are shared by different systems have been discussed. It has also 

been mentioned previously that apart from the design proposal models [popularly 

the geometric model of products are represented by technical drawings] there are 

models which define the engineering process and strategies of design and fabrication 

in which information can be held using a variety of types of media such as charts and 

flowcharts. A variety of representation techniques which are comprehensible by the 

whole system can be used as a common language to connect stages of the process 

and different parties.   

This chapter attempts to study the methods which have traditionally been used as 

representational tools to imply the volumetric formation and geometrical details of 

the intended product. It also demonstrates the quality of the integration of CAD 

systems into the design process in order to evolve modelling representation and 

consequently design.  

2.3.2. Conventional representation  

The most popular representation method throughout the past centuries has been the 

technical drawings. The history of Technical Drawing [known as drafting, draughting] 

dates back to antiquity when this representational technique was broadly used to 

plan and construct buildings. However, to a large extent, what we use today as a tool 

in our projects is a result of the work of Gaspard Monge [Figure 2 .24] a military 

engineer who introduced the orthogonal elevation and plan in drawings. The 

technique which is known as descriptive geometry is basically used to depict 3D 

objects in 2D projections (Baynes, 1981) (Booker, 1979). Technical drawing and 

descriptive geometry has become respectively the common language of design all 
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around the world. However these flat drawings can carry very useful information 

which is mentioned briefly below (Wright, 2011):  

Å [ƛƴŜǎ ŘŜƭƛǾŜǊ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ƻōƧŜŎǘǎΦ ±ŀǊƛƻǳǎ ΨƭƛƴŜǘȅǇŜǎΩΣ ǘƘƛŎƪƴŜǎǎŜǎ ƻǊ 

colours are used to differentiate function and different lines have different 

significance.  

Å Sections are views, revealing inner parts of objects  

Å 5ƛŦŦŜǊŜƴǘ ǾƛŜǿǎ ŀǊŜ ŘŜŦƛƴŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǾƛŜǿŜǊǎΩ ŘƛǊŜŎǘƛƻƴ ƻŦ ǎƛƎƘǘ  

Å Parallel projections are based on the original scale   

Å Perspective projections also carry depth of view and represent a more realistic 

3D view of objects but scales are variable based on the angle.  

Å Drawings basically show the form of objects and can utilize added annotations 

which carry other data such as dimensions.  

Figure 2 .24 Gaspard Monge  

Gaspard Monge the inventor of 

descriptive geometry [the mathematical basis of technical] and the father of differential geometry drawing. Picture 

and description (Wikipedia-d, 2013).  

In some cases in order to eliminate time consuming drawing of the same components, 

certain signs or conversations are used to substitute for complicated geometry. These 

signs are both ubiquitous and recognized by all people using 2D draughting 
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techniques or may be appointed as a set of default conventions in companies 

(Bielefeld & Skiba, 2006).  

As well as the common use of models for describing and communicating geometry 

the use of technical drawing has evolved a language comprised of a common 

vocabulary and grammar composed of symbols. Figure 2 .25 shows a refrigerator 

door alarm circuit diagram which uses standard symbols and annotations to 

represent the electrical circuit of the product. The use of well defined standards in 

terms of symbols and their usage is essential to avoid confusion between different 

parties engaged on the design process. There are many standards recognized by 

various institutions in which signs representing certain activities, objects and 

components (Bielefeld & Skiba, 2006).  

 

Figure 2 .25 Schematic electronic design  

wн Ґ м Y ʍ  

wп Ґ мл Y ʍ  

C1 = C2 = 10 µF  

C3 = 0.47 µF  

tм Ґ мл Y ʍ  

tн Ґ нр Y ʍ  

D1 = 1N4148  

U1...U4 = 4093  

Refrigerator door alarm circuit diagram (Marian, 2010).  

  

Various kinds of diagrams exist and each of them is designed for a certain purpose. In 

every stage of the design process we may require some sort of them. For example if 
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we initially want to show the hierarchy of processes or connection between 

components a block diagram may be the best solution Figure 2 .26.  

  

 
Figure 2 .26 Block diagram  

Block Diagram showing a transmission system (Viel, 2009)  

  

Using this representational tool, designers can break the whole project down into 

smaller components to cope with more complicated designs. The same applies to 

volumetric models; diagrams can develop to more detailed levels. The approach is 

ŎŀƭƭŜŘ ΨǘƻǇ-ŘƻǿƴΩ ǿƘƛŎƘ ŀ ǎŎƘŜƳŀǘƛŎ ŘŜŦƛƴƛtion of that is illustrated in the Figure  

2 .27.  

 

Figure 2 .27 The Top-Down approach  

An approach where based on the necessity, new set of information and details should be provided to explain 

smaller systems which work within larger systems.  

Traditional methods of representation have been effectively used for many decades 

in design, fabrication and in the construction of countless products due to the limited 

complexity of the design and the requirement for relatively straightforward 
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processes. This also applies to almost all systems which can be planned and defined 

by flowcharts and diagrams. Rules or standards defining the representation 

framework and symbols became a common language which connects all designers, 

technicians, consultants and others involved in the design process.  

Eventually and by the end of the 20th century fundamental shortages and constraints 

of technical drawings and manually designed diagrams had confined the capability of 

the traditional methods; they appeared to be insufficient in order to remain dominant 

and responsive to the new needs imposed by more recent projects. First and 

foremost, there is a need for persons who are trained as draftsperson that have 

learned how to draw symbols and know the rules and styles of a universal drafting 

ŦǊŀƳŜǿƻǊƪ ƻǊ ŀ ŎƻƳǇŀƴȅΩǎ ƻǿƴ ǎŜǘ ƻŦ ǎǘŀƴŘŀǊŘǎΦ ¢ƘŜ ƴŜȄǘ Ƴƻǎǘ ƛƴŦƭǳŜƴǘƛŀƭ ŘŜfect of 

traditional methods is the constant presence of possible misperception due to the 

ƻǊǘƘƻƎƻƴŀƭ н5 ŘǊŀǿƛƴƎǎΩ ƭŀŎƪ ƻŦ ŀōƛƭƛǘȅ ǘƻ ǊŜǇǊŜǎŜƴǘ ƳǳƭǘƛǇƭŜ ǾƛŜǿǎ ƻŦ ƻōƧŜŎǘǎ 

instantaneously and on demand. A simple error in using symbols may result in a 

dramatically different product. It is a fatal obstacle against the timescale of projects 

and such defect weakens the connection of different groups in design departments 

and the connection of the design departments to the manufacturers. Additionally 

each mistake calls for the redrawing of the whole set of documents. And last but not 

least is the inability to represent complicated designs such as curved surface as 

commonly used in the aerospace and car industries. Most of the time it is impossible 

to realize or to figure out the connections between several components in a highly 

complicated system while just drawing on paper and by hand [Figure 2 .28] (Simmons 

& Maguire, 2012).  
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Figure 2 .28 Manual drafting  
Manual draughting is a labour intensive and time consuming process. Picture (Beutel, 2009).    

2.3.3. Computer -aided representation  

It has been mentioned before that the integration of computers into design and 

fabrication systems can introduce new solutions for processes and products, but 

currently they are mostly applied to advance the existing and conventional methods. 

¢ƘŜǎŜ ŀŘǾŀƴŎŜƳŜƴǘǎ ƘŀǾŜ ŎƻƳŜ ŀōƻǳǘ ǘƘǊƻǳƎƘ ǘƘŜ ŎƻƳǇǳǘŜǊǎΩ ŀōƛƭƛǘȅ ǘƻ ƎŜƴŜǊŀǘŜ 

models or to add dimensional and production details based on given parameters and 

through elimination of recurring procedures in drawings and other representation 

methods. All the refinements on design models can be determined by only making 

changes on the existing digital model without the need to redraw the whole technical 

documents or rebuilding the model from the scratch. In addition, the remarkable 

accuracy of the Computer-Aided Representations is now becoming almost 

irreplaceable in production of complex products (McMahon &  

Browne, 1998) (Kolarevic, 2005)  

The techniques and standards which are being enforced in computer drafting are 

similar to the rules in conventional methods. Even products of the two different 

techniques either being printed on paper sheets or displayed on computer screens 

may look the same; although the digital versions are usually capable of carrying out a 

lot more actions. Either prepared digitally or manually, all 2-D geometric 

representation models are composed of different types of lines and dots. Their 
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length, positions, directions and angles are assigned by coordinates on the X and Y 

axis [Figure 2 .29].   

Unlike traditional technical drawing, computer drawings are drawn in full scale. The 

limit of drawing size is dependant of the capacity of data storage units whereas 

conventional drawings are limited to the size of the drawing sheet. The ability to draw 

at full scale means that the possibility for errors is much less in ComputerAided 

drawings. In addition it is worth pointing out that the digital capabilities of digital 

systems have made the drafting much more efficient than other traditional methods.  

 

Figure 2 .29 Digital drafting  

Digital drafting has almost the same appearance as the traditional techniques but digital capabilities have made it 

much more flexible efficient. Picture (Classical Drafting).  

  

Using CAD applications solely as drawing tools means that most of the progress in 

ǘŜŎƘƴƛŎŀƭ ŘǊŀǿƛƴƎǎΩΣ ƳŜǘƘƻŘǎ ƻŦ ŘƛŀƎǊŀƳ ŘǊŀǿƛƴƎ ŀƴŘ ǘƘŜ Ǿƛǎǳŀƭ ǎǘŀǘŜ ƻŦ ǘƘŜ ŘǊŀǿƛƴƎǎ 

in computers would be similar to traditional methods. Boxes, lines, curves and 

connections are drawn and standard signs should be placed by operators. In many 

computer applications there may be some templates for shapes, symbols and 

connections. These, facilitate making diagrams but basic CAD applications do not 

carry the ability to analyze and evaluate diagrams and inform users about errors. 

Specific diagram production software has been developed which can be used in 
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various industries and can characterize symbols and connections in virtual diagrams 

and can eveƴ ǊŜǇƭƛŎŀǘŜ ǎȅǎǘŜƳǎΩ ōŜƘŀǾƛƻǳǊ ƛƴ ǘƘŜ ǊŜŀƭ ǿƻǊƭŘΦ  

2.3.4. Computer -aided 3D modelling  

One of the major advancements of Computer-Aided representation and visualization 

is that it has given the ability to designers and operators to create virtual 3-

Dimensional geometric models of products and work with a more realistic view 

towards evolving their designs. 3-D models provide a good volumetric understanding 

of an object and can help to eliminate errors caused by misunderstanding flat 

representations by providing real-time views from different angles on demand.  

Although there are several ways to create a 3-D model, they are always produced in 

a GCS [Global Coordinate System, XYZ axis] using lines, curves, faces and solid 

components. The resulted models can be represented in a number of forms some of 

which can be categorized as below:  

Å Wire frame: a Wire-Frame model uses lines and curved segments to represent 

the edges of the geometry  

Å Planar definition: these models present geometry through demonstration of 

all ƻǊ ǇŀǊǘ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΩ ƛƴƴŜǊ ƻǊ ƻǳǘŜǊ ǎǳǊŦŀŎŜΦ  

Å Solid components: the first two models use two dimensional elements to 

illustrate a three dimensional virtual object. Those models could be used for 

visualization and many other purposes. But they are defective when 

simulation, analysis and digital fabrication are the intention. Thus a solid 

ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ƻōƧŜŎǘǎ ƛǎ ōŜŎƻƳƛƴƎ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ƻƴ ŘŜƳŀƴŘ ƛƴ ǘƻŘŀȅΩǎ 

engineered design and fabrication.  

So far what has been discussed was generally focused on the application of 

computers and digital application facilitating activities which used to be performed 

by hand and has also briefly introduced the extra capabilities added by the digital 
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technology. The following sections are intended to focus more on the features which 

are specific to digital technology.  
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Part two: Design  

2.4. Digital models and design  

2.4.1. Introduction  

The basis of relatively new CAD systems and their application to design 

representation and modelling has been briefly defined in the previous chapters. 

Chapter 2.4 attempts to illustrate the predominance of the practical application of 

Computer-Aided technologies exclusively in the design process and argues as to 

/!5Ωǎ ƛƴŦƭǳŜƴŎŜ ƻƴ ŘŜǎƛƎƴ ŜǾŀƭǳŀǘƛƻƴ ǘƻ ŘƛǎŎƻǾŜǊ ǘƘŜ ǇǊƻŘǳŎǘǎΩ ŀōƛƭƛǘȅ ǘƻ ǎŜǊǾŜ ǘƘŜ 

needs of the users and also how designers can program computer applications to run 

automated design-related procedures.  

Throughout this section of the chapter, a vision of 2D and 3D representational models 

in projects is initially presented. Afterwards the application of CAD models in 

volumetric reasoning and Finite Element Modelling [FEM] is discussed which is 

followed by defining the expanded capabilities of CAD applications in order to fulfil 

ǳǎŜǊΩǎ ǳƴƛǉǳŜ ƴŜŜŘǎ ƛƴ ŘƛŦŦŜǊŜƴǘ ŀǇǇƭƛŎŀǘƛƻƴ ŀǊŜŀǎΦ  

2.4.2. CAD and technical drawings  

The influences of CAD on design representation such as modelling complicated 

objects, instantaneous production of limitless views from different angles and 

modification of components at any stage of design have been discussed before; yet, 

it is not only geometry and form that comprise technical drawings. Several groups of 

data accompanying the model make them operative for analysis and production 

(Rooney & Steadman, 1997).   

Nowadays most CAD applications can enable users to categorize elements in product 

models in elective groups. These groups of objects and components are often called 

layers. Each layer may carry certain features which are defined by the designers or 

draftspersons and are assigned to all the elements included in that category [Figure 
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2 .30]. These features can be related to a wide range of definitions from thickness 

and type of lines [used in representation] to colours, materials, etc. [used in 

evaluation and production planning and machining] or even to determine what 

groups should be displayed or hidden in certain views and so on. This way, 

modifications become more easily accomplished. These methods of structuring a 

drawing are often defined as standards within a company or an industry and are 

stipulated from the outset of any collaborative design work (Kugathasan & McMahon, 

1997) (Finkelstein, 2011).  

 

Figure 2 .30 Layers in CAD  

Layer management Application. Picture (smartcode, 2012).  

    

In every model, information packages which are added to the modelling geometry via 

footnotes, dimensions, hatches, etc. are essential for communication and realization 

of the design. CAD technology facilitates the process of adding this information and 

this organization of data in digital models by commands and tools which automate 

the process. For the task being undertaken it is only a matter of selecting objects and 

elements of the design by the users. The intrinsic ability to perform such actions 

ensures that the results are free of human mistakes and unexpected errors.  
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Apart from all the benefits of CAD annotating applications there are some 

disadvantages which are mentioned below (Ozok & Zaphiris, 2011) (Wright, 2011):  

Å Most of the CAD annotation applications are designed to respond to various 

ǎǘŀƴŘŀǊŘǎΤ ōǳǘΣ ƛƴ ǎƻƳŜ ŎŀǎŜǎ ǘƘŜǊŜ ŀǊŜ ǎƭƛƎƘǘ ƳƛǎŦƛǘǎ ǊŜƎŀǊŘƛƴƎ ŎƻƳǇŀƴƛŜǎΩ 

drafting standards. Sometimes it takes a long time to adjust options in order 

to fit the desired method.  

Å CAD software developers try to design a versatile application by adding several 

standards to their systems but such broad information and style make those 

applications appear quite hard to use for new users.  

Å Most of the CAD applications allow users to annotate their designs both 

manually and automatically. Although the default automated tools are 

supposed to ease the process and make them more accurate and fast; yet, 

sometimes using automated CAD tools are relatively more difficult to add 

annotations to a busy model compared to manual methods (Figure 2 .31)  

(Figure 2 .32).  

Å CAD tools may become unresponsive when there is a simple defect in drawing.   

 

Figure 2 .31 Annotation  

A manually annotated 2D technical drawing operating in TurboCAD. Picture (TurboCAD).  
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Figure 2 .32 Automated annotation  

Annotation using automated CAD tools. Picture (PLM Engineering).  

Perhaps one of the major advantages of CAD systems can be found in their ability to 

copy and paste large amount of graphical information. This could be through copying 

elements and lines inside a single document or importing and exporting data from 

and to other documents and the use of readymade templates. Functions such as 

rotation, mirror, copy, rescaling and many other modification tools make it possible 

for a draftsperson to adjust repetitive elements in the desired position [Figure 2 .33].   

 

Figure 2 .33 Modification tools {ŎǊŜŜƴǎƘƻǘ ƛƭƭǳǎǘǊŀǘƛƴƎ ǘƘŜ ΨƳƻŘify 

ǘƻƻƭōŀǊΩ ƛƴ !ǳǘƻŘŜǎƪ !ǳǘƻ/!5 нлмнΦ   
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In more recent versions of CAD applications there are guides for users which make 

modelling much easier. Polar tracking, object snaps, grids and many other drawing 

guides keep drawings accurate as well as easier to work with [Figure 2 .34]. CAD 

models should be drawn accurately and to scale in order to allow automated 

procedures to add annotation to the design. Duplicated elements such as lines which 

are common in 2-D Drawings which when extracted from 3-D models can cause errors 

in automated procedures. Monitor displays are mostly not large enough to illustrate 

enough details. Although zoom tools sometimes can confuse users and be time 

consuming to use; they can provide views with required details in every step of 

drafting process for more accuracy (Finkelstein, 2011).  

 

Figure 2 .34 Drawing guides  
Screenshot showing the drawing guide band and some of the object snap choices in Autodesk AutoCAD 2012. 

    

2.4.3. Three dimensional modelling in action  

From the mid 20th century when the CAM concept was introduced, numerous efforts 

in this field have been focused on gathering all of the planning, testing and production 

information for every project into a single source which would be accessible for all 

members ƻŦ ǘƘŜ ǇǊƻƧŜŎǘǎΩ ǘŜŀƳǎΦ ¢ƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ŜƭŜƳŜƴǘ ƻŦ ǎǳŎƘ ŀ ŎƻǊŜ ǿƻǳƭŘ ōŜ 
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a virtual 3D model. Today such a system is being used in many companies and the 

number is growing every day. Even so, the method is arguably not as widespread as 

it deserves to be (Krygiel & Nies, 2008). In order to discuss the reasons it would be a 

good start to point out that although modelling has become easier using computers, 

it is also true that modelling highly complicated geometries calls for computer 

operators with a high level of proficiency and the use of advanced applications. 

Companies have to devote considerable resources to train staff based on their level 

of work and standards and also in the procurement and maintenance of software and 

peripheral systems. 3-D modelling has always been dependant on computer 

hardware. To run a heavy modelling project, companies have to be well resourced 

and need to equip their offices by very capable and up to date computer hardware 

supported by high capacity RAM, large storage devices, powerful CPUs and Graphic 

adaptors which are normally very expensive. Another weakness of the digital models 

is the need for the continuous presence of computers in order to have access to the 

models and to add or extract information from them. The latter problem is gradually 

being solved as numerous types of portable and effective devices are being 

introduced to the market almost every day. And last but not least, when the 

production method is not a Computer-Aided process which would be based on a 

direct link between design, planning and fabrication, we still need to produce 2D 

annotated drawings of some kind to express design features in addition to product 

manufacturing and construction data.   

Such shortcomings of CAD applications are not permanent obstructions and have 

been the subject of many research projects. Software companies like Autodesk and 

Bentley and many others develop and progress their CAD software and release new 

versions in relatively short periods of time. Processor manufacturers sucƘ ŀǎ ΨLƴǘŜƭΩ 

ŀƴŘ Ψ!a5Ω ǇǊƻŘǳŎŜ ŦŀǎǘŜǊ ƘŀǊŘǿŀǊŜ ŎƻƳǇƻƴŜƴǘǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŘŜƳŀƴŘƛƴƎ 

market. Getting more and more involved in CAD/CAM technologies makes companies 

more eager to make investment and benefit from the seamless technology which 

would allow them to extend the levels of creativity and productivity in their projects. 
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Even though the application of 3D models is not definite in all design projects, but 

some certainty exists when we talk about (Kolarevic, 2005):  

Å Representing a complicated surface such as aircraft body which is not possible 

by traditional technical drawings.  

Å Abandoning the physical prototypes in order to test the design, such as what 

which has happened in designing the 777 Boeing. This way prototypes of many 

more design proposals can be tested in much cheaper ways; therefore the end 

product is going to be more accurately evaluated and the resulted data are 

more reliable and also there is going to be less waste of materials and time for 

evaluation purposes [Figure 2 .35]   

Å Computer-Aided Manufacturing which is based on 3D digital models and 

direct link of design and fabrication [or File to Factory technology].  

Å Accurate design of complicated components which is mostly impossible using 

traditional methods.  

 

Figure 2 .35 Digital analysis  

/C5 ώ/ƻƳǇǳǘŀǘƛƻƴŀƭ CƭǳƛŘ 5ȅƴŀƳƛŎǎϐ ǘƘŜǊƳŀƭ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ ǊŜǎǳƭǘǎ ǳǎƛƴƎ Ψ¢ƘŜǊƳƻ !ƴŀƭȅǘƛŎǎΩ ǘƘŜǊƳŀƭ ŀƴŀƭȅǎƛǎ 

software. Picture and description (ThermoAnalytics Inc.).  

  

As previously mentioned, when working with traditional fabrication methods, various 

views of 3D models need to be converted to 2D, flat technical drawings with added 

annotation arranged in a sheet to be printed and shared with the production team. 
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In many of the older versions of CAD applications, raw raster images could not be 

used for representation and annotating and needed some modifications to fix lines 

which may not be in a desired segmented manner or need layer rearrangement to 

define design properties. However such shortcomings are becoming less relevant in 

the most recent versions of the CAD applications due to the persistent development 

and progress.   

In many projects, 3D models may be used only for 2D representation; nevertheless 

even in the creation of technical drawings there are benefits in using 3D CAD models 

as follow (Autodesk, 2009):  

Å /ƭŜŀǊ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŎƻƳǇƻƴŜƴǘǎΩ ŎƻƴƴŜŎǘƛƻƴǎ  

Å Production of realistic sections on demand for geometry testing   

Å Accurately generating flattened views of complicated skins of components 

also known as developed surface [Figure 2 .36]  

Å Ability to manipulate models and examine results to reach the desired 

geometry  

 

Figure 2 .36 Developed surfaces  
A developed surface of a sliced cone in Rhinoceros software. Picture (Autodesk, 2009).    
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2.4.4. Evaluation of design  

From the initiation of a design project, several models of various types each 

concerning certain aspects of the products are produced to create a platform for the 

design work and representation, however the core models are those representing 

geometry and structure. Other forms of models are either developed from these or 

would be regarded as additional information completing the geometric models. 

Additional models may be in the form of analytical and production engineering 

models.  

Design proposals are subject to many tests from different aspects. These tests 

comprise a wide range of evaluations from material choices and the feasibility of 

production to the assembly of components and post production features such as 

stability, environmental impacts, the level of response tƻ ǳǎŜǊǎΩ ƴŜŜŘǎ ŀƴŘ ŜǾŜƴ ŜƴŘ 

of life disposal. Depending on the complexity and sophistication of the final products 

many groups of analysts and testers apply a number of methods to assess their 

products. Sometimes in order to test a certain feature of design it is not possible to 

run all the tests on a volumetric model of design and, based on given data, as it can 

be seen in Figure 2 .37 engineers can produce a secondary duplicated parametric 

model of components to gather the necessary information (McMahon, et al., 1995). 

Other sorts of secondary models exist which may be produced in any stage of the 

design and planning process as needed. Their existence can be based on their 

application which can be temporary or long lasting [e.g. models of product lifecycle]. 

In some cases tests may be run on each component separately, whereas sometimes 

the work of one component is influenced by the work of some others. In this case the 

whole system is usually divided into subsystems and technicians run tests on each 

subsystem to analyse constitutive components (Kolarevic, 2005).  
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Figure 2 .37 Digital evaluation  

An illustration showing the result of thermal evaluation of Graphic adaptor chipboard used in personal 

computers prepared using a parametric model carrying heat ǇǊƻŘǳŎǘƛƻƴ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ōƻŀǊŘΩǎ ŎƻƳǇƻƴŜƴǘǎΦ 

In this case there can also be a model showing electrical circuit of the parts. Picture (Electronics Weekly.com, 

2013).   

Finite Element Method [FEM], amongst all of the evaluation techniques, is an example 

of a powerful method, capable of providing comprehensive results by running tests 

on design proposals and products in regard to various aspects of technical, 

performance-based and volumetric features and is highly popular among designers 

and manufacturers.  

The basic concept of the finite element analysis is to deal with highly complicated 

problems by breaking down the whole system into smaller parts and solve the 

problem in each smaller component individually. The sum total of the results of 

individual analysis of parts is an approximation of the answer for the whole system. 

In this concept the small elements which form the totality of systems are named as 

Finite Elements (Mottram & Shaw, 1996).  Basically in a FEM analysis system, large 

problems are divided into smaller problems which could be resolved much more 

easily. This technique may be used in design and manufacturing of complicated forms 

and objects. In order to design and manufacture a complicated forms such as multi 

curved surfaces, they could be broken down into more manageable shapes which 

allow more accurate calculations and therefore improves the feasibility of the 

realisation of such complicated forms for example in building construction.  

2.4.5. Spontaneous design organizations  

CAD systems have been designed and developed to facilitate the design itself and 

broaden the limits of product design and feasibility of production. Some users take it 
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even further and begin to modify CAD applications to integrate them more into their 

type of requirements and thereby switch repetitive, time consuming routines into an 

automated system of work. Nowadays organization modification and customization 

is a crucial activity in the work process of many companies to benefit from the most 

celebrated strength of many CAD applications.  

In cases where the same elements or geometries are being used, the role of 

ŎǳǎǘƻƳƛȊŀǘƛƻƴ ŀƴŘ ǇǊƻƎǊŀƳƳƛƴƎ Ƴŀȅ ōŜ Ƨǳǎǘ ŀ ǎǘŜǇ ƛƴ ǘƘŜ ŘŜǎƛƎƴΦ ²ƘŜƴŜǾŜǊ ǘƘŜǊŜΩǎ 

a similar standard in a process it can be automated to save time. At a more advanced 

level designers extract the grammar of their design and define its features and 

constraints by parameters and variables of the context. When a situation changes it 

induces changes upon the variables and parameters, thus the result fits the new 

constraiƴǘǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǎƛƎƴΩǎ ŦǳƴŘŀƳŜƴǘŀƭ ŎƻƴŎŜǇǘΦ 5ǳǊƛƴƎ ǊŜŎŜƴǘ ȅŜŀǊǎ ŀ ƭŀǊƎŜ 

amount of research has been conducted towards the development of the Knowledge-

based systems which can run analysis, extract data and modify design based on 

varying parameters. Advancements in the realm of the Artificial Intelligence 

technology and robotics have also been influential on automated design procedures 

(Leyton, 2006) (Leyton, 2011).  
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2.5. CAD a breakthrough in the quality of design  

The following chapter discusses an emergent view in design which considers 

computers as tools to automate the design, planning and engineering process. It 

discusses the current theme in which these approaches work and in some cases 

brings up some suggestions which can develop the abilities of those methods. Topics 

such as Artificial intelligence, Knowledge Based Engineering [KBE], parametric design 

and feature-based techniques are in fact extensions to generic CAD applications and 

serve to promote them from being just used as representation tools and so allow 

them to be more and more involved in the actual act of designing geometries, 

components, objects and planning automated fabrication process.  

2.5.1. Introduction   

Nowadays, it is widely acknowledged that CAD systems are inseparable elements of 

most of the manufacturing industries and consequently have become the 

mainstream of design organization in numerous companies. As has been mentioned 

in previous chapters, the current theme of applying such systems is not so prevalent 

in the initial stages of design such as conception and form generation. Computers are 

mainly used as tools, simulating the design geometry and processing design 

information about fits and CAD applications can be used to develop analytical models 

and provide the ability to run tests on them; yet, they do not have a direct influence 

on decision making about form generation or the suitability of  suitable structural 

systems. Computers may extract fabrication and planning data and perform 

sequential programming but, for instance, they cannot choose materials which serve 

the purpose both functionally and financially due to the current reality of the market.  

The nature of CAD models sometimes makes them less applicable to model the 

geometry of products during the initial stages of design, when designers experiment 

with various objects and elements and forms which do not possess a tangible scale 

and position. Traditional paper, pencil and hand drawings are still the most favoured 

design tool at this stage. In general, CAD models mostly need engineering data and 
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specified features of products to be influential and most designers in the early stages 

of design prefer to use hand sketches and metaphors of elements to experiment with 

forms and geometry because it is more creative, faster and easier to manipulate, 

where they can draw several sketches and compare them visually just in a few 

seconds (Aliakseyeu, et al., 2006).  

Throughout recent years much research has been directed to the development of 

Artificial Intelligence as well as computer integrated systems and information 

technology to involve CAD more and more in the process of geometry generation. 

Computer-Integrated systems provide a number of alternative organizations of 

ŎƻƴŎŜǇǘǎ ǘƻ ōǳƛƭŘ ŀ ŦƻǳƴŘŀǘƛƻƴ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴŜǊǎΩ ǿƻǊƪΦ   

The combination of these new methods and systems causes a dramatic change in the 

process of product design, representation, planning and manufacturing. A more 

recent trend in design methodology is to create several working models based on all 

of the necessary fields of information which are essential for the progress of work. 

These information or geometric based models are then used to generate knowledge 

as to different aspects of the project and serve to develop the concepts right down 

to the narrowest and deepest details. These models may gather together and form a 

stronger source of information with the ability to mix all of the model information in 

databases as a core component of a modern production systems has been developed 

into a new organisational concept [Figure 2 .38].This core of data can be accessible 

based on predefined limits for all of the projects members.  

2.5.2. Computers which think?  

!ǇǇƭƛŎŀǘƛƻƴǎ ƻŦ Ψ!ǊǘƛŦƛŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜΩ ώ!Lϐ ƘŀǾŜ ōŜŜƴ ǿƛŘŜǎǇǊŜŀŘ ƛƴ ŀ ƭŀǊƎŜ ǾŀǊƛŜǘȅ ƻŦ 

industries. For a long time mankind has been dreaming about the creation of 

ƳŀŎƘƛƴŜǎ ǿƘƛŎƘ Ŏŀƴ ƳƛƳƛŎ ǘƘŜ ƘǳƳŀƴΩǎ ǇƘȅǎƛŎŀƭ ŀƴŘ ƳŜƴǘŀƭ ōŜƘŀǾƛƻǳǊǎΦ  .ȅ ǘƘŜ ǘƛƳŜ 

researchers conceived the concept of a computer with the capability of the human 

mental behaviour designers become attracted to the application of such tools in their 

design work. The radical effort to recreate human intelligence via computers is still a 

topic of debate and faces severe criticism about its practicability.  
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Nevertheless there is another less intensive view toward the technology which seeks the 

production of computers that can simulate the real world context; some aspects of this 

philosophy currently exist. Applications can be used to mimic the decision making process of 

the human mind to overcome the problems in better ways in comparison to conventional 

methods (Jagdev, et al., 2004).  

 

Figure 2 .38 Organizational approach  

An example of organizational approaches demonstrating the connection of various models of design in a data data 

core. Extracted (Spur, et al., 1989).  

Studies in the field of AI and its applications in design are mainly focused on 

computing design data and form generation, analysis, regeneration and modification 

based on all of the input parameters. This process depends on a logic that can turn 

information into different forms of representational models, as required by 
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designers. Systems that run this kind of exploratory activity in the field of AI are 

known as expert systems or in a wider view knowledge based systems (Pahl & Beitz, 

2006).  

¢ƘŜ ǘŜǊƳ Ψ!ǊǘƛŦƛŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜΩ ǿŀǎ ŦƛǊǎǘ ŎƻƛƴŜŘ ōȅ WƻƘƴ aŎ/ŀǊǘƘȅ ώмфррϐ ǿƘƻ 

ŘŜǎŎǊƛōŜŘ ƛǘ ŀǎ άthe science and engineering of making intelligent machinesέ 

όaŎ/ŀǊǘƘȅΣ нллтύΦ ол ȅŜŀǊǎ ƭŀǘŜǊ Ψ.ǊŀŎƘƳŀƴΩ ŀƴŘ Ψ[ŜǾŜǎǉǳŜΩ ŘŜǎŎǊƛōŜŘ ǘƘŜ Ƴƻǎǘ 

ǎƛƎƴƛŦƛŎŀƴǘ ƛƴǘŜƴǘƛƻƴ ƻŦ !L ŀǎ άwriting down descriptions of the world in such a way 

that an intelligent machine can come to new conclusions about its environment by 

formally manipulating these descriptionsέ ό.ǊŀŎƘƳŀƴ ϧ [ŜǾŜǎǉǳŜΣ мфурύΦ ¢ƘŜ ōŀǎƛŎ 

feature of a knowledge-based system [Figure 2 Φофϐ άis a formal and explicit 

representation, stored in a knowledge base, of the knowledge pertaining to a given 

area [or domain] of activityέ όaŎaŀƘƻƴ ϧ .ǊƻǿƴŜΣ мффуύΦ ¢ƘŜ ǎȅǎǘŜƳ ǊŜǇǊŜǎŜƴǘǎ 

data [concepts and protocols of relationships] using a certain language consisting of 

symbols and well defined metaphors which conduct system outputs. An inference 

Engine computes the data which has been gathered in the Knowledge base to exploit 

ƴŜǿ ƛƴŦƻǊƳŀǘƛƻƴΦ ¢ƘŜ 9ƴƎƛƴŜΩǎ ŀŎǘƛǾƛǘȅ ώŜΦƎΦ ŦƛƴŘƛƴƎ ŜǊǊƻǊǎ ƛƴ ŀ ǎȅǎǘŜƳϐ ƛǎ Ƴŀƛƴƭȅ ōŀǎŜŘ 

on search and comparison of the default data that has been defined by the system 

users.  

Progression of the knowledgebase is dependent on an activity called Knowledge 

ŀŎǉǳƛǎƛǘƛƻƴ ǿƘƛŎƘ ƛǎ άthe transfer and transformation of potential problem-solving 

expertise from some knowledge-source to a programέ ό.ǳŎƘŀƴŀƴ ϧ {ƘƻǊǘƭƛŦŦŜΣ мфупύΦ 

Knowledge elicitation is one of the methods which can perform such a process by 

ŀƴŀƭȅȊƛƴƎ ǘƘŜ ŜȄǇŜǊǘΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ώCƻǊ ƛƴǎǘŀƴŎŜΣ ŀƴŀƭȅȊƛƴƎ ŜȄǇŜǊǘǎΩ ƳŜǘƘƻŘǎ ƻŦ 

decision making in order to populate defined templates of questions and problems].  

But how does AI integraǘŜǎ ǿƛǘƘ ǘƘŜ ŘŜǎƛƎƴ ōǳǎƛƴŜǎǎΚ ΨYƴƻǿƭŜŘƎŜ-ōŀǎŜŘΩ ŀƴŘ 

ΨwǳƭŜōŀǎŜŘΩ ƳŜǘƘƻŘǎ Ŏŀƴ Ǌǳƴ ǘƘŜ ŘŜǎƛƎƴ ǇǊƻŎŜǎǎ ǘƘǊƻǳƎƘ ǘƘŜ ŀǳǘƻƳŀǘƛƻƴ ƻŦ ǊƻǳǘƛƴŜ 

activities of decision making and problem solving where based on certain rules which 

have been defined by users, computers can optimize the process of production 

planning or detailing features of products such as choosing materials.  
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Apart from those techniques mentioned above there are other variations which are being 

applied by engineers.   

  

 

Figure 2 .39 Knowledge-based systems  

Knowledge-ōŀǎŜŘ ǎȅǎǘŜƳǎ ōŀǎŜŘ ƻƴ !ƴŘǊŜǿ .ŀŎƻƴΩǎ ƳƻŘŜƭ ό.ŀŎƻƴΣ нллфύΦ  

In the definition of the FEM it has been said that a successful method in solving some 

aspects of highly complicated products or problems is to break down the product 

into smaller components and solve the problem in each element separately. In 

addition to physical and geometric issues of design we also have to consider planning 

problems such as manufacturing and the supply chain which would add to the 

complexity of the process.  One of the concerns of the AI technology developers is to 

ŦƛƴŘ ƻǳǘ Ƙƻǿ ǘƻ ǳǎŜ ŀ Ψ5ŜŎƻƳǇƻǎƛǘƛƻƴΩ technique on products which comprise a large 

number of components. The other challenge is to reassemble elements to put the 

whole system together again without any possible defects happening during the 

process of re-gathering of components together after the analysis and improvement. 

There are several ways in using this technique in design. Decomposition can be 

applied either on physical components of objects or on problems, based on the 

chosen problem-solving techniques. There are two main approaches in the 

application of decomposition according to the hierarchy of design. One, as 
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mentioned before, is to design a product and then proceeds toward details, it is 

called the top-down method. The second trend is to design components of objects 

and then assemble them to create the intended product which is known as bottom-

up approach (Hinchey & Coyle, 2012).  

Another AI design technique is to pre-plan several design scenarios and based on the 

case and contextual conditions choose a method and modify the solution to fit that 

ŎŜǊǘŀƛƴ ǇǊƻōƭŜƳΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ƻŦ Ψtƭŀƴ wŜŦƛƴŜƳŜƴǘΩ can be used in various industries. 

This concept comes from Medical and Pharmaceutical procedures where doctors 

diagnose the sickness, choose a treatment method and based on the severity of 

sickness and physical condition of the patient, they modify the treatment to be 

effective (Gonzalez & Gomez, 2011) (Shahar, 1999).   

Most design proposals are constrained by the needs, limits and creativeness of the 

designer. There are several factors involved in every design; each has its own fits and 

constraints. To design a component using a certain material it should itself be stable 

as well as respƻƴǎƛǾŜ ǘƻ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ ǎȅǎǘŜƳΦ Ψ/ƻƴǎǘǊŀƛƴǘ-ōŀǎŜŘΩ ǘŜŎƘƴƛǉǳŜǎ ŀǇǇƭȅ 

a series of default features on a design to define a boundary and then test elements 

for meeting the criteria of constraints (Yvars & Sellini, 1999).  

The other technique which share similarities with the Plan Refinement method is 

Ψ/ŀǎŜ-.ŀǎŜŘ ǊŜŀǎƻƴƛƴƎΩΦ This approach is founded upon designing based on 

experiences of similar activities. To solve a problem we always search our memory 

for solutions to similar problems which we have used previously or try to discover 

answers from the similar problems solved by others. Computer-associated 

techniques try to simulate this activity. By referring to a data base where information 

about similar processes is stored and by checking the proposal against constraints, a 

computer can produce several alternatives for designing a product (Coyne, et al., 

1990).  

It has been shown in the Ohsuga model of design [chapter 2.2] that the design 

process can be a recurring sequence of design analysis and modification up to the 

point where it reaches a desired result. The process of modification can be applied 
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to various elements of the proposal such as dimensions, components and/or 

ǎǘǊǳŎǘǳǊŜΦ ΨDǊŀƳƳŀǘƛŎŀƭ ŘŜǎƛƎƴΩ is a system which finds its roots in such a model of 

design [Figure 2 .40]. Its way of generating design iterations is to follow a general 

structural instruction and rules of systematic modification which are both defined 

and stored in database (Brown, 1997). Based on this definition, a grammatical design 

database contains:  

Å Grammar: that creates a basic structure of the product,  

Å Vocabulary: all of the possible components which can participate in creation of final 

product.  

Å Modification criteria: to set regulation for possible manipulation of design based on 

needs and constraints and system feedbacks.  

 
Figure 2 .40 Shape grammar  

Shape grammar is a type of Grammar deign concerning the form generation. Picture (GRAPE).    

  

Similar to linguistics, grammar in product design defines a template for the use of 

elements. It acts like a pattern which dictates standards and calculable procedures 

ǘƻ ŘŜǎƛƎƴ ŀƴŘ ǎŜƭŜŎǘ ǎǳƛǘŀōƭŜ ŜƭŜƳŜƴǘǎ ŜȄƛǎǘƛƴƎ ƛƴ ǘƘŜ Ψ±ƻŎŀōǳƭŀǊȅΩ ŀƴŘ ƎǳŀǊŀƴǘŜŜǎ 

that the result fits the boundary of instructions, carrying fixed features. Grammars 
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Ŏŀƴ ǊǳƭŜ ǎŜǾŜǊŀƭ ŀǎǇŜŎǘǎ ƻŦ ŀ ǇǊƻŘǳŎǘΦ Ψ{ƘŀǇŜ DǊŀƳƳŀǊΩ regulates the physical entity 

of design which determines selection of components and methods in which they 

gather together (Brown, 1997)(Stiny, 1991).  

The other accepted intelligent system in production is termed knowledge-based 

techniques which shares many of its features with previously mentioned systems and 

is regarded as a collection of versatile tools. The more engineering oriented branch 

ƻŦ ǘƘƛǎ ǎȅǎǘŜƳ ƛǎ ΨYƴƻǿƭŜŘƎŜ-.ŀǎŜŘ ŜƴƎƛƴŜŜǊƛƴƎΩ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨY.9ΩΦ {ǳŎƘ 

systems combine the abilities of computer aided design, rule-based techniques, 

object- oriented planning systems and data representation (McMahon & Browne, 

1998).  

Progress in a knowledge-based engineering system is based on processing an 

electronic knowledge model using object-oriented methods. The representational 

model is divided into several groups of components, each carrying a hierarchical 

value. Such definitions rule the links between various components considered at 

lower levels in order to form a bigger component at a higher level of the hierarchy 

(Creen & Kendal, 2007). All the information then can be attached to the product 

model to identify necessary processes and their details in addition to the feature of 

the final product. Such data can also be arranged in a manner to set up an automated 

fabrication process. Nowadays, KBE has been developed as a design tool which works 

in hands-off areas of design with minimum human impact on the design process 

(Akerkar, 2009).  

Although KBE is a versatile tool in design its specialties are more apparent where 

there are a variety of final outputs based on one core design planning procedure. 

Basically the application of KBE is to run an automated process of repetitious 

rulebased design work. The direct influence of such a system on the whole process 

of design and production. The overall intent is to remove tedious and time consuming 

manual routines in order to give more of the overall resource to more productive 

parts of the organisation ς such as the design stage (Ruschitzka, et al., 2010).  
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2.5.3. Parametric design  

When designing various types of products, sometimes it is a case of making objects owning 

many similar groups of characteristics but with slightly different volumetric shapes or objects 

with related geometries but at different scales or dimensions. In these cases, parametric 

design is a useful approach, where we can set rules and alter other features to gain different 

but desirable results [Figure 2 .41].   

 

Figure 2 .41 Parametric Design  

Picture (Rossi, 2007).  

  

Undoubtedly, in order to design a duplication of a certain group of objects it is always 

possible to define geometry rules by computer codes in order to conduct an 

automatic design process; yet, any changes in geometry or standards must submit 

the project into a tedious process of repetitive change of computer codes which 

needs the constant input of highly experienced software experts to reprogram and 

test those commands with which the geometry should be designed. Such trends can 

lead to success only if we work with very well defined objects, have plenty of time to 

reorganize the system and have the required staffs that are well integrated into the 

source design so as to be able to review command codes. To avoid the complication 

of the process some new systems of parametric designs have been promoted which 

allow adjustments and changes throughout the design process. Instead of creating 
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and recreating design models users with much less software skills than what were 

needed before can modify and recycle design models.  

Many types of new parametric design methods have been introduced in recent years. 

These systems enable us to define objects either by physical features or variables and 

parameters. This approach allows users to change physical features of the design 

simply and rapidly by changing the value of main parameters (Roller, 1991).  

2.5.4. Models and features  

One of the popular design abilities in the majority of industries is to form a volumetric 

shape of an object or component and to modify it toward the desired results. 

Products with a high level of complexity also need applications with higher geometric 

reasoning capabilities. On the other hand, not many of the existing Artificial 

Intelligence computer applications go any further than geometry reasoning or being 

programmed to produce geometrically limited objects.  

For an architect or product designer it may only take a superficial study of a model to 

understand what the dots, lines, shapes and symbols represent. This way they 

communicate with the model maker no matter who it is. An expert can recognise all 

the technical properties of designs through reading the symbols and annotations. The 

problem here is that this form of information is only descriptive and does not add 

any practical characteristics to the product models. These engineering characteristics 

are known as features and most of the older computer aided design systems are also 

incapable of adding any real life engineering features to objects or components and 

ultimately product models.   

Initially what was called as the features of components was directly related to 

ƎŜƻƳŜǘǊȅ ƻŦ ǘƘŜƳΦ .ȅ ǘƻŘŀȅΩǎ ŘŜŦƛƴƛǘƛƻƴΣ ŦŜŀǘǳǊŜ ƻŦ ŀ ǇŀǊǘ ŎƻǳƭŘ be its role in 

structure, mechanism, etc. Nowadays, not only geometry but also other engineering 

information and production strategies are regarded as features. Fabrication and 

machining details of components, material and basically any characteristics of 

ǇǊƻŘǳŎǘǎ ŀǊŜ ŦƻǊƳƛƴƎ ŦŜŀǘǳǊŜǎ ƻŦ ǇǊƻŘǳŎǘǎΦ άA feature is any perceived geometric or 
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functional element or property of an object useful in understanding the function, 

behaviour or performance of that objectέ ό.ǊƻǿƴΣ Ŝǘ ŀƭΦΣ мффнύΦ   

It has been claimed before that CAD models can carry features of components. The 

mechanism which defines these features in a CAD model is known as feature 

recognition. There are three major approaches in this area. Firstly, syntactic pattern 

technique which uses 2D elements representation to define a geometric pattern, 

secondly rule-based system which uses series of rules to define features, and thirdly, 

graph-based applications, which uses graphs to produce models (Shah & Mantyla, 

1995).  

Among all of the feature-based techniques, feature-based design is probably one of 

the most attractive yet not the most comprehensively developed. The concept 

behind this method is to make models from scratch, using components with 

predefined features [Figure 2 .42].  

Figure 2 .42 Feature-based design   

Design of a mould by Features. Picture(Salomons).  

  

 In this system there are many approaches to design. As an example we can consider 

ǘƘŜ ΨŘŜǎǘǊǳŎǘƛǾŜΩ process [Figure 2 .43]. It can be said that the users of this method 

basically have the ǎŎǳƭǇǘƻǊǎΩ ŀǇǇǊƻŀŎƘ ƻŦ ǘŀƪƛƴƎ ǘƘŜ Ǌŀǿ ƳŀǘŜǊƛŀƭ όǿƻƻŘΣ ǎǘƻƴŜΣ Ŏƭŀȅ 

and so on) and subtracting pieces from it to reach the intended shape. Such a process 

is trivial to automate with a computer issuing a hierarchy of commands where 

ΨŦŜŀǘǳǊŜǎΩ ŀǊŜ ƛƴǘŜǊǇǊŜǘŜŘ as a set commands which invoke machining operations to 
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remove parts of the block of raw material and form new geometries. The process of 

design in this system is unlike what designers usually do. In fact designers need to 

know and understand the geometry of final products before starting to work on 

models. The other negative point is that designers need to have a detailed knowledge 

about the intricacies of the machining and fabrication processes which is not always 

the case. A CAD application may supply some preprogrammed features [templates] 

or offer to designers the capability of defining new features (Shah & Mantyla, 1995).  

  

  

 
Figure 2 .43 Feature based  

A schematic example of the Feature-based production showing three stages of a Destructive process. Picture (Parry & 

Bowyer, 1993).  

In addition to that mentioned above, Feature-based techniques offer many more automated 

activities to their users; some of them are as below:  

Å /ǊŜŀǘƛƻƴ ƻŦ ǇǊƻƧŜŎǘǎΩ C9a  

Å Process planning for CNC machines  

Å Casting and forming process planning  

Å assembly planning  
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What can be more or less foreseen is that the number of these functions will grow 

gradually as ongoing research and development expands the domain of featurebased 

ǘŜŎƘƴƛǉǳŜǎΩ ƛƴ ŘŜǎƛƎƴ ǇǊƻƧŜŎǘǎ όaŎaŀhon & Browne, 1998).  
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Part three: Production design and manufacturing  

2.6. Design and manufacturing hand in hand  

2.6.1. Introduction  

Throughout this chapter we are on a short journey from the initial design to the 

fabrication of products. The journey begins with investigating the emergence of 

traditional methods of design and fabrication and the links between them and 

identifies the obstacles of those old techniques [although many of those techniques 

are still used all around the world but in comparison with emerging systems they are 

considered rather dated] to create a strong relationship between design and 

manufacturing. Focusing more on process design instead of the product itself, is 

possible to show how concurrent engineering can increase efficiency and 

productivity of systems as well as reducing miscommunication and errors while 

keeping repetitive processes to the minimum. The following discussion focuses more 

on the strategies which can be applied by designers to determine the production 

type, process and flexibility of such methods.  

In fact the intention of any engineering design project is to satisfy demands; 

consequently all the efforts of the engineers in all design and production projects are 

focused on  finding fulfilling solutions for those needs by making the most 

appropriate and efficient use of resources. An engineered product is the result of a 

design being somehow turned into an artefact by connecting designers and 

manufacturers.  

For every type of product there is a unique timeline which defines the product 

lifecycle; but, there are some key steps in each timeline which are related to the 

formation and realisation of products which are the same for most artefacts. These 

can be seen in the Figure 2 .44.   
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Figure 2 .44 Product lifecycle timeline 

Extracted from (Tunstall, 2006).  

    

Not long ago, the process of design and fabrication used to be regarded as two 

separate procedures and in order to bring them together and make the production 

more efficient and accurate, process and production planning appeared more as 

lateral activities [and not a main activity] supporting the main stages which would be 

Design and Fabrication [Figure 2 .45]. The summary of such a process is basically to 

complete the design activity [applying any appropriate design model], and then to 

translate those proposals so as to be useful and understandable in factories. 

Thereafter there is a need to plan for production strategies and finally to apply those 

plans to the task of fabricating products. By reviewing conventional systems it is 

noticeable that not only are design and planning influenced by all the complications 

caused by applying totally discrete stages of work but also such a slow and long 

process can distance the production line from the market and consumers. Due to 

time consuming processes and the inherent inflexibility of the production line and 

associated machinery, coupled with a changing market, may lead to producers 
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manufacturing artefacts in a constant fashion while they are not sure about the 

market expectations and consequently the profitability of their product. Companies 

employing inflexible systems are mostly incapable of competing with other 

companies since flexible systems can enable the design and release of new products 

in response to updated market reports.   

 

Figure 2 .45 Design-fabrication  

Design and Fabrication link in a traditional system.  

  

A large number of popular companies determine their production strategies based 

on constant improvement and try release new versions of their products at least once 

every few months. Sometimes only a few weeks after release they have to redesign 

their products and make amendments to sustain their presence in the marketplace. 

¢Ƙƛǎ ƛǎ ǘƘŜ ǊŜŀƭƛǘȅ ƻŦ ǘƻŘŀȅΩǎ ŘŜǎƛƎƴΣ ǇǊoduction and engineering business. Tight 

competition between companies and fast growing technology and demand have 

made for a more rapid pace of change, therefore  setting up an inflexible and fixed 

production facility dedicated to the fabrication of one certain product is becoming 

exponentially disadvantageous (McMahon & Browne, 1998).  As has been mentioned 

before, nowadays, the separation of the two phases of design and manufacturing 

within a project can be disastrous. Designers being unaware of fabrication line 

constraints or capabilities can sometimes result in poor proposals which lead to 

severe problems in the factory. Apart from that, representational models carrying 

design proposals can be deceptive or not capable of containing enough production 

data so that the fabrication team may be misdirected about the reason of some 

features of the design proposals. On the other hand there might not be any valid 

feedback from the production line to the designers about problem areas. Indeed 
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miscommunication can happen in various directions and only a direct link between 

teams may help avoid unintended consequences.  

It has been mentioned previously that the most dominant concept in many 

traditional models of design is to design, evaluate, develop and redesign [and 

reevaluate]. Such a circle of actions in a high level of proficiency and detailed 

consideration may lead to both cost and material waste reduction in the production 

line. But a repetitive process is also both time and money consuming in other ways 

such as when in the design phase companies need to spend time and money on 

recurring procedures and recruit a workforce to redesign and readjust design 

proposals based on evaluation results.  

2.6.2. Modern fabrication engineering  

The modern world has created a high level of demand amongst users which has 

changed the concept of manufacturing with minimum defect to a zero defect 

production with no error tolerance using lean production techniques (Black, 2008). It 

requires a very accuǊŀǘŜ ǎǘǳŘȅ ŀƴŘ ƛƴ ŘŜǇǘƘ ƳŀǊƪŜǘ ǊŜǎŜŀǊŎƘ ǘƻ ƳŀǇ ǳǎŜǊǎΩ ŜȄŀŎǘ 

needs. Currently, product design and planning must be very well organized because 

in such a competitive environment developing products with higher quality than even 

ǘƘŀǘ ƻŦ ŀ ǇǊƻǎǇŜŎǘƛǾŜ ǳǎŜǊΩǎ ŀnticipated needs means more time and money and 

could be considered as a loss for companies. In a modern flow of work, the quality of 

final products is definitely dependent on the output of all members of the project 

and not just on one certain production team. That approach to the quality of products 

ōǊƛƴƎǎ ǳǇ ǘƘŜ ǘŜǊƳ Ψǘƻǘŀƭ ǉǳŀƭƛǘȅΩ ώCƛƎǳǊŜ н .46] that is integrated with all over the 

whole production process and involves all groups (Peratec, 1994).  

In a total quality organization it is vital to regard each department and process as a 

small subsystem working within a larger system. A system works optimally based on 

ŘŜŦƛƴŜŘ ǊǳƭŜǎΣ ŘŜŘƛŎŀǘŜŘ ǘƻ ǘƘŀǘ ǳƴƛǉǳŜ ǎȅǎǘŜƳΦ ! ΨŦŀōǊƛŎŀǘƛƻƴ ǎȅǎǘŜƳΩ Ŏƻƴǎƛǎǘǎ ƻŦ 

processes which produce artefacts, as optimal as they have been designed; such 

artefacts are also considered as systems which have to work as they have been 

designed to uniquely fulfil the targeted need. In these systems stagnancy equals 
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corruption and in order to be able to cope with changes and respond to new 

ciǊŎǳƳǎǘŀƴŎŜǎ ǘƘŜȅ ƴŜŜŘ ǘƻ ƘŀǾŜ ŀ ƳŀǊƎƛƴ ŦƻǊ ΨǎǘŜŀŘȅ ŘŜǾŜƭƻǇƳŜƴǘΩ. Instead of trying 

to design an ultimately perfect product [which is not possible due to rapid changes 

in technology and expectancy] it is more practical to enable modification and 

persistent development in a system (Peratec, 1994).  

 

Figure 2 .46 Total Quality Management  

Elements of a Total Quality Management based system. Extracted from (Satpathy, 2008).  

It has already been said that the segregation of the design and fabrication phase 

undoubtedly reduces the quality of products and that design refinement in order to 

meet manufacturing constraints needs to be delayed until the end of the design 

process. To solve this problem it is necessary to establish a high level of 

communication and collaboration between all departments as well as concurrent 

development of the product design and production planning. Simultaneous 

engineering and planning regards all stages of a process as concurrent procedures 

which are developed at the same time with due consideration of each stages 

influence on the quality of other stages of progress. Undoubtedly the success of a 

simultaneous trend is highly dependent on teams with certain specialties, each 
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carrying out predetermined jobs dealing with some aspect of the project while 

cooperating with other teams (Prasad, 1997).  

/ƻƴǾŜƴǘƛƻƴŀƭƭȅΣ ǘƘŜ ƭƛŦŜ ŎȅŎƭŜ ƻŦ ŀ ǇǊƻŘǳŎǘ ǳǎŜŘ ǘƻ ǎǘŀǊǘ ƛƴ ƻƴŜ ƻŦ ǘƘŜ ŎƻƳǇŀƴƛŜǎΩ 

departments and as it was developing toward fabrication it got passed between 

various departments. In those kinds of companies their activities were mostly 

systematized as artefact engineering and fabrication engineering. Now, modern 

companies have applied a concurrent approach in their work flow comprising a group 

of multidisciplinary experts, gathered in the product engineering team to navigate 

ŀƴŘ ƳƻƴƛǘƻǊ ǇǊƻŘǳŎǘǎΩ ƭƛŦŜ ŎȅŎƭŜ ŦǊƻƳ ƛƴƛǘƛŀǘƛƻƴ ǘƻ ǘŜǊƳƛƴŀǘƛƻƴ όbŜǾƛƴǎ ϧ ²ƘƛǘƴŜȅΣ 

1989).   

Ultimately there are strategies which are taken in order to apply systematic 

modifications. All of the conceptual and systematic changes in modern approaches 

require some innovative methods of design and production to evolve the process. 

Ψvǳŀƭƛǘȅ ŜƴƎƛƴŜŜǊƛƴƎΩ ŀǇǇƭƛŜǎ ǘƘŜǎŜ ƳŜǘƘƻŘǎ ǘƘǊƻǳƎƘƻǳǘ ŀƭƭ ƻǇŜǊŀǘƛƻƴǎ ƻŦ ŀ ǇǊƻƧŜŎǘΦ 

In fact the quality engineering concept is an organized group of techniques which 

directs engineering endeavours in the direction of the fulfilment of all initial needs as 

well as considering enough of a margin to discover probable defects and refinement.  

Computers can also play a prominent role in this process of systematic change. 

Computer aided technologies such as computer-aided design [CAD] and 

computeraided manufacturing [CAM] are becoming the inseparable parts of the 

modern organization of the collaborative team efforts which demands information 

sharing and automated procedures. A CAPP [computer-aided process planning] 

technique can use computers to help extract data, are capable of operating CNC 

machines or assist in the planning of fabrication activities. CAPM or computer-aided 

production management equip users with the ability to monitor, assess and modify 

the fabrication process. In order to do that, CAPM applications need to be fed by 

fabrication data and the quantity survey of materials. The use of computer-aided 

technologies and automated procedures which all link to a core information resource 
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is usually named as a computer-integrated manufacturing [CIM] system [Figure 2 .47] 

(Kalpakjian & Schmid, 2006).  

Lƴ ŦŀŎǘ Ψ/LaΩ ŎƻǳƭŘ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ǎȅǎǘŜƳ ƛƴ ǿƘƛŎƘ ŀƭƭ ǇǊƻŘǳŎǘƛƻƴ ǊŜƭŀǘŜŘ ŦǳƴŎǘƛƻƴǎ 

are connected through a digital organization controlled by computers based on the 

commands given by system designers in order to keep them all in step. The ultimate 

ǇǳǊǇƻǎŜ ƛǎ ǘƻ ŀǇǇƭȅ ΨLƴŦƻǊƳŀǘƛƻƴ ŀƴŘ /ƻƳƳǳƴƛŎŀǘƛƻƴ ¢ŜŎƘƴƻƭƻƎƛŜǎΩ ŀƭǎƻ ƪƴƻǿƴ ŀǎ 

ΨL/¢Ω ǘƻ ǇǊŜǾŜƴǘ ƳƛǎŎƻƳƳǳƴƛŎation and to facilitate concurrent systems offering 

ŜŦŦƛŎƛŜƴǘ ǇǊƻŎŜŘǳǊŜǎΦ ¢ƘŜ Ƴŀƛƴ ŀǊŜŀ ƻŦ /LaΩǎ ŦƻŎǳǎ ǿƻǳƭŘ ōŜ ǘƻ ƻǊƎŀƴƛȊŜ ǘƘŜ ǎǳǇǇƭȅ 

chain by synchronization of the manufacturing progress with several providers, 

connecting the design data with the manufacturing line and controlling the flow of 

work along the production line (Kalpakjian & Schmid, 2006).  

 

Figure 2 .47 Computer Integrat ed Manufacturing  

Flow of information in CIM. Diagram (Lucas Engineering and Systems, 1988).  

In order to expand the capabilities of computer aided technologies many research 

projects have been directed toward the exploration of File to Factory technology 

which in fact automates the collaborative work of designers and manufacturers. It is 

noticeable that currently there is much misuse of this branch of technology in that it 

is being employed to just supplement traditional methods or to automate an old style 
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of project organisation. Today a product team is expected to work in a system where 

product and/or process investigation constantly and repeatedly tests the design to 

check it against the constraints of manufacturing and so creates an optimised 

production plan based on the fabrication method aligned to the expected end 

product. Figure 2 .48 demonstrates the link which is made between CAD and CAM by 

computer-aided process planning [CAPP] (Rao, et al., 1993).  

  

 
Figure 2 .48 Computer aided process planning  
Schematic figure showing circulation of data in a CAPP system.  

2.6.3. Group Technology  

One way to optimize projects is to categorize components of products based on their 

properties. This categorization can be based on any feature which suits the interest 

of the project such as size, colour, material or even fabrication operations. Such a 

breakdown of the product has become recognised as a production method called 

ΨDǊƻǳǇ ǘŜŎƘƴƻƭƻƎȅΩ ƻǊ ΨD¢ΩΦ D¢ ƛǎ ŀ ǘŜŎƘƴƛǉǳŜ ŦƻǊ ƛŘŜƴǘƛŦȅƛƴƎ ŀƴŘ ōǊƛƴƎƛƴƎ ǘƻƎŜǘƘŜǊ 

related or similar components in a production process in order to take advantage of 

ǘƘŜƛǊ ǎƛƳƛƭŀǊƛǘƛŜǎΣ ōȅ ƳŀƪƛƴƎ ǳǎŜ ƻŦΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ŎƻƴǎŜǉǳŜƴǘ ōŜƴŜŦƛǘǎ ƻŦ ΨŦƭƻǿ-

ǇǊƻŘǳŎǘƛƻƴ ƳŜǘƘƻŘǎΩ ώCƛƎǳǊŜ н .49].  

The main task of GT is to create product layouts and thus streamline the fabrication 

process. This way production and production planning of families of parts can be 
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assigned to a certain group of engineers and technicians. In addition the 

configuration of material supply would become much easier and the time taken to 

relocate materials between machines and sites as well as any required device 

installation and adjustment times are reduced dramatically.   

Other uses of families of components are when engineers design a process for the 

production of a component. There is the opportunity to inherit a process plan from 

other components of the same family. In the main, some minor modifications may 

finalize the production plan for new parts.  

GT groups parts based on their similar geometry, physical features and process of 

fabrication. Engineers now have some standard guidelines for component 

categorization. These standards may vary in different countries or even from one 

company to another based on their needs and organization (Syresh & Kay, 1998).  

Figure 2 .49 Group technology   

By grouping the components of products in part families machining and other fabrication activities and planning 

are becoming more efficient. The picture shows bronze machined parts carrying similar features grouped in 

families. Each family may pass through almost the same manufacturing and planning stages. 
Picture (J-Tech Sourcing, 2013).    

2.6.4. System organization  

The trend towards the analysis and categorisation of systems and environments 

which tends to group them through recognition of their constitutive elements 

[reductionism] has aroused controversies about their accuracy since individual parts 

may not work well when gathered in one product. Many specialists believe in a 

ΨǎȅǎǘŜƳǎΩ approach in which systems are regarded by a plenary view rather than 
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being analyzed or developed based on analysis or development of their individual 

components. One of the advantages of this approach is that users can reversibly 

break large systems into smaller systems. Another feature of the systems make up is 

that one system can be considered in a network with other systems. For instance we 

can always see the link between the production system and the system of the supply 

chain. As has been mentioned in this chapter so far, systematic and plenary views are 

an essential component of many production projects. Therefore we need to develop 

all subsystems [as larger systems have been broke into smaller systems] 

simultaneously to have a better understanding about needs, limits and each 

ǎǳōǎȅǎǘŜƳΩǎ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǇǊƻgress of others (Checkland, 1981).  

2.6.5. Simultaneous organizations  

By new standards which get tighter day by day, prosperous projects can be regarded 

as those in which experts from various fields feed knowledge into the system from 

the inception to the completion of projects. It is also a time saver in the engineering 

stage due to the elimination of the repetitive cycle of gradual development and this 

type of the economy of time can happen over all the various stages and procedures. 

Lƴ ŦŀŎǘ ōȅ ǳǎƛƴƎ Ψ{ƛƳǳƭǘŀƴŜƻǳǎ 9ƴƎƛƴŜŜǊƛƴƎΩ ǘƘŜ ŦŀōǊƛŎŀǘƛƻƴ ǇǊƻŎŜǎǎ ŀƴŘ ŀƭƭ ƻŦ ǘƘŜ 

related activities may happen almost at the same time as the design operations.  

With companies moving towards the adaption of simultaneous system they can 

become divorced from the traditional way of dividing product and fabrication 

engineering. The two groups of activities were traditionally separated distinctively 

and sometimes were even managed by separate persons; while the modern system 

is more team and organization oriented and tends to develop the project in one 

unified group, the project team.  

There can be some variety of views in regard to the team oriented flow of work. In 

companies, they can form groups based on the families of their products. An example 

can be the construction companies. They may have teams which work on the 

construction of roads, harbours, marine structures or/and bridge construction 

depending on the domain of their work. In team-based organizations it is preferable 
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at any stage to have an appropriate group of experts with a variety of specialties to 

work together. In complicated projects or in companies that produce many products 

in order to make processes more productive it is an option to create a matrix of the 

organization. Such a matrix serves to divide experts based on their area of expertise 

into different departments and then based on the needs of any project then defines 

ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ŜŀŎƘ ŘŜǇŀǊǘƳŜƴǘΩǎ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǾŀǊƛƻǳǎ ǎǘŀƎŜǎ ƻŦ ǇǊƻŘǳŎǘƛƻƴΦ A 

matrix organization has been demonstrated in Figure 2 .50. This kind of matrix or 

ǘŀōƭŜ ƻŦ ǿƻǊƪŦƻǊŎŜ ŀƭƭƻŎŀǘƛƻƴ Ŏŀƴ ŀƭǎƻ ŘŜŦƛƴŜ ŀ ǎǘŀƴŘŀǊŘ ŦƻǊ ŀ ŎƻƳǇŀƴƛŜǎΩ ƘƛŜǊŀǊŎƘȅ 

of procedure and highlights departments involved in the production of artefacts of 

the same family.  

Apart from all of these organizations, we should always keep in mind that despite all 

the efforts to standardize the production process every single type of product needs 

an optimal organisational strategy to realise the feasibility of the operation. Every 

guideline has its own limits and constraints. Team oriented organizations may have 

the advantage of concentrating all the focus of different departments on the 

ǇǊƻŘǳŎǘǎ ǘƘǊƻǳƎƘƻǳǘ ŀ ǇǊƻŘǳŎǘǎΩ ƭƛŦŜŎȅŎƭŜ ōǳǘ ƻŦŦŜǊǎ ŀ ƭƛƳƛǘŜŘ ŎŀǇŀŎƛǘȅ ŦƻǊ ǘƘŜ 

exchange of expertise between the different departments or product teams 

whereas, those previously defined in this document and employing a more 

traditional system may provide a greater exchange of expertise (Kerzner, 2001).  
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Figure 2 .50 Matrix organization  
!ƴ ŜȄŀƳǇƭŜ ǎƘƻǿƛƴƎ ΨaŀǘǊƛȄ ƻǊƎŀƴƛȊŀǘƛƻƴΩΦ ¢ŀōƭŜ 9ȄǘǊŀŎǘŜŘ (Kerzner, 2001).  

2.6.6. Design for manufacturing and design for assembly  

¢ǊŀŘƛǘƛƻƴŀƭƭȅ ƻǾŜǊ тл҈ ƻŦ ŀ ǇǊƻƧŜŎǘΩǎ ōǳŘƎŜǘ ƛǎ ŦƛȄŜŘ ōȅ ǘƘŜ ŘŜǎƛƎƴŜǊǎ ό!ƴŘǊŜŀǎŜƴΣ 

1983); whereas nowadays designers are gradually becoming more distant from the 

fundamental procedures of production and fabrication due to the growing specialism 

of their own work and the fast growing complexity of novel fabrication techniques, 

new materials and machining tools. This deficiency has raised the request for 

technologies that help designeǊǎ ǘƻǿŀǊŘ Ψ5CaΩ ƻǊ Ψ5ŜǎƛƎƴ ŦƻǊ aŀƴǳŦŀŎǘǳǊŜΩ.  

 DFM can be regarded as a descendant of a traditional means of creating successful 

projects but harnessed in a more modern way by seeking the creation of a series of 

multidisciplinary design standards defining limits for the designer to more or less 

guarantee the feasibility of project in regard to the existing fabrication capabilities. 

In the same way as in any other field, DFM has benefited from computers in many 

ways. There are automated mechanisms that can analyze design proposals and 

evaluate their fabrication feasibility based on pre-defined boundaries. They can also 

simultaneously feedback some guidelines for the improvement of the design. One of 

ǘƘŜ ǘŜŎƘƴƛǉǳŜǎ ƛǎ ŎŀƭƭŜŘ ǘƘŜ Ψ5C!Ω ƻǊ Ψ5ŜǎƛƎƴ ŦƻǊ !ǎǎŜƳōƭȅΩ [Figure 2 .51]. DFA is 
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becoming one of the key branches of the DFM system, playing an important role in 

many projects. Since the assembly stage is potentially the most labour intensive stage 

of production and the greater the workforce the more expenditure on labour, hence 

assembly can become the bottleneck for projects. Although DFM defines design 

limits in almost any field it is vital for a designer to have a concrete knowledge in 

regard to the design limits and does not wholly rely on automated evaluation and 

correction. It is common that some of the DFM standards may not respond to some 

project intentions or other classes of constraints. It is not a surprise that in every 

system there may be some ambiguities that exist, especially in pioneering projects 

and organizations which do not have any prior examples to follow.  

To sum up with, some basic concepts of the DFM techniques can be named as follows:  

Å Benefit from the reduction in the size of projects o To use similar 

components in not one but as many as possible artefacts  

o Reduce the number of components as it demands less engineering 

work and simplifies the assemblage and reparation.  

Å Regulate the process but do not limit creativity o Apply components with 

previously proven success o  Use a diversity of parts from one family of 

components  

Å Apply straightforward techniques o Apply methods with previously proven 

success  

o Apply expensive methods only if they are essential for execution of 

project. o Do not apply highly complicated geometries and joints   

As posterity of the design for manufacture, design for assembly also can automatically execute 

procedures as follows:  

Å Identification of influential factors on assembly   

Å Regulate and abbreviate assemblage procedures  

Å Identification of the impacts of assembly process on product design 

(Molloy, et al., 1998).  
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Figure 2 .51 Design for assembly  

Design For Assembly. A demonstration of the assembly quality showing the hierarchy of actions and location of   

parts in production of a card machine. Picture (Collabera).  

2.6.7. Approaches to process design  

Lƴ ŀ ǇǊƻŘǳŎǘǎΩ ƭƛŦŜ ŎȅŎƭŜΣ ǘƘŜ ŀŎǘ ƻŦ ǇǊƻŎŜǎǎ ǇƭŀƴƴƛƴƎ ƛǎ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴ ƻŦ 

design geometry, joints and other features to commands and details which describe 

the timeline and hierarchy of procedures, machining and finish guidelines and 

basically serves to direct the fabrication phase. Therefore the process planning has 

righteously become an essential element in the integration of modern design and 

production.  

It is important to know that in most cases there is always more than just one available 

plan in the production of artefacts. The most appropriate general plan would be 

chosen by the production strategist depending on a large variety of factors and 

details of any procedure which also may differ from one product to another. For 

example the volumetric features of a design, the size, and number of components or 

required products, etc. are totally influential on process planning. Certain types of 

materials may need special machines, tools and techniques for shaping and finishing, 

or if the number of products is more than one sometimes planners may choose, for 

instance, a casting process over CNC techniques. Planners also consider the 

accessibility of tools and cost benefits (Chang, 1990). To match the requirements of 

a modern production project there should be a systematic approach to the plan of a 

production process.  
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There are many different ways in the systematic approach to production process 

design; one of tƘŜ ǇƻǇǳƭŀǊ ŜȄŀƳǇƭŜǎ ƛǎ ƪƴƻǿƴ ŀǎ ΨD9bt[!bΩΦ ¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ƛǎ ŀ 

thorough and well defined structure introduced a systematic approach toward the 

process design (Gindy, et al., 1993). This system defines the form of dealing with 

geometry, objects and components, joints and assembly, using available fabrication 

methods and devices and finally designing a suitable production process. GENPLAN 

ǘƘŜƴ ŎŀǘŜƎƻǊƛȊŜǎ ǘƘƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ƛƴǘƻ ǘǿƻ ƳŀƧƻǊ ƎǊƻǳǇǎ ŎŀƭƭŜŘ ΨŀōǎƻƭǳǘŜ ƪƴƻǿƭŜŘƎŜΩ 

ŀƴŘ ΨŎƻƴǎǘǊŀƛƴŜŘ ƪƴƻǿƭŜŘƎŜΩΦ ¢ƘŜ ŦƛǊǎǘ contains geometrical and volumetric features 

and the latter consists of end product physical appearance and dimensional features. 

The categorized data then forms the basis of a three-step process. The processes 

start initially with checking the feasibility of design proposal.  

Afterwards it is time to select the manufacturing system which meets the 

requirements of the project in the best possible way. The final phase is to design a 

productive, detailed and optimized process based on all previously gathered 

information (Gindy, 1992) (Gindy, et al., 1993).  

Previously the conventional way of process planning was to perform all the work 

manually and by hand, where the quality of the result was totally dependent on the 

personal knowledge and abilities of every individual involved in the process. In fact 

process planners had to analyse the geometry and prepare technical drawings for the 

ŦŀōǊƛŎŀǘƻǊǎΩ ǳǎŜΣ ŘŜŦƛƴŜ ŀƭƭ ǘƘŜ ƳŀŎƘƛƴƛƴƎ ǿƻǊƪ ŀƴŘ ǘƘŜ ƘƛŜǊŀǊŎƘƛŎŀƭ ƻǊŘŜǊ ƻŦ 

operations all based on the nature of these systems ultimately the resulting plans 

may inherit some human errors and may not benefit from the best organizational 

order as the limits of the human conceptual capabilities may be limited when 

concurrently considering many parameters in a single process. Certainly for most of 

the time it is the case that plans may not follow the same standard. Clearly computers 

did not let the same flow to continue and revolutionized the traditional methods.  

What is known as CAPP or computer aided process planning presents a vision of an 

automated process which reduces the process time and provides accurate plans 

based on standards and rules which potentially can increase the productivity of the 
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process. This automation can run through all the required steps if users can establish 

the CAD, CAPP and CAM link. This connection is the key element to automate the 

data transfer between all designs and manufacture phases in order to create a unified 

process (Gindy, 1992) (Gindy, et al., 1993).  

In order to briefly summarise chapter 2.6, it should be said that in the current climate, 

where the market is demanding high quantities and qualities of products, rivals in the 

production industry are steering all of their efforts towards a single aim which would 

be to own a bigger share of the market. Therefore it is essential that producers and 

service providers increase the quality of their products while delivering a high volume 

of products and services while still decreasing operating costs. A total quality system 

needs to run these aspects of the organisational work.  

This system needs to involve all members of the projects in all stages of production 

process thus an ICT system is necessary to manage the communication and flow of 

information amongst project members. This communication system can unify the 

product design, process design and manufacturing together [Figure 2 .47 Computer 

Integrated Manufacturing] and allow concurrent progress [e.g. product design and 

production design could be done simultaneously] which will increase productivity, 

efficiency, accuracy and profitability of projects.   
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2.7. Fabrication organization and machining planning  

2.7.1. Introduction  

This chapter seeks to establish the role of machinery and machining process in the 

development of design and process planning. ThereŦƻǊŜ ƛǘ ƛƴƛǘƛŀƭƭȅ ŘŜƳƻƴǎǘǊŀǘŜǎ Ψb/Ω 

technology and visits the required and existing machinery to realise the concepts 

before progressing through the various approaches to planning the process using this 

technology. In the following sections some of the data preparation methods for the 

ǇǳǊǇƻǎŜ ƻŦ ŦŀōǊƛŎŀǘƛƻƴ ǎǳŎƘ ŀǎ Ψ!ǳǘƻƳŀǘƛŎŀƭƭȅ tǊƻƎǊŀƳƳŜŘ ¢ƻƻƭǎΩ ŀƴŘ Ψ/ǳǘǘŜǊ 

[ƻŎŀǘƛƻƴ 5ŀǘŀ CƛƭŜΩ ŀǊŜ ƛƴǾŜǎǘƛƎŀǘŜŘΦ .ȅ ƛƴǾƻƭǾƛƴƎ ŎƻƳǇǳǘŜǊ-aided technology in the 

manufacturing process, the following chapter defines the capabilitƛŜǎ ƻŦ Ψ/!5/!aΩ 

in product engineering and the fabrication of complicated geometries. Furthermore 

ΨwŀǇƛŘ tǊƻǘƻǘȅǇƛƴƎΩΣ ΨwƻōƻǘƛŎǎΩ ŀƴŘ ǘƘŜƛǊ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǇǊƻŎŜǎǎ ŀƴŘ ŀǎǎŜƳōƭȅ 

techniques will be illustrated.  

2.7.2.  Numeric Control  

The technology commonƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ b/ ƻǊ ΨbǳƳŜǊƛŎŀƭ /ƻƴǘǊƻƭΩ ƛǎ ŀ ǘŜŎƘƴƛǉǳŜ ǘƻ 

automatically control machinery in order to fabricate artefacts. The commands 

which are fed to machines are usually stored in the form of codes which have been 

saved on various types of media. In fact these codes replace the input from the 

traditional mechanical and manual controls of machines such as wheels. The first 

signs of the implementation of NC date back to 1940s when Parsons encoded 

machining commands, which were then represented on punched cards, to control 

the fabrication of curved objects such as aircraft components (Smil, 2006).  After 

many years of gradual progression in the capabilities of NC and improvements in 

regard to accuracy, speed and the increasing number of complicated geometries 

which can be made using this technique, NC has become the key fabrication factor 

in most advanced manufacturing industries. Nowadays it is possible to make 

components by subtracting materials off billets or to use lasers, water jets or plasma 

cutters to cut sheets and create parts or even assemble components of an electronic 
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printed circuit board all automatically [Figure 2 .52]. In fact NC has radically changed 

the production of singular and unique components. Also what we see for example in 

car plants as robotic hands which assemble automobile parts are actually numerically 

controlled machines which work based on inputs fed to them by coded commands.   

 

Figure 2 .52 Numeric control  

NC machines can cheaply mill foam moulds for production of precast concrete panels in a short period of time. 

Picture (GBM, 2010).  

  

The currently available NC devices are the result of more than 50 years of consistent 

development. Such machines commonly Ŏƻƴǎƛǎǘ ƻŦ ŀ ŎƻƴǘǊƻƭƭŜǊ ŀƭǎƻ ƪƴƻǿƴ ŀǎ Ψa/¦Ω 

ƻǊ ǘƘŜ ΨaŀŎƘƛƴŜ /ƻƴǘǊƻƭ ¦ƴƛǘΩ which plays the role of the brain for the machine. This 

part of the machine is responsible for the retrieval of saved data and then uses this 

ǘƻ ŎƻƴǘǊƻƭ ǘƘŜ ΨŀŎǘǳŀǘƛƻƴ ŘŜǾƛŎŜǎΩ ǿƘƛŎƘ perform machining on work pieces. Initially 

the media for the transfer of commands to machines were punched cards and then 

magnetic tapes appeared which were capable of storing large amount of data. And 

now, machines can receive information from computers even from an unlimited 

distance. In a process conducted by a MCU, feedback from the machine, which might 
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be quantitative and/or qualitative loops, is essential to keep the process on track. 

This feedback is detected by sensors. Based on the shape of the intended products 

the MCU controls the movements of the cutter and/or the billet holder. Due to the 

versatility of machines, they can now move in various directions from one to five-axis 

[Figure 2 .53] (Jain & Chitale, 2010).  

 

Figure 2 .53 A five-axis router Picture 

(5 Axis CNC Routers, 2008).  

  

There are different types of movements which can be defined to machines. Some 

machines may only be capable of limited kinds of movements. The most basic 

ƳƻǾŜƳŜƴǘ ƛǎ ΨǇƻƛƴǘ ǘƻ ǇƻƛƴǘΩΦ Lƴ ŀ ǇǊŜ-defined plan, the machine moves from one 

point to another and makes certain changes to the work piece. As an example, an 

automated drill which should make holes in certain places of a sheet can be 

programmed for point-to-point motion.   

A straight cut is the second most fundamental type of motion where machines can 

cut or move only on one straight line and at a given speed. This type of movements 

creates many limits and constraints for the production line. On the other hand as an 

example of a more sophisticated technique, contouring by numerical control mixes 

the point-to-point motion and straight cut together to perform accurate motion on 
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a flat surface and in two axes. Each curve is defined by many straight lines in this 

system. Apart from controlling the cuǘǘŜǊΩǎ ƳƻǘƛƻƴΣ ǘƘŜ a/¦ Ŏŀƴ ŎƻƴǘǊƻƭ ǘƘŜ ǎǇŜŜŘ 

of any process, position of the work piece via clamps and chucks as well as controlling 

cooling systems and many other operations which are involved in the machining 

process of certain objects (Jain & Chitale, 2010).  

Until the 1970s, what we can find as fabrication control devices was generally 

mechanical. The machine control units basically had no capability for saving and 

supplying successive commands to a device and could only manage them 

sequentially. In addition the abilities of the control units were limited regarding the 

variety of commands that they could handle. It was only in the late 20th century that 

manufacturing control was revolutionized due to the integration of computers in the 

process. Computer Numerical Control [CNC] has equipped control systems with a 

storage unit where successive commands could be stored and analyzed based on the 

feedback received from the production and machining line. Consequently the overall 

speed rises and changes of process can be executed relatively easier and faster. 

Nowadays and with the help of digital technology highly complicated commands and 

operations can be organized with much greater accuracy. The new generation of CNC 

machines have digital input and output links which are compatible with regular 

personal computers; this makes the working progress much easier and faster. Some 

CNC tools even provide graphical representation of the real time condition of the 

work piece and the process being performed, this serves to create a better user 

interface with the system operators thereby facilitating assessment and decision-

making activities (Bedworth, et al., 1991) (Kalpakjian & Schmid, 2006).  

Not only have the fabrication control systems been transformed by the progress of 

technological development, but also machinery and fabrication operations have 

been improved dramatically due to the advance of computer science and robotics. 

Instead of being dedicated to certain materials, forms, production operations or 

products, machines are turning into versatile tools which operate on many different 

material families and are capable of the production of numerous product families.  
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This equals a reduced installation and adjustment time as well as providing for faster 

modifications and ultimately the capability of producing a wider range of products. 

The major advances provided by current technologies are (Schodek & Bechthold, 

2005):  

Å Instrument magazines which allow machines to be equipped by necessary 

tools fitting the desired job and the required level of precision. Depending on 

the machine type, they can have magazines storing tens of tools in different 

shapes and sizes.  

Å Product and raw material magazines which allow an automated process of 

feeding raw material to machines and store machined objects, ready for the 

next step.  

Å Multi operational machines capable of executing two or more different types 

of jobs on the work piece at the same time  

2.7.3. Data exchange strategies  

As has been seen previously, whether being performed sequentially or 

simultaneously, there is always a plan and a planning activity to link design and 

manufacturing together. The operational plan used to fabricate objects in a numeric 

ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨǇŀǊǘ ǇǊƻƎǊŀƳΩΦ 9ƛǘƘŜǊ ōŜƛƴƎ ƛƴ ŀ ŦŀōǊƛŎŀǘƛƻƴ ǘŜŀƳ ƻǊ 

in a product team, part programming is considered as the regeneration of geometric 

features of design in the form of product specifications which proceeds to the 

generation of coded machinery commands. The traditional view on this operation 

would be to expect the job to be done manually by planners going through the 

technical drawings and calculating the machining operation details before going on 

to coding forms and creating codes which then could be punched on cards (Seames, 

2002).  

Currently through all the improvements of recent years, part programming for fairly 

straightforward geometries are sometimes done manually. Input and output devices 

of NC controllers have made part planning and modification extremely simple. There 

is always the advantage of standardized procedures and established process 
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samples. Nonetheless highly sophisticated geometries have always been challenging 

and perhaps even impossible for part programmers to program manually. Computer 

assisted and recently even fully computer integrated programming systems have 

widened the circle of producible artefacts while demanding less time and carrying 

less errors and stepping toward zero defect production. As has been demonstrated 

in Figure 2 .54 one group of these improvements is related to computer applications 

that allow users to manually plan and the other group are those applications that 

interpret fabrication data straight from CAD models (McMahon & Browne, 1998).  

 Computer-assisted  CADCAM  

 

Figure 2 .54 Part programming  

Alternative routes for part programming. It is demonstrated that NC machines now can be programmed 

manually or by computer applications. It also can be seen that the most basic way is to do it manually; basically 

to translate the  design to sequential machining processes manually and then transfer them to the machine 

manually [primarily using wheels or levers]. On the other hand in the most modern way all the machining data 

could be extracted from the digital model by directly connecting the computer to the CNC machines. Diagram 

(McMahon & Browne, 1998).  

Part programs necessarily have to adhere to a tight set of standards. The NC 

standards and computer applications and programming software that are being used 
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currently are mostly considered outdated since they all have been established some 

years ago and factories using them are mostly not willing to change machines, 

software and to train their staff repeatedly as these procedures are time and cost 

consuming. Generally machines receive packages of data in which they carry 

commands and necessary information for identification, speed and machining routes 

ƪƴƻǿƴ ŀǎ Ψa/5Ω ƻǊ ΨaŀŎƘƛƴŜ /ƻƴǘǊƻƭ 5ŀǘŀΩΦ 9ŀŎƘ ŦŀƳƛƭȅ ƻŦ ŎƻƳƳŀnds are 

conventionally recognized be certain letters.   

Å Series number (recognized by letter N) to refer to a certain data pack.  

Å Preparative actions (recognized by letter G) are of a high level of importance 

since they inform the MCU of operations that will happen. Using it, machines 

do initial preparations to perform planned action.  

Å Coordinate data (recognized by X,Y,Z,A or B) to locate cutters and work piece 

holders  

Å Cutter feed tempo (recognized by letter f)  

Å Movement velocity controller(recognized by letter s)  

Å Tool selection data (recognized by letter t)  

Å Diverse control (recognized by letter M) data mostly used to control devices 

or systems of fabrication machines.  

It is necessary to indicate the place where a data pack is finished by adding EOB (End 

Of Block). Here we can see an example of command data package:  

N005 G02 X40. Y80.130 Z160. F.80 S2500 eob  

(Seames, 2002)  

Investigating manual processes can be a good starting point in this topic. Commonly, 

manual jobs of any type are prone to receive the least possible assistance from 

machines and digital technologies and rely mostly on manual capabilities. In the same 

way as any other man-driven precision production procedure it is complicated and 

needs a high level of expertise and experience and is largely prone to mistakes; 

especially when bulk material removal is the intent and due to the complexity of 
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detailing machining paths. Nevertheless there are two groups of assistive functions 

that reduce the hardship of manual processes for programmers.   

Å Ψ/ŀƴƴŜŘ ŎȅŎƭŜǎΩ ǿƘƛŎƘ ŎƻƳǇǊƛǎŜ ǊŜǇŜǘƛǘƛǾŜ ǊƻǳǘƛƴŜ ŀŎǘƛǾƛǘƛŜǎ ŀƴŘ Ŏŀƴ ōŜ ǳǎŜŘ 

in many different production processes and at most need minor adjustments 

to fit various operations.  

Å ΨaŀŎǊƻǎΩ ƻǊ Ψ{ǳōǊƻǳǘƛƴŜΩ ŀǊŜ ǘƘŜ ǎŜŎƻƴŘ ƎǊƻǳǇǎ ŦƻǊƳŜŘ ōȅ ǊŜǇŜǘƛǘƛǾŜ 

processes throughout certain machining process and eliminate separate 

design of each repeated process (Seames, 2002).  

If we want to take a step forward and replace manual programming by a more 

advanced method, it would be to consider computer programming applications that 

allowed programmers to define the geometry of objects and machinery processes in 

computer languages. Computers then can do the calculations and translate the 

programs and connect them to the machinery by making command packages. While 

today we can expect to see fully automated production process planning and 

manufacturing in highly sophisticated fabrication systems, there are production lines 

in many factories in which parts of the process are performed automatically but 

where much of the operational information such as dimensions, positions of the 

work piece and cutting tools, motions, speed and tool path must be measured, 

calculated and fed to the system manually. Programmers who use computer 

programs to plan machining processes usually follow these steps (where, as 

previously mentioned, any of these stages could be a part of an automated system 

or be performed manually):  

Å To define volumetric features of objects, movement of tools, inputs, velocity   

Å Encode all the gathered information based on the computer program and 

type of fabrication machines being used.  

Å tǊŜǇŀǊŀǘƛƻƴ ƻŦ Ψ/[5!¢!Ω ƻǊ ǘƘŜ ΨŎǳǘǘŜǊ ƭƻŎŀǘƛƻƴ Řŀǘŀ ŦƛƭŜΩ ǿƘƛŎƘ ƛǎ ōŀǎƛŎŀƭƭȅ 

series of cutter motions and other machine movements and controls.  

Å Adjusting CLDATA to create MCD for certain tool which is going to be used to 

feed MCD to MCU and run operational analysis (Seames, 2002).  
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Nonetheless, the ultimate method of part programming which is currently being used 

is an enclosed feature of the linkage of CAD and CAM, which allows the part 

programmes to be extracted straight from CAD models. This operation can be 

performed by directly transferring models to the computer-Aided Manufacturing 

application or by utilising numerical control applications existing in CADCAM 

software. No need for human interference in the process of encoding physical 

features of parts means the elimination of manual procedural mistakes. Furthermore 

such applications facilitate programming by illustrating the end product of any 

machining process and also enable users to modify the plan as required by the 

intended product. It is also possible to preview the tool motions and machining 

paths. Furthermore, part programming for complex geometries that were not 

possible using older techniques also become feasible by utilising automated 

techniques. This way, new forms could be devised and used in innovative product 

design.  

Generally the CADCAM oriented part programming starts with the recognition of 

critical features of objects which will affect machining. Geometries may require to be 

modified to fit better with the machinery and their motion constraints. In the next 

step it is essential ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ǘƻƻƭǎΩ ŦŜŀǘǳǊŜǎΦ ¢ƘŜƴ ǘƘŜ ƘƛŜǊŀǊŎƘȅ ƻŦ ƻǇŜǊŀǘƛƻƴǎ 

and cutter path should be programmed. All of these processes can be simulated 

digitally and any necessary modifications may be applied. And finally the CLDATA is 

generated and can be used to generate machine control data or MCD which then be 

transferred to MCU (McMahon & Browne, 1998) (Smid, 2003).  

2.7.4. Part programming exploiting 3D CAD models  

The introduction of digital part and process planning in production was seen as a 

means to facilitate the realization of complicated geometries which usually result in 

complicated machining procedures. One inherent complexity in regard to in this 

approach is that to deal with multi-curved surfaces. Each digital application may offer 

a different strategy; however, it is important to define any set of machining 
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operations such that independent tool paths do not impose on the previous or 

subsequent generation of an object feature.  

Basically operators should be aware of procedures that may have been chosen 

automatically because in practice two or more of them can interfere with each other. 

Bulk removal of materials using CNC machines may create a rough surface where 

material has been removed to various depths. Due to the existing details of the 3D 

digital models production engineers possibly have to plan for more than one round 

of machining. Based on the required level of finish on the work pieces after bulk 

removal of materials, the piece may undergo similar but slightly different course of 

machining to provide the desired smooth surface using different thicknesses of tools 

existing in the tool magazines of CNC devices. The following machining activities can 

also be totally distinct from what has happened earlier in the production line. For 

example, we can have cutting and milling and then brushing on one work piece. The 

planner has to plan the process and the hierarchical flow of activities to reach the 

intended result of the design. It is fast and easy to use automated planning 

applications but sometimes the final product of these plans do not match the design 

criteria since the parameters which have been defined in some applications do not 

let them plan totally accurately. Based on this fact constant supervision and manual 

evaluation on the production line is still necessary in order to prevent unexpected 

errors in automated translation, providing the direct CAD CAM link (Smid, 2003).  

2.7.5. Prototyping  

In most models of design there are phases for testing and development. For instance 

ƛƴ tŀƘƭΩǎ ƳƻŘŜƭ of design we can find the embodiment of the design activity in a 

process that comprises operations for detailing the concepts and design 

development by removing defects and deficiencies. In this stage it is vital to analyse 

the resultant design proposals and to refine them in order to fit the intention of the 

design. The realized interim models of design proposals which are used to improve 

the quality and/or function, stability, choice of materials, geometrical reasoning and 

production planning or even marketing of the end products are all part of the process 
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of developing prototypes [Figure 2 .55]. Although the concept which has existed 

previously in regard to prototyping was mostly limited to physical models which 

represented geometrical and other physical features of objects; yet, nowadays 

thanks to highly improved and capable computer hardware and applications we can 

benefit from instantly produced physical prototypes [Rapid Prototyping] as well as 

digital prototypes which can accurately represent almost all of the features of the 

products without the need for making physical models or mock-ups for tests. Physical 

models or prototypes that used to be made of wax and clay formed by hand or using 

handmade casts during a slow and labour intensive process now can be made from 

a vast diversity of materials and methods including automated digital techniques.   

  

 
Figure 2 .55 Prototyping  

tǊƻǘƻǘȅǇŜǎ ŀǊŜ ƳƻŘŜƭǎ ƻŦ ǇǊƻŘǳŎǘǎ ǊŜǇƭƛŎŀǘƛƴƎ ƻƴŜ ƻǊ ƳƻǊŜ ƻŦ ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘǎΩ ŦŜŀǘǳǊŜǎ ǳǎŜŘ ŦƻǊ ǘŜǎǘƛƴƎ ŀƴŘ 

sometimes marketing purposes. Picture (THOMASNET.COM).  

Since time has become a decisive factor in the tight competition between companies, 

they all aim for a reduction in the amount of time that it takes from the inception of 

the design to the moment when users receive their products, a factor which is known 

ŀǎ ΨǘƛƳŜ ǘƻ ƳŀǊƪŜǘΩΦ !ǎ ǇǊŜǾƛƻǳǎƭȅ ŜȄǇƭƻǊŜŘΣ ŀ ǎƛƳǳƭǘŀƴŜƻǳǎ ǇǊƻŎŜǎǎ ƛǎ ŀ ƳƻŘŜ ƛƴ 

which time saving is a principle of its feature. In such an approach prototyping 

techniques become critical.   

One of the advantages of the direct link between CAD derived three dimensional 

models and CAM devices, is the ability to leverage the rapid prototyping technique. 
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Rapid prototyping, which is also known as tool-less manufacturing, desktop 

manufacturing and solid-object modelling is considered as being comparatively new. 

The first techniques demonstrating such a capability were created in the late 1980s. 

In fact, the intent of such methods is to create physical models of the design at a fast 

speed and totally performed by machines. By improvements of CAM devices, rapid 

prototyping sometimes has been used to manufacture very high quality objects in a 

limited numbers. There are many types of rapid prototyping techniques and 

strategies which can be applied dependant on the geometry of design or application 

for the resulting prototypes (Schodek & Bechthold, 2005).  

2.7.6. Robotics  

We know that NC machines can be programmed by commands which run motions 

that operate on the work piece. Robots can be categorized in the same family as 

numerically controlled machines but with a much broader range of applications 

(Figure 2 .56). Robots are programmable devices which can be used in many 

industries and carry out different jobs. In areas where there is a need for ultimate 

accuracy, which sometimes humans are not capable of, heavy jobs and faster and 

repetitive processes that may have negative physical and mental influences on 

human workers robots have been used instead (Owen, 1985).  

Drastic improvements in mechanics, electronics and computing have evolved robots 

from just being mechanical tools only capable of following pre-programmed 

commands and performing a limited number of movements to the point where they 

can interact with the dynamic and natural environment and other man-made 

devices. They can collect information, process data and make appropriate decisions 

and perform the right action.   

In the United States at the end of the first half of the 20th ŎŜƴǘǳǊȅ ǘƘŜ Ψ!ǊƎƻƴƴŜ 

bŀǘƛƻƴŀƭ [ŀōƻǊŀǘƻǊȅΩ ŘŜǾŜƭƻǇŜŘ ǘƘŜ ŦƛǊǎǘ Ǌƻōƻǘǎ ǘƘŀǘ ǿŜǊŜ ǳǎŜŘ ƛƴ ŀǘƻƳƛŎ Ǉƭŀƴǘǎ ǘƻ 

perform tasks which could be dangerous for humans. They designed a system 

ŎŀǇŀōƭŜ ƻŦ ŎƻǇȅƛƴƎ ǘƘŜ ƻǇŜǊŀǘƻǊǎΩ ƳƻǾŜƳŜƴǘǎ ǿhere sensors were used to collect 

human movements and transmit the controlling signals to robots (McMahon & 
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Browne, 1998). During the next decade the potential of robotics grew and many 

control devices such as joysticks were introduced to the market. More than a decade 

ŀŦǘŜǊ ǘƘŜ ōƛǊǘƘ ƻŦ ǘƘŜ ŦƛǊǎǘ ǊƻōƻǘǎΣ Ψ¦ƴƛƳŀǘƛƻƴ LƴŎΦΩ ƳŀŘŜ ǎƛƎƴƛŦƛŎŀƴǘ ŀŘǾŀƴŎŜǎ  ŀƴŘ 

created automated robots, so that while older machines needed constant attention 

ŀƴŘ ŎƻǳƭŘ ƻƴƭȅ ŎƻǇȅ ǘƘŜ ƻǇŜǊŀǘƻǊΩǎ ƳƻǾŜǎΣ ƴŜǿ ƻƴŜǎ ŘƛŘƴΩǘ ƴŜŜŘ ǘƻ ǊŜƭȅ ǎƻ ƘŜavily 

on their human operators (Waurzyniak, 2006). Throughout the next two decades 

[1960s and 1970s] the development of robotics became the interest of numerous 

scientific institutes and engineering companies which brought a number of new 

control and feedback systems into the field. But 1980s was the time for robotics to 

become widespread in miscellaneous industries. The growth was so fast that, for 

example, in a three-year period prior to 1987 the number of industrial robots in Japan 

and United States doubled. Up to until the end of the 20th century robots have been 

used for industrial and repetitive works such as assembly and painting, nowadays 

they have become more and more involved with softer materials due to their ability 

for increased control and delicate motions. Today it can be witnessed that many 

medical operations are being performed by robots as they can guarantee more 

accuracy than humans when for example performing surgical operations on the eye 

or brain (Malcolm, 1988) (McKernon, 1991).  

 
Figure 2 .56 Robotics  
KUKA robots in a car factory. Robots are widely used in production lines. Picture (Wikimedia-b, 2012).  
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2.7.7. Cellular fabrication  

Traditionally what companies might expect from a production process was to collect 

all of the necessary fabrication machines under one roof and then start planning 

based on their capabilities and installed capabilities. For complicated products 

composed from several components which have to be made by different machines 

after being machined the parts needed to be transferred between machines. Such 

process was considerably slow and hard to plan and there had always been problems 

with the timing of manufacturing operations as different machines may work on 

different parts at different rates and to adjust them for new works would take some 

time; in addition we have to consider the technical issues with the machinery. The 

newer version of an organization has to specify the machining process and 

manufacturing devices which are needed in order to produce components. Based on 

ǘƘƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ŎƻƳǇŀƴƛŜǎ ƎǊƻǳǇ ǘƘŜƛǊ ƳŀŎƘƛƴŜǊȅ ƛƴ ΨŎŜƭƭǎΩ ǎƻ ǇŀǊǘǎ Ŏŀƴ Ŝŀǎƛƭȅ 

circulate amongst machines towards the end of the production process and the 

machines are located in the functionally appropriate cell. Thus time and energy 

consumption reduce and production planning and timing become much easier. In 

fact most of the technologies and methods which have been described in this chapter 

are necessary for cellular production. As it has been mentioned previously, regular 

changes in design demand flexible systems. In cellular production systems every cell 

has to be able to manufacture a large variety of a product family. In order to progress 

towards that point they need to gather the following technologies and methods in 

their system of work.  

Å GT to identify the part families.  

Å CNC to automate the processes and be programmable as a versatile tool.  

Å Tool magazines and controls so machines are capable of different actions.  

Å Robots and automated transfer of components to facilitate timing, assembly 

and delivery.  

Å Controls and sensors to analyse the process and products and send feedback 

to the system for further decision making and possible changes.  
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Å CAD CAM link to have automated manufacturing procedures and zero defect 

products and production planning. It also provides a great connection 

between all project groups and better control on machining process (Syresh 

& Kay, 1998)(Black & Hunter, 2003).  
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2.8. Production processes, customers and suppliers  

2.8.1. Introduc tion  

The following chapter intends to introduce different aspects of manufacturing 

planning systems and offers a brief overview of related fabrication systems. Initially 

by defining the discrete fabrication of components and describing the contrast with 

the continuous production process, the intent is to show the characteristics of various 

production strategies being applied in this system. Through the next part of the thesis 

a brief presentation of the different production environments which can be organized 

based on a range of fabrication options is illustrated in order to discuss the character 

of each environment and point out the merits of each. Reviewing the historical 

ǘƛƳŜƭƛƴŜ ǊŜƭŀǘŜŘ ǘƻ ŀƴ ƛƴŘǳǎǘǊƛŜǎΩ ƻǊƎŀƴƛȊŀǘƛƻƴŀƭ ŎƘŀƴƎŜǎ ǿŜ ǿƛƭƭ ǎŜŜ Ƙƻǿ 

customization and customer-driven production have become the mainstream of 

ǘƻŘŀȅΩǎ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǎȅǎǘŜƳǎΦ Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŜŎǘƛƻƴǎ ǘƘŜ ǾŀƭǳŜ ƻŦ ƭŜŀƴ 

engineering is clarified as to its role in making customized production profitable. And 

Ŧƛƴŀƭƭȅ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ΨōǳǎƛƴŜǎǎ ǇǊƻŎŜǎǎ ǊŜŜƴƎƛƴŜŜǊƛƴƎΩ όŀƭǎƻ ƪƴƻǿƴ ŀǎ .twύ ŀƴŘ ƛǘǎ 

importance in modern companies is introduced.  

Despite all the technological and organizational improvements production planning 

and evaluation of the processes are still a complicated task, although it is a definite 

fact that the degree of complexity of the job is dependent on the complexity level of 

ŀ ŎƭƛŜƴǘǎΩ ŘŜƳŀƴŘǎΦ 5ŜǎƛƎƴŜǊǎ Ƴǳǎǘ ŀƴŀƭȅǎŜ ŎǳǎǘƻƳŜǊǎΩ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀƴŘ ǘǊȅ ǘƻ ŦƛƴŘ 

an appropriate response to those needs by converting the data to objects, each 

comprised of different families of components. Manufacturing processes need to be 

organized and then individual parts are fabricated which is normally followed by 

subassemblies and assemblies and ultimately delivery to the customers. Factories 

may fabricate all of the required parts for their products or may also acquire some 

from other factories and suppliers. Throughout all of these activities, planning for 

details such as time, cost and availability of raw material or parts is also of a high level 

of importance.  
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2.8.2. Discrete component fabrication  

There are many ways to categorize factories; one of which divides them based on the 

nature of their production process. In this classification there are two groups of 

factories which apply either discrete component fabrication or the consecutive 

system. The latter system runs a consistent fabrication process that may apply 

mechanical and electrical as well as chemical processing techniques from the 

beginning right through to the end, usually in a dedicated production line [for 

example the production of canned food products]. Going back to the first group which 

would be termed discrete fabrication, the process is designed for the fabrication of 

each component singularly. The discrete production process may apply in three 

distinct types of approach namely mass production, batch production and finally 

jobbing shop production. Although these three groups stem from the same origin 

amongst the fabrication categories in factories, nonetheless the results of their 

application are characteristically different [Figure 2 .57] (McMahon & Browne, 1998).   

 
Figure 2 .57 Discrete fabrication  

Types of the discrete fabrication approaches in an artefact diversity and manufacturing volume contrast diagram 

[drawn by the author based on (McMahon & Browne, 1998)].   

The main feature of the mass production approach is to manufacture a limited variety 

of products but in a considerably large number. In such systems every aspect of 

Artefact diversity growth   

Jo bbing shop  
production   

Batch  
production   

Mass  
production   
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product and procedure are as standardized as possible; in fact there is almost no 

space for customization. Compared to other two systems, mass production 

manufacturers are the least flexible and considerations for changes in short and 

medium terms are mostly applied as minimal alternations. Mass production systems 

ƛƴ ŦŀŎǘƻǊƛŜǎ ŀǊŜ ǎƻƳŜǘƛƳŜǎ ƴŀƳŜŘ ŀǎ Ψ5ŜǘǊƻƛǘ {ǘȅƭŜ !ǳǘƻƳŀǘƛƻƴΩ ŀƴŘ ΨIŀǊŘ 

!ǳǘƻƳŀǘƛƻƴΩΦ aass production machineries are usually designed for the production 

of a very limited variety of products which certainly have a stable market and 

therefore sales volume is guaranteed and the prospect for changes in the close future 

is near to zero.  

In contrast to mass production, batch production is a system based on conformity of 

processes and/ or features of artefacts in relation to the variety of products and 

quantities of the intended manufactured products. The naming convention given to 

this method is due to dividing products in relatively small batches based on their 

similarities and performing manufacturing operations on each batch separately and 

when the operations are finished on all objects in one batch then they all move 

through to the next round of operations together or, depending on the production 

line, in smaller or larger numbers. The machinery should be more flexible compared 

to mass production devices. Machines need to be responsive to short term changes 

ōŀǎŜŘ ƻƴ ŎƭƛŜƴǘǎΩ ŘŜƳŀƴŘǎ ƻǊ ǘƘŜ ƳŀǊƪŜǘΩǎ ŦƭǳŎǘǳŀǘƛƻƴǎΦ {ƛƴŎŜ ƳƻŘŜǊŀǘƛƻƴ Ǌǳƴǎ 

through all aspects of this approach, it can be placed between the two extreme 

approaches of total mass production with almost no elasticity in response to sudden 

changes or customization and the concept of jobbing shop production; when the 

number of required products is going to be low then it is more economical to custom 

manufacture them but when demand is higher it might make more sense to go for 

mass production.   

The major characteristic of the last production method which is jobbing shop 

production is the high level of customization. Due to the fact that most of the time 

the results of such production methods are going to be absolutely unique, as 

standardization has been reduced to almost zero and production would commence 
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based on customized features, consequently each product passes through unique 

fabrication procedures; if not all, at least most of the components are going to be 

slightly different from one product to another. As a result the production time will 

grow dramatically and the number of finished products falls. Competition here is to 

stretch as much as possible to integrate with every single expectation of customers. 

As a result the fabrication line and machinery should be extremely supple and capable 

of performing a large variety of fabrication operations. Working with such systems 

requires an exceptionally experienced operator, usually experts in a variety of fields. 

/ƻƴŎŜǇǘǎ ƻŦ ΨƳŀƪŜ ǘƻ ƻǊŘŜǊΩ ƻǊ ΨŜƴƎƛƴŜŜǊ ǘƻ ƻǊŘŜǊΩ ŀǊŜ ōŀǎƛŎŀƭƭȅ ǊŜƭŀǘŜŘ ǘƻ Ƨƻōōƛƴg 

shop production (Jagdev, et al., 2004).   

2.8.3. Classification of fabrication approaches   

Mass production techniques are still popular all around the world and in various 

industries; but, growing demands and unstable market forces push mass producers 

toward batch production integrated organizations. Users increasingly expect 

companies to produce products with different designs. In fact customers put their 

faith in factories which provide customized goods. In contrast to the higher quantity 

of products which was demanded after the Second World War, nowadays the 

quantitative shortage of products is not an issue, thus companies try to attract users 

to their products by producing personalized items that can answer to the needs of 

ƛƴŘƛǾƛŘǳŀƭǎΦ ! ŦŜǿ ŜǾŜƴ Ǝƻ ŀ ǎǘŜǇ ŦǳǊǘƘŜǊ ŀƴŘ ƳŀƪŜ ŎƭŀƛƳǎ ŀōƻǳǘ ŀ ǊŀǇƛŘ ƳƻǾŜ ǘƻ ΨƻƴŜ 

ƻŦ ŀ ƪƛƴŘΩ ǇǊƻŘǳŎǘƛƻƴ όIƛƎƎƛƴǎΣ мффмύ ό²ƻǊǘƳŀƴƴΣ мффнύΦ  

High standardization of components has lead customers to choose certain type of 

products which are available on the market and are intended to be used by a large 

group of users, even though their experience may not always be satisfactory 

regarding the fulfilment of all of their needs. Factories used to mass produce artefacts 

and then delivered them to places where they were stored. Users then had to acquire 

goods from those stores so basically they had no direct connection with 

manufacturers.   
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It was only in the late 20th century that companies found that competition with other 

companies became tighter and so tried to run a feedback system to contact users and 

ŘŜǾŜƭƻǇ ǘƘŜƛǊ ǇǊƻŘǳŎǘǎ ŀŎǘǳŀƭƭȅ ōŀǎŜŘ ƻƴ ǎǘǳŘȅƛƴƎ ǘƘŜ ǳǎŜǊǎΩ ƴŜŜŘǎ ƛƴ ƎǊŜŀǘŜǊ ŘŜǇǘƘΦ 

Now companies and users have different means of communication. These 

connections do not follow the conventional recourse of the users to lists of products 

to choose what fits their needs the most. Some factories now provide facilities that 

let their customers contact them and interactively order a fully customized product 

(Browne, et al., 1995).  

Due to the level of connection between users and factories, the production settings 

can be grouped into four conventional categories. When factories produce their 

products based on a very well defined anticipation of the pattern of market 

expectations, they usually have minimum direct contact with their clients, the 

product variation range is limited and the number of products is relatively high. Those 

ŦŀŎǘƻǊƛŜǎ ƘŀǾŜ ŀŘƻǇǘŜŘ ŀ Ψa¢{Ω ƻǊ ΨaŀƴǳŦŀŎǘǳǊƛƴƎ ǘƻ {ǘƻŎƪΩ ŜƴǾƛǊƻƴƳŜƴǘΦ 5ǳŜ ǘƻ ŀƭƭ 

of these characteristics the delivery time is distinctively short but it is not a surprise 

that users are not capable of modifying the products based on their personal 

requirements. As an example of products from such environment we can nominate 

LY9!Ωǎ ŎƘŜŜǎŜ ƎǊŀǘŜǊ ώCƛƎǳǊŜ н .58]. The business planners in IKEA have anticipated 

the market and they know it will be bought and it is something that users usually 

ŘƻƴΩǘ ǎŜŜ ǘƘŜ ƴŜŎŜǎǎƛǘȅ ǘƻ ŎƘŀƴƎŜ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǎƛƎƴ ǎƻ ŀǎ ǘƻ ƳƻŘƛŦȅ ƛǘ ōŀǎŜŘ ƻƴ 

their own preferences.  
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Figure 2 .58 Manufacturing to stock

 LY9!Ωǎ ŎƘŜŜǎŜ ƎǊŀǘŜǊΦ tƛŎǘǳǊŜ 
(IKEA-a).  
In the second group of production environments, factories have only medium 

connection with their customers at the sales stage. They provide a variety of products 

based on the core assembly of their products. The diversity is caused by multiple 

ǎǳōŀǎǎŜƳōƭȅ ŘŜǘŀƛƭǎ ǿƘƛŎƘ ŀǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǳǎŜǊǎΩ ǇǊŜŦŜǊŜƴŎŜǎΣ ȅŜǘ ƛƴǘŜǊŎƘŀƴƎŜŀōƭŜ 

options remain limited. The Company performs the final assembly operation only 

ŀŦǘŜǊ ǊŜŎŜƛǾƛƴƎ ǘƘŜ ŎǳǎǘƻƳŜǊǎΩ ƻǊŘŜǊ ǿƘƛŎƘ ƛǎ ŎŀƭƭŜŘ Ψ!ǎǎŜƳōƭŜ ǘƻ hǊŘŜǊΩ ƻǊ Ψ!¢hΩΦ 

Factories that adopt this environment try to keep the delivery time medium to short 

by over production of subassembly components nonetheless the delivery time still 

remains dependent to availability of optional components. Again we can nominate 

ŀƴ LY9!Ωǎ ǇǊƻŘǳŎǘ ŀǎ ŀƴ ŜȄŀƳǇƭŜΤ ŦŀōǊƛŎ ǎƻŦŀǎ ǿƘƛŎƘ Ŏŀƴ ōŜ ƻǊŘŜǊŜŘ ōȅ ǎǇŜŎƛŦȅƛƴƎ ŀ 

preference between different styles of covers [Figure 2 .59].  
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Figure 2 .59 Assemble to order  

LY9!Ωǎ ǎƻŦŀǎ ǿƛǘƘ ǾŀǊƛŜǘȅ ƻŦ ŎƻǾŜǊǎΦ tƛŎǘǳǊŜ όLY9!-b).  

  

Some companies go a step further and not only offer optional subassemblies but also 

ǇǊƻŘǳŎŜ ŀǊǘŜŦŀŎǘǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ŎƻǊŜ ǎȅǎǘŜƳǎΦ ΨaŀƪŜ ǘƻ ƻǊŘŜǊΩ ƻǊ Ψa¢hΩ integrates 

broadly with users in sales and sometimes at the engineering level where production 

starts only after receiving the order. Two final products of such an environment may 

not only carry diverse visual characteristics but offer largely differing physical and 

performance features. Today we can find many car plants that set their work system 

as a MTO environment where they may produce sport, family, hatchback and SUV 

automobiles. Each model may offer many variations of engines or gearboxes and 

bodies may come in different colours or with various interior and exterior trim 

options. Car production companies may also have some subsidiary companies 

offering additional choices of body kit or engine tuning options in addition to the 

standard products [Figure 2 .60].   
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Mercedes Benz E-class Cabriolet. Two cars of the same model but with different details.  
Right, standard model. Picture (Mercedes-Benz, 2013).  
Left, after the Fab-5ŜǎƛƎƴΩǎ ŀƳŜƴŘƳŜƴǘǎ ƻƴ ǘƘŜ ǎǘŀƴŘŀǊŘ ƳƻŘŜƭΦ tƛŎǘǳǊŜ όCŀō 5ŜǎƛƎƴΣ нлмоύΦ  

  

The last group of ŦŀōǊƛŎŀǘƛƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ǿƘƛŎƘ ƛǎ ƪƴƻǿƴ ŀǎ Ψ9ƴƎƛƴŜŜǊƛƴƎ ǘƻ hǊŘŜǊΩ 

ƻǊ Ψ9¢hΩ Ŏŀƴ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ŀƴ ŀŘǾŀƴŎŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ƳŀƪŜ ǘƻ ƻǊŘŜǊ ǎȅǎǘŜƳΦ ¢ƘŜ 

difference is in the superior influence of customers on the engineering process of 

production. The design of ǎǳŎƘ ŜƴƎƛƴŜŜǊŜŘ ǇǊƻŘǳŎǘǎ ƛǎ ōŀǎŜŘ ƻƴ ǳǎŜǊǎΩ ŘŜƳŀƴŘǎΦ 

Features of such a fabrication environment can be witnessed in architectural projects 

where architects design and construct buildings based on their clients who will be the 

future users of the building.  

 

 MTS  ATO  MTO  ETO  

Figure 2 .61 Fabrication evolution  

Top: Direction of fabrication evolution. Based on (Scallan, 2003).  
Bottom: Characteristics of different fabrication approaches showing their differences. Extracted from 

(Wemmerlov, 1984)  

Figure   2 . 60   Manufacture to order   
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Aspect  MTS  ATO  MTO  

Factory/Customer  
Link  

weak  At sales  

and limited  
Design, engineering 

and sales  

Delivery Period  Low  Mid  High  

Production volume  

of each sales unit  
High  Mid  Low  

Variety of products  Low  Mid  High  

Main Production  

and planning factor   
Prediction  Prediction and  

Backlog  
Backlog  

Basis of Order  
Capacity  

At hand  Product 

inventory  
At hand Part  

inventory  
Capacity of customized 

production  

Dealing with   
Market demands  

Safety stocks of  

sales units  
Over planning of components  

and subassemblies  
Limited uncertainty  

Time planning  

bottleneck  
Sales  Main Components  

and subassemblies  
Finished products  
Finished parts and  

assembly  

Finishing assembly 

timeline  
Close correspondence  

to the master schedule  
Dependent to orders  Includes most of the 

assembly operations  

Quantity bills  A Standard BOM  

per each sales  
Planning BOMs required  Unique BOMs are 

produced   
for each customer  

  

Up to this stage the intent has been to differentiate companies based on their systems 

of production and customer interface but it is essential to know that most of 

companies do not choose a single approach in their fabrication systems. Those 

companies are termed hybrid. For instance, factories may produce their most popular 

artefact in a large number as a standard product but also offer a number of variations 

of the standard product [e.g. variety of colour, memory space in electronic devices, 

finished surface material]. Accordingly we can summarize that companies working as 

a hybrid of the MTS and ATO approaches mostly deliver more satisfaction among a 

larger number of customers, therefore generating larger benefits for the company. 

As illustrated in the Figure 2 .61, over the passage of time and especially during the 

last thirty years, there has been a higher tendency toward Engineer to Order which 

ǎƘƻǿǎ ǘƘŜ ǘǊŜƴŘ ǘƻǿŀǊŘ ŎŀǘŜǊƛƴƎ ǘƻ ŀ ǎǇŜŎƛŦƛŎ ŎǳǎǘƻƳŜǊǎΩ ƴŜŜŘΦ  IƻǿŜǾŜǊΣ ǘƘƛǎ 

paradigm shift was not possible without the revolutionary innovation of computer 

databases, digital modelling and computer-integrated design support applications 
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and devices as well as CIM (Computer-Integrated Manufacturing) machinery (Scallan, 

2003) (Jagdev, et al., 2004) (Rolstadas, 1991).  

2.8.4. Linking factories to users and providers  

The previous section of this chapter defined different fabrication environments and 

ŜȄǇƭƻǊŜŘ ǘƘŜ ǇŀǊŀŘƛƎƳ ǎƘƛŦǘ ŦǊƻƳ ǘƘŜ ΨƳŀƴǳŦŀŎǘǳǊŜ ǘƻ ǎǘƻŎƪΩ ŀǇǇǊƻŀŎƘ ǘƻǿŀǊŘǎ ǘƘŜ 

ΩŜƴƎƛƴŜŜǊƛƴƎ ǘƻ ƻǊŘŜǊΩ ǘǊŜƴŘ ǿƘƛŎƘ speeds up as time passes. This tendency towards 

the order-oriented fashion demands a high level of customer interaction. 

Customerbased production requires sufficient communication between producers 

and customers to manage their needs and provide feedback and to do so, companies 

have to be capable of making quick changes in design and fabrication directions. 

Despite all the benefits of the customer-manufacturer link, it cannot guarantee the 

full satisfaction of the users by its own. Manufacturers know that the speed of their 

ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŎǳǎǘƻƳŜǊǎΩ ŘŜƳŀƴŘǎ ƛǎ ƘƛƎƘƭȅ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŘŜƭƛǾŜǊȅ ƻŦ Ǌŀǿ ƳŀǘŜǊƛŀƭΣ 

parts or services through outside providers.   

These understandings accompanied by modern computing and communication 

technology have brought about the ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ΨŜȄǘŜƴŘŜŘ ŜƴǘŜǊǇǊƛǎŜΩΦ ¢Ƙƛǎ 

term is used for a group of self-organized companies which are working individually 

but towards shared interests in completion of certain strategies, gathering their 

resources in order to provide products or services for their users. This link is defined 

due to the relation of their work together and is not based on organizational mergers 

and can be regulated by contracts. The benefit is a competitive advantage due to the 

linkage, for example, between manufacturers, suppliers and distributors. Previously 

industries have only been focused on productivity improvement and optimization in 

the immediate area of operations of their companies whereas now they have to 

involve several other factors in process planning, consideration and calculations 

(Browne, 1995) (Warnecke, 1993). In Figure 2 .62 there is a basic demonstration of 

the link between manufacturers, suppliers, distributors and customers.  
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Figure 2 .62 Production links    
Links between various parties. Diagram based on (Arlbjorn & Haas, 2010).  

  

2.8.5. Lean production processes  

By looking at the history of industrial production it can be witnessed that after the 

age of craft production which was followed by mass production, as a result of the 

work of the international motor vehicle programme research team, lean production 

has been introduced as the newer generation of production mode.  It was in the 

absence of NC and mechanical fabrication devices that highly expert craftsmen used 

relatively uncomplicated yet mainly adjustable tools to create unique objects with 

ŀƭƳƻǎǘ ŜȄŀŎǘ ǊŜƭŜǾŀƴŎŜ ǘƻ ǳǎŜǊǎΩ ƴŜŜŘǎΤ ǘƘǳǎ ǘƘŜǊŜ ƛǎ ƴƻ Řƻǳōǘ ŀōƻǳǘ ǘƘŜ ǇǊƻŎŜǎǎ 

being time, labour and consequently cost intensive. As quantitative product demand 

increased and technological developments paved the way for mass production, 

skilled technicians designed products in response to the market requirements and 

also planned fabrication procedures which could end up producing artefacts using 

costly and highly dedicated machinery but with cheap, unskilled workers.  

Mass production stood as the leading trend in manufacturing environment until the 

mid 20th century when Toyota realized the need for having a deeper regard toward 

Manufacturing  
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Final  
assembly   
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Customers   

Order entry   
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ǳǎŜǊǎΩ ƴŜŜŘǎΦ !ǘ ǘƘŀǘ ǘƛƳŜ ŜƴŘŜŀǾƻǳǊǎ were focused on the formation of a system 

carrying the positive features of both craft and mass production yet avoiding the 

extreme standardization of mass production as well as cost and labour intensiveness 

of craft production (Womack, et al., 1990). The car company planned to produce 

larger variation of car types to meet market demands, in contrast with western 

companies such as Ford that were focused on an highly standardized process to gain 

better productivity. In order to keep production profitable in this new system, 

engineers tried to reduce machinery installation and setup time. Instead of 

concentrating on the optimization of the fabrication process itself, many efforts have 

been directed toward the generation of new design, manufacturing and quality 

control ideas and the formation of allocated providers empowering the supply chain 

links with providers and distributors. As a result of strong distribution planning 

ŘŜŀƭŜǊǎ ōŜŎŀƳŜ ŀƴ ƛƴǎŜǇŀǊŀōƭŜ ǇŀǊǘ ƻŦ ¢ƻȅƻǘŀΩǎ ŎŀǊ ǇǊƻŘǳŎǘƛƻƴ ǎȅǎǘŜƳ ŀƴŘ ŀ 

dealership neǘǿƻǊƪ ƎǊŜǿ ǿƘƛŎƘ ƭŜŘ ǘƻ ǘƘŜ ŎƻƳǇŀƴȅΩǎ ƎǊŀŘǳŀƭ ŘƛǾŜǊǎƛƻƴ ŦǊƻƳ Ƴŀǎǎ 

ǇǊƻŘǳŎǘƛƻƴ ǘƻ ŀƴ a¢h ŜƴǾƛǊƻƴƳŜƴǘΦ ¢Ƙƛǎ ǎȅǎǘŜƳŀǘƛŎ ǎƘƛŦǘ ƛƴ ¢ƻȅƻǘŀΩǎ ōǳǎƛƴŜǎǎ ƳƻŘŜƭ 

has led to the realization of user-oriented production which did not exist before that 

time and known as Lean manufacturing (Black & Hunter, 2003).  From the mid 20th 

century on, many studies have been run to identify the effectiveness of lean 

production in various industries, among them the international aerospace program, 

to survey the lean production process in the British aerospace industry in early 90s. 

From the productivity and optimization point of view, results demonstrate large 

similarities to what has happened in the area of car production. The essential point 

here is that there is no limit to what can be involved in the optimization process. Any 

possible factor should be considered and if its value was proven then it has to be 

planned and integrated with all other elements of optimization. In addition, 

companies have to embrace any radical changes that can develop the links between 

all parties of an enterprise and increase productivity (Black & Hunter, 2003) (Black, 

2008).  

By all means, lean production intends to minimize any sort of waste during the 

production of any kind of artefacts. In a lean system, causes of waste are not only a 
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consequence of time or material consumption; some other organisational defects like 

overburden also can cause waste. In essence the goal of lean production is to reduce 

waste and non-value- adding activities to increase productivity (Womack, et al., 

1990)(Holweg, 2007). After the reduction of waste, in the second wave of lean 

concept development, the prime consideration is to level different sequences of work 

and resources to achieve process smoothing; thus trying to eliminate waste and 

increase productivity in a systematic manner (Liker & Houses, 2008).  

In the lean concept there are seven main sources of waste:  

Å To move material or products. This activity does not add value to the final 

product and considered as waste.  

Å To move workforce and equipments.  

Å Buffering or storing material or products.  

Å Set up time in one part which can cause the production line to stall in other 

parts.  

Å Manufacturing products over or below the market demand  

Å Over processing  

Å Lack of quality in final products or not matching the market demands 

(Womack & Jones, 2003).  

  

Similarly in construction, the lean concept has been utilised to improve the design 

and construction of buildings. Such a concept in the construction industry considers 

design, building, and environment. The desirable result is to make buildings with as 

little as possible costs [financially and environmentally] and as much as possible in 

terms of added values [to the built environment while considering client demands] 

(Koskela, et al., 2002).  

Lean construction has a holistic view towards the industry; therefore it considers 

market, clients, designers, local authorities, suppliers, builders, etc. In fact the Intent 

Iŀǎ ƘŀŘ ōŜŜƴ ǘƻ ƛƴƛǘƛŀǘŜ ŀ άǿŀȅ ǘƻ ŘŜǎƛƎƴ ǇǊƻŘǳŎǘion systems to minimize waste of 

materials, time, and effort in order to generate the maximum possible amount of 

ǾŀƭǳŜέ όYƻǎƪŜƭŀΣ Ŝǘ ŀƭΦΣ нллнύΦ {ǳŎƘ ŀ Ǝƻŀƭ ƛǎ ƻƴƭȅ ŀŎƘƛŜǾŀōƭŜ ǘƘǊƻǳƎƘ ǘƘŜ ŎƻƻǇŜǊŀǘƛƻƴ 

of all construction project stakeholders from the conception all the way through 

completion and lifecycle of the building products (Abdelhamid, et al., 2008).  

Later in chapter 3 some examples of lean construction in practice have been 

demonstrated [Especially in the work of Facit homes which is briefly shown in chapter 

3.6].  
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2.8.6. Restructuring the workflow  

New computer-aided technologies have changed the business structure of modern 

companies. The emergence of CAD, CAM and CAPM (computer-aided production 

management) linked together by strong electronic data interchange systems have 

begun to facilitate the user-manufacturer connection and brought bout an 

exponential growth in productivity. Meanwhile, applying these innovative techniques 

in some cases did not always lead to the level of success which has been expected. 

Some experts claim that developments have not been harmonised in all respects 

especially in relation to IT aspects. In most cases companies who are intent on using 

modern technology to just rectify problems resulting from conventional methods and 

are not realising the benefits of fully adopting modern systems by doing an 

ƻǊƎŀƴƛȊŀǘƛƻƴŀƭ ŎƘŀƴƎŜ ǎƛƴŎŜ ȅƻǳ άdo not fix what isn't brokenέ ό[ȅƻƴǎΣ мффрύΦ 

CƻƭƭƻǿƛƴƎ ǘƘŜ ǘƘŜƻǊȅ ƻŦ άƛŦ ƛǘ ƛǎƴΩǘ ōǊƻƪŜΣ ŘƻƴΩǘ ŦƛȄ ƛǘέ ƳŀŘŜ ōǳǎƛƴŜǎǎ ƻǿƴŜǊǎ ƻƴƭȅ ǎŜŜ 

the apparent benefit and miss the long term success. Tackling this concept, Hammer 

ŀǎǎŜǊǘŜŘ ƛƴ Ƙƛǎ ŀǊǘƛŎƭŜ ŀŘǾƛǎƛƴƎ ŎƻƳǇŀƴƛŜǎ ǘƻ ΨŘƻƴΩǘ ŀǳǘƻƳŀǘŜΣ ƻōƭƛǘŜǊŀǘŜΩ ŀƴŘ 

proposed the reengineering of the entire business process for factories (Hammer, 

1990).   

Reviewing different approaches to organizational change, it can be witnessed that 

Ƴŀƴȅ ƻŦ ǘƘŜǎŜΣ ǎǳŎƘ ŀǎ ΨƧǳǎǘ ƛƴ ǘƛƳŜΩΣ Ψǘƻǘŀƭ ǉǳŀƭƛǘȅ ƳŀƴŀƎŜƳŜƴǘΩ ƻǊ ŜǾŜƴ ΨǿƻǊƭŘ Ŏƭŀǎǎ 

ƳŀƴǳŦŀŎǘǳǊƛƴƎΩ ǎǳǇǇƻǊǘ ǘƘŜ ƎǊŀŘǳŀƭ ŀƴŘ Ŏƻƴǎǘŀƴǘ ǎȅǎǘŜƳ ŘŜǾŜƭƻǇƳŜƴǘ ǿƘŜǊŜŀǎ 

business process reengineering suggests radical and fundamental conversions 

(McSwiney, 1995). The former group of systematic changes only propose changes in 

fabrication workplace while the latter considers all parties in a large group and applies 

systematic changes all over the organization.  

In chapter 2.8 different types of manufacturing strategies and consequently those 

factories which are shaped by them have been demonstrated. It can be seen that 

traditionally there are several different approaches towards production and based on 

each traditional approach used by factories their products and services are shaped 

and characterised. It is also mentioned that computers are changing this traditional 
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categorisation and move the production in different industries into a new era where 

definition of production strategies, features of the end products, clients-producers 

links, productivity and efficiency are redefined. In fact computers have helped some 

manufacturing philosophies such as lean production and lean construction to come 

out of the traditional mould and be able to become closer to reaching their ultimate 

goals [waste elimination, matching market demands, using the economy of mass 

ǇǊƻŘǳŎǘƛƻƴ ōǳǘ ƳŀǘŎƘƛƴƎ ǘƘŜ ŜŀŎƘ ŎƭƛŜƴǘΩǎ ŜȄŀŎǘ ŜȄǇŜŎǘŀǘƛƻƴǎΣ 9ǘŎΦϐ ǘƘǊƻǳƎƘ ǘƘŜ 

revolutionary organisational changes suggested by new potentials and made possible 

by new flexible tools.  
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2.9. Ultimate optimization and idealism  

2.9.1. Introduction  

¢Ƙƛǎ ŎƘŀǇǘŜǊ ŀƛƳǎ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ΨWǳǎǘ ƛƴ ¢ƛƳŜΩ ŎƻƴŎŜǇǘ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨWL¢ΩΣ ŦƻŎǳǎƛƴƎ 

on its influences in design and the manufacturing industries. Following the 

discussions from previous chapters, we will have another look at product families and 

flow-ƛƴǘŜƎǊŀǘŜŘ ŦŀōǊƛŎŀǘƛƻƴ ŀƴŘ ǘƘŜƛǊ ŀǇǇƭƛŎŀǘƛƻƴ ƛƴ ǘƘŜ ΨWL¢Ω ŀǇǇǊƻŀŎƘΦ Lƴ ƻǊŘŜǊ ǘƻ 

have a comprehensive review on all aspects of the JIT, one part of this chapter is 

dedicated to demonstrate the quality of manufacturer and supplier relationship as 

well as defining design strategies which are useful or even sometimes play an 

essential role in the route towards gaining the best results from this system. Similar 

to any other production strategy there are also fabrication planning and time 

management methods.  

¢ƘŜ ǘŜǊƳ ΨWǳǎǘ ƛƴ ¢ƛƳŜΩ ƻǊ ΨWL¢Ω ƛǎ ǳǎŜŘ ǘƻ ƴŀƳŜ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ǳƭǘƛƳŀǘŜ ƻǇǘƛƳƛȊŀǘƛƻƴ 

in production. Although integrating with this concept may be regarded by the 

Western business owners as the only solution for them to conquer their Japanese 

and Chinese rivals, who established the JIT concepts, in the international market; but 

considering the limited energy and material resources and growing demand for 

products it may be the inevitable future of industries all around the world whether 

for the purpose of competing with other companies or surviving through the new 

market demands, supply capacity and environmental rules (Imai, 1986).  

2.9.2. 4ÈÅ Ȭ*ÕÓÔ )Î 4ÉÍÅȭ ÁÐÐÒÏÁÃÈ  

Ultimate optimization, hundred percent efficiency or perfectionism in production are 

all attributed to the just in time approach and serve to theoretically define its goals. 

In practice, JIT seeks to push all the limits to attain the best possible distinction in 

every single part of the production process to produce perfect products causing the 

least waste. In fact, JIT demands only the amount of perfection that is requested and 

any excessive quality over that needed and planned for is also regarded as 

imperfection. Based on the just in time philosophy, the intended productivity, 



2.9. Ultimate optimization and idealism  

135  

  

efficiency and quality is the result of the synchronization of actions in order to 

provide the correct items of the right quantity and quality in right time and right place 

(Cheng & Podolsky, 1996).  

In the JIT system of production there are important points that needed to be 

addressed. Almost all of the production specialists are aware that currently the 

theoretical goals of the JIT concept appear to be rather undeliverable not to say 

unrealistic. The unattainable qualities are clearer when we try to turn defects, setup 

time, inventories, handling, breakdown, lead time all to zero in the imperfect world 

of manufacturing. JIT concepts are basically unsustainable in traditional fabrication 

environments where all the efforts toward the Just in Time goals frustrate 

(Schneidermann, 1986).   

It can be said that the success level of JIT is highly related to the cultural 

characteristics of the place where the production is happening. The work 

environment in eastern Asian countries is more groups oriented which is quite 

different from what exists in western countries where individualism is more 

dominant.   

The conventional problem solving approach in production is to break down complex 

sets of problems, geometries and structures by another simpler set and then solve 

ǘƘŜ ǎƳŀƭƭŜǊ ŀƴŘ ǎƛƳǇƭŜǊ ǇǊƻōƭŜƳǎ ƻǊ Ǉƭŀƴ ŦƻǊ ŜŀŎƘ ǎƘǊǳƴƪŜƴ Řƻǿƴ ŜƭŜƳŜƴǘΩǎ 

fabrication. This caused the generation of specialists, each expert in a limited aspect 

of production function while there was a limited window towards the comprehensive 

overview across the process. Just in time on the other hand considers the totality of 

projects in order to achieve to its objectives.   

Managers of factories conventionally consider manufacturing defects as an 

unavoidable result of the production process and the focus is to keep the amount of 

ŘŜŦŜŎǘǎ ƛƴ ŀ ǎƻ ŎŀƭƭŜŘ ΨǘƻƭŜǊŀōƭŜΩ ȊƻƴŜΦ ¢Ƙǳǎ ǘƘŜ ƛƴǘŜƴǘƛƻƴ ƻŦ ǇǊƻŘǳŎŜǊǎ ǿƻǳƭŘ ōŜ ǘƻ 

provide maximum satisfaction, as far as possible, for users. This trend does not 

conform to what just in time intends to achieve. The JIT tries to investigate the 

systematic shortages that cause defects and fix them appropriate to the zero defect 

concept.   
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The JIT assertively claims that inventory is a product of mismanagement in planning, 

design, teamwork, communication and shop floor performance thus the progress 

should be directed toward the elimination of inventories which play the role of shock 

absorber. This function was necessary in traditional systems where suppliers were 

unreliable in regard to providing raw material, subassemblies or services as they are 

needed and on time. Traditional companies consider inventories as they can be 

ǊŜƎŀǊŘŜŘ ŀǎ ǘƘŜ ΨǿƻǊƪ ƛƴ ǇǊƻƎǊŜǎǎΩ ŀƴŘ ǘƘŜ ǎǘƻǊŜŘ ƳŀƴǳŦŀŎǘǳǊŜŘ ǇǊƻŘǳŎǘǎ ǿƛǘƘ ǘƘŜƛǊ 

added vŀƭǳŜ ŀǎ ǘƘŜƛǊ ΨŦƛƴŀƴŎƛŀƭ ǇƻǘŜƴǘƛŀƭǎΩΦ LƴǾŜƴǘƻǊƛŜǎ ŀƭǎƻ ŀǇǇŜŀǊ ŀǎ ŀ ƎǳŀǊŀƴǘŜŜ ǘƻ 

ǘƘŜ ŎƻƳǇŀƴȅΩǎ ǎǳǊǾƛǾŀƭ ƛƴ ǘƘŜ ŜǾŜƴǘ ƻŦ ƳŀƴŀƎŜƳŜƴǘ ǇǊƻōƭŜƳǎ ƛƴ ǎǳǇǇƭȅ ƻǊ 

unavoidable misconception of market fluctuations.  

Another goal of the JIT approach is the zero installation and adjustment time for 

machinery. When we think about zero machinery adjustment time in our work we 

also have to bear in mind that in such concepts, and referring to batch production 

characteristics, there is no benefit in grouping parts in batches. In order to reduce 

the inventory costs in factories they try to create a balance between transportation 

costs of batches and installation and adjustments costs. Basically large groups of 

parts or batches impose higher inventory costs and smaller groups might cost more 

due to the need for more adjustments and setup time. In a system where adjustment 

time and costs and inventory costs and space are pushed to zero, then a batch of 

individual part is the most efficient.  

When designing a production process, framing it within a long period of fabrication 

requires the process strategies to rely on forecasts. Companies need to allocate more 

time for processes to cover the unpredicted problems which are harder to anticipate 

over a longer period of time. It also means that the production lines have to be 

devoted to the production of one object for a long time. Just in time suggests zero 

lead time as one of its goals. It means that planning gets much easier as it is shorter 

than before causing less unpredicted problems that may endanger the project. In 

parallel the system is going to be involved in one project for a shorter period 

therefore it is more flexible and responsive to unforeseen obstacles and changes. 

Mentioned before, conventional methods regard design and manufacturing as 
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ŘƛǎŎǊŜǘŜ ŀŎǘƛǾƛǘƛŜǎ ǿƘŜǊŜŀǎ Ƨǳǎǘ ƛƴ ǘƛƳŜΩǎ ǘƘƻǊƻǳƎƘ ǾƛŜǿ ƛŘŜƴǘƛŦƛŜǎ ǘƘŜ ŀŦŦƛƭƛŀǘƛƻƴ ƻŦ 

them. The value of this concept is undeniable in regard to reviewing the growing 

market and demands for more customized goods in shorter time spans. Although the 

actual zero lead time is unattainable never the less the valuable efforts of companies 

to reduce lead time have been certainly financially beneficial and their production 

environment is more responsive to changes. These factors can make companies 

appear as being superior compared to their rivals.   

In every production project there are numerous activities needing to be performed 

to fabricate objects which do not necessarily add any value to the product. Thus it is 

beneficial to consider reducing them to the minimum possible. As an example we can 

take a look at assembly process in factories. Assembly operations generally consist 

of part feeding, handling, mating, testing and quality control and other possible 

special activities. For instance the part feeding stage does not add to the value of the 

final product hence if we plan to reduce the feeding process to the minimum we will 

have a more efficient process (Cheng & Podolsky, 1996).  

2.9.3. Ruling factors in JIT based systems  

According to the goals of a just in time based system which have been mentioned in 

the previous section, we can now point out some ruling factors of such systems. To 

begin with is the need for direct communication with users since the designs should 

match the market demand as much as possible; secondly the use of group technology 

and any other methods to facilitate the flow-based manufacturing environment; and 

last but not least is the highly prioritized well established connection with supply 

chain to guarantee constant feed into the system.   

These factors rule a production method in factories with two ends; the front end links 

the factories to the users and the back end connects them with providers and 

suppliers. As it has been said before, JIT has a holistic view to the production 

environment and seeks to improve the organizational efficiency through developing 

each part of the system in relation to all the others. Consequently a JIT approach is 
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not limited only to manufacturing and involves other activities such as marketing 

(Hernandez, 1989).   

The importance of conversion in direction of manufacturing strategies according to 

the growing expectations of the market has been discussed previously. It has been 

established that although all aspects of the production industry has been developed 

dramatically specially during the recent decades, therefore fabrication of highly 

customized artefacts is still enforcing higher costs on factories compared to what 

mass produced standardized products do. Therefore factories chose a strategy in 

which they analysed the market needs and behaviour and based on these data they 

grouped their customers due to the similarity of their interests and designed and 

manufactured a range of products such that each class of products responds directly 

to the needs of at least one group. In order to pre-empt the market and surpass other 

opponent companies in the same industry the diversity of produced goods should be 

ƭŀǊƎŜ ŜƴƻǳƎƘ ǘƻ ǎŀǘƛǎŦȅ ŀƭƳƻǎǘ ŀƭƭ ŎǳǎǘƻƳŜǊǎΩ ǘŀǎǘŜǎ ŀƴŘ ǇǊƻŘǳŎǘǎ ŀƭǎƻ ǎƘƻǳƭŘ ōŜ 

offered at a reasonable price to be affordable for the targeted market (Knight, 1974).   

One of the ways to gain efficiency and productivity in addition to customization is the 

ΨƳƻŘǳƭŀǊ ŀǇǇǊƻŀŎƘΩΦ !ǎ Ƙŀǎ ōŜŜƴ ƳŜƴǘƛƻƴŜŘ ōŜŦƻǊŜΣ ǘƘŜ ƳƻǊŜ ǘƘŜ ǾŀǊƛŜǘȅ ƻŦ 

products, the more manufacturing, set up and assembly costs they cause. Factories 

also need a system capable of being responsive to frequent changes. Basically as 

managers increase the flexibility of their systems at the same time they put a heavier 

financial burden on the company and consequently their products are going to be 

more expensive. In a modular fashion engineers try to inspect various groups of 

products so as to spot similarities between different groups, in fact there is much 

effort focused on increasing these correspondences. Such methods cause 

considerable reductions in production time, machinery set up time, assembly costs, 

less part design and drawing etc. (Yoshimi, 2008).   

In JIT the strategy is to form a firm and sustainable link to certain providers. Instead 

of circulating between different suppliers, factories must find a reliable provider 

ǿƘƛŎƘ Ŏŀƴ ƳŜŜǘ ǘƘŜ ŦŀŎǘƻǊƛŜǎΩ ǘƛƳŜƭƛƴŜǎ ŀƴŘ ǎǘŀƴŘŀǊŘǎΦ ¢ƘŜȅ Ŏŀƴ ǎƘŀǊŜ 

comprehensive and detailed process data of their works; thus the manufacturer and 
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supplier can help each other in overcoming problems and with a good understanding 

of how the manufacturer and supplier work together it is more likely that they can 

establish a more efficient environment. A sustainable manufacturer provider link 

needs a long term plan so that each part can realize the goals on which the 

connection is based and help one another to develop their capabilities. A more 

synchronized relationship between them two means the greater flexibility of the 

production volume and character (Lubben, 1988).  

2.9.4. Design considerations for fabrication and finishing  

It has been said that designing through recognition of an exact set of market 

expectations is one of the ruling factors of the just in time approach. One of the 

necessities for a design team is to ŀŘƻǇǘ ŀ ǳǎŜǊΩǎ ƴŜŜŘǎ ƛƴ ǘƘŜƛǊ ŘŜǎƛƎƴ ǇǊƻǇƻǎŀƭǎ 

ŀƴŘκƻǊ ŜǾŜƴ ƳŀƴŀƎŜ ǘƘŜ ǳǎŜǊǎΩ ŎƘƻƛŎŜǎ ōȅ ŘƛǾŜǊǎƛǘȅ ƻŦ ǘƘŜƛǊ ǇǊƻŘǳŎǘǎ ǿƘƛŎƘ ŀǊŜ 

responsive to the market if it is possible. It has also been mentioned that in order to 

make the activities of a production companƛŜǎΩ ǎǳŎŎŜǎǎŦǳƭΣ ƛǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ǇǊƻŘǳŎŜ 

artefacts to satisfy a wide range of customers as well as products being offered at a 

reasonable price so as to be affordable for the targeted users. These goals are 

achievable in a number of ways. For instance factories may choose strategies to grow 

the number of their product groups by keeping the processing operations low at the 

same time (Kusiak & Chow, 1987) (Lewis, 1986).  

The relationship between the diversity of products and the process variety has been 

demonstrated in the Figure 2 .63. The Figure 2 .64 shows how the process and 

product variety relation is defined by the two technological and financial constraints. 

The manoeuvrability of designers and manufacturing planners is within the diagonal 

strip which is limited by economic and technological limits. In order to illuminate the 

Figure 2 .64 clearer, we can attribute the bottom right corner of the figure to the 

mass production system since it resembles the features of that production strategy; 

and the top left corner has the jobbing shop manufacturing characteristics. 

Considering the current theme in production developments we can assume that the 

focus is in moving the process toward less process and more product variety which is 
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located in the bottom left corner of the figure. Although the progress in this path is 

limited by the lack of technology, but the day by day technological developments 

especially in computer driven devices and generation of flexible manufacturing 

systems facilitates progress in this direction.  

 

Figure 2 .63 Product variety  

Growth and reduction in the product variety has direct impact on the variety of the production process.  

Systematically speaking, the just in time trend offers a more thorough view toward 

this goal for the sake of more variety of products and less process. Technology 

progression is not the only area which draws the attention of JIT users. They also pay 

great attention to techniques such as fabrication and assembly oriented design, 

applying machinery and staff that have the fastest response to change, reducing the 

installation and adjustment time and cost, etc.   

 
Figure 2 .64 Production limits Variety of artefacts and processes are limited by the economic 

and technological constraints.  
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A fabrication device which does a machining job on two different types of artefacts 

in a JIT system is desirable when it ideally requires zero or realistically negligible 

adjustment time after machining the first part in order to be prepared for the second 

ǇǊƻŘǳŎǘΩǎ ƳŀŎƘƛƴƛƴƎΦ {ǳŎƘ ŀƴ ŀŎŎƻƳǇƭƛǎƘƳŜƴǘ ƛǎ ƻƴƭȅ ǇƻǎǎƛōƭŜ ǘƘǊƻǳƎƘ ǘƘŜ 

collaborative work of the design team, planners and production engineers (Cheng & 

Podolsky, 1996).   

A desirable design proposal should decrease the number of necessary components 

ŦƻǊ ǘƘŜ ƛƴǘŜƴŘŜŘ ŀǊǘŜŦŀŎǘǎΩ ǇǊƻŘǳŎǘƛƻƴΤ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ǘƛƳŜ ŀƴŘ Ŏƻǎǘ ŘǊƻǇ 

dramatically. By other means a good design may consider modular components 

which use a repetitive assembly operation to form the final product in a variety of 

product families. Figure 2 .65 demonstrates a primary model of the modular design 

fashion where A is the common component in the three different product types 1, 2 

and 3. The intention in this model is to raise the application of the A element. 

Accordingly fewer types of products are needed to be produced and production time 

and cost drop as well as the inventory costs and volume. This fashion is also 

influential on the bill of materials by trying to keep the differences between products 

as high as possible in the product structure and thus minimize the consequences of 

variability for manufacturing (Yoshimi, 2008).  

 

Figure 2 .65 Modular design  

Modular design across bills of material. Based on (Yoshimi, 2008).  

  

Nowadays designers mostly aim for the development of design proposals that 

facilitate the fabrication and assembly process. Modern product planning and design 

essentially needs to consider using off the shelf items as much as possible, 
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standardized components or at least parts with the least possible experimental 

machining. Characteristics such as load bearing, finishing and so on need to be 

designed in regard to the important fact that unneeded fabrication operations force 

more financial burden on the company. Working with this view makes numerous 

positive changes towards simplification of design and subsequently simplicity of 

production.   

5ŜǎƛƎƴ ŦƻǊ ŜŀǎŜ ƻŦ ŀǳǘƻƳŀǘƛƻƴΩǎ ŦƻŎǳǎ ƛǎ ƻƴ ǘƘŜ ŎƻƳƳƻƴ ŀǇǇǊƻŀŎƘŜǎ ŀƴŘ ŘŜǎƛƎƴ 

concepts that will, for instance in the case of part assembly, supports the 

simplification of automatic components feeding, orienting and assembling 

procedures. As an example from the assembly operation, it is mostly essential to 

design parts to be physically assembled from the top down since in a production line 

it is the best strategy comparing to assembly from the sides or from the bottom of 

products in an automated assembly line. A desired assembly line configuration 

chooses operations with less complexity and tries to avoid any extra work.  

Undoubtedly it is due to the application of robots and automated assembly process 

that the value of design for manufacturing and assembly is more apparent. Because 

of the limited capabilities of robots, for many years after they first had been used, 

their application in industries has been restricted only to basic jobs such as painting, 

welding or loading and unloading and they perform negligible roles in assembly. It 

has only been during the last two decades that robots also have largely been involved 

in assembly procedures.   
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Figure 2 .66 Da Vinci the robot  

Recently, sophisticated robots which can perform activities with a high level of accuracy have been produced. 

¢ƘŜ Ψ5ŀ ±ƛƴŎƛΩ ǎǳǊƎƛŎŀƭ Ǌƻōƻǘ ƛǎ ŎŀǇŀōƭŜ ƻŦ ǇŜŜƭƛƴƎ ŀ ǎƳŀƭƭ ƎǊŀǇŜ ǿƛǘƘƻǳǘ ŘŀƳŀƎƛƴƎ ƛǘǎ ŦƭŜǎƘΦ tƛŎǘǳǊŜ ό{ƻǳǘƘǎƛŘŜ 

OBGYN).  

In order to make the best of robotics technologies, industries ran numerous studies 

in two major fields; on one hand engineers designed and made highly sophisticated 

automated machines to be used on assembly lines and on the other hand designers 

changed their design organization in a fashion that could facilitate the use of robots 

and automated assembly processes. The former includes the design of 

multifunctional clamps which can move in different directions and dimensions as well 

as modernization of control and feedback system which result in the generation of 

ultimately accurate and fast robots which can be programmed relatively easily. In 

fact it tends to replicate or even in some cases advance the motions and precision of 

human hands. Nonetheless it is the latter approach which appears to become more 

useful in production. A product designed in this manner reduces assembly to a series 

of pick-and-place operations, thereby requiring a less sophisticated robot. This 

results in manufacturing cost saving and increases the likelihood of financially 

ƧǳǎǘƛŦȅƛƴƎ ΨǊƻōƻǘƛŎ ŀǎǎŜƳōƭȅΩ (Billingsley, 1985) (Boboulos, 2010).  

2.9.5. JIT and the fabrication process  

Clearly one of the outstanding objectives of the just in time trend is to drop 

production costs as well as to increase the productivity of production lines. Factories 

may achieve financial efficiency through many ways; yet, one of the popular 

approaches is to minimize wastes in all kind particularly preventable inventories. For 

instance when distributing products for sale, the most beneficial system is to provide 

premium products in required numbers and appropriate price in the exact time when 

they are needed thus storage costs reduce to minimum. To match the true 

requirements of customers factory needs flexible tools and staff. Applying 

ΨǇǊƻŘǳŎǘƛƻƴ ǎƳƻƻǘƘƛƴƎΩ ώCƛƎǳǊŜ н .67] techniques, each production line is capable of 

manufacturing a variety of artefacts on a daily basis. Reduction of the process lead 

time is the most influential element in fabrication smoothing. Such a strategy may be 
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applied in factories in two main steps. Through the first stage, reviewing and making 

ŎƘŀƴƎŜǎ ōŀǎŜŘ ƻƴ ǳǎŜǊǎΩ ŘŜƳŀƴŘǎ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ƳƻƴǘƘƭȅ ƛƴǘŜǊǾŀƭǎ ƻǾŜǊ ŀ ōǳǎƛƴŜǎǎ 

year is applied and the second stage discovers the required changes on a daily basis 

throughout a month. To calculate all the required changes analysts may study 

changes in several consecutive years to predict the possible alternations to avoid 

seasonal variations and resulting business crisis.  

Calculation and anticipation of the market demands over shorter periods of times 

helps the production line to be updated faster. Planning based on shorter periods 

also means that there are going to be much less changes in the production line and 

the design of the product to match the market compared to longer periods which 

may cause significant organizational changes that may damage the system. In order 

to make minor changes in the short-term, flexible machines are needed to allow 

margins for changes without a lot of time and cost consumption (Monden, 2011).  

  

   Production course   

Time   

Time   
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  Market demands   
Figure 2 .67 production smoothing   Set up period  

Top: production smoothing has made regular changes in production lines and products. It keeps the set up time 

negligible and the products updated based on the market demands.  
Bottom: In traditional methods of production, manufacturing reviews happens in considerably long periods 

of time. It makes the changes in every period significant and the set up time is also extensive. The production 

line is not flexible enough to absorb the market changes and keep the products updated.  

2.9.6. Tactics for ease of fabrication and lead time reduction  

Conventionally, in a traditional fabrication environment it is expected for the whole 

machining time [with the additional installation and adjustment time] to consist only 

5% of the throughput of lead time. It is interesting to know that less than a third of 

that 5% is allocated to activities which actually add value to the product. The 

production lead time is often divided between four key phases. The machining time, 

the installation and adjustment time, the redeploy time and queuing time. A 

representation of throughput time breakdown is demonstrated in the Figure 2 .68. 

As it can be witnessed, in a production process the queuing time occupies largest part 

in the production lead time in some cases even up to 80% of total.  

Adjustment 

time  
Machining 

time  

Transportation 

time  
Queuing time   

Figure 2 .68 Production time A schematic presentation of 

the throughput time dedication   

  

Shockingly, most of the production lead time is dedicated to queuing and the 

movement of components between various operations stations. Therefore just in 

time suggest that in order to decrease the process lead time, factories need to reduce 

the queuing time which would have the greatest influence. In companies, product-

based families decrease lead time by encouraging simplified flow of batches between 

activities and machining stations. In production lines however JIT suggests the 

application of the U-shaped layouts [Figure 2 .69]  

The key intentions of layout planning for manufacturing in factories are firstly to 

support the flexibility of the workforce to adapt with process changes; secondly, to 

recruit skilled staff who can be operational in various work scenarios; thirdly, to 

upgrade their systems from being a single purpose production line which needs part 

transportation between machining stations; and at last but not least, to review and 
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rearrange the traditional production operations considering radical technological 

and engineering developments.   

Moving towards these objectives a u-shaped product based layout has been 

promoted [Figure 2 .69]. Such a workplace composition due to the close distance 

between machines enables multi-skilled Staff to be capable of working concurrently 

with more than one machine. It also helps to remove production buffers in factories. 

The success of this method shows the importance of the production line 

arrangement in productivity and efficiency (Monden, 2011).  

 
Figure 2 .69 Work cell U-shaped work cell. Extracted 

from (Monden, 1983).    

Based on what is said before, reducing the queuing time can play a key role in the 

productivity growth mostly because it is not considered as a value adding activity and 

also because it occupies most of the lead time. The Figure 2 .70 demonstrates some 

influential methods that are involved in U-shaped production cells to decrease the 

queuing time.  

 

Figure 2 .70 Queuing optimization  

Influential factors in queuing time optimization. Based on (Monden, 2011).  
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For example when in a production line one unit process a number of pieces in a certain period of time but in the 

next unit which has to process those pieces processing time is longer, it means that there has to be a buffer 

between those two units that holds the pieces that are processed in the first unit but waiting to be processed in 

the second one. Line balancing means that the processing activities are balanced between different units of a 

factory. Therefore there is no need to form queues between processing units.  

    

In a JIT fabrication line there is continuity in the sequential work cycle. In such a 

system, by performing one fabrication work cycle, one unit of products is produced. 

By finishing each step of the manufacturing procedures the work concurrently starts 

on the unit in the next stage. This approach is already operational in mass production 

ŦŀŎǘƻǊƛŜǎΩ ŀǎǎŜƳōƭȅ ƭƛƴŜǎΦ bŜǾŜǊǘƘŜƭŜǎǎ Ƴŀǎǎ ǇǊƻŘǳŎǘƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ ƭƻǘ 

manufacturing concept in contrast with the JIT that tends to develop the idea of unit 

manufacturing and redeploys systems also in fabrication activities and not just in the 

assembly line. Thus it is expected that similar to assembly lines, in production lines 

the machining ends in the former stage and start in the latter stage concurrently. This 

ŀŎŎǳǊŀǘŜ ƘŀǊƳƻƴȅ ƛƴ ǎŜǉǳŜƴŎŜǎ ƻŦ ƻǇŜǊŀǘƛƻƴǎ ƛǎ ƴŀƳŜŘ ŀǎ Ψ{ȅƴŎƘǊƻƴƛȊŀǘƛƻƴΩΦ   

Another influential activity in favour of efficiency of the JIT trend is to avoid 

unbalanced ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǘƛƳŜ ōŜǘǿŜŜƴ ŜŀŎƘ ƳŀŎƘƛƴƛƴƎ ǎǘŀǘƛƻƴ ŀƴŘ ŀǇǇƭȅ ΨƭƛƴŜ 

ōŀƭŀƴŎƛƴƎΩ ǘƻ ŎǊŜŀǘŜ ŀ ŦƭǳŜƴǘ ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ŜǾŜǊȅ ǎǘŀƎŜ ǳǎŜǎ ǎŀƳŜ ǘƛƳŜ ŀƴŘ ǇǊƻŎŜǎǎ 

same number of work pieces throughout production. Self-operating control system 

monitoring the unit machining and transportation is a powerful tool in line balancing. 

As it has been mentioned before, synchronization due to its ability to create a 

constant flow of work between different machining stages can be also influential in 

line balancing.   

In some cases two different devices may couple together to work on one sort of 

product. It is possible that the operational capacity of the first device is greater than 

the second one. Conventionally the system would create a support buffer between 

the two; whereas in just in time the two devices are regarded as one system. The first 

device works exactly when the number of parts between two devices is less that the 

predetermined number and continues to work until the number reaches the default 

limit. This automated control is also effective on queuing time reduction.   
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Standardization of the machining operations is intended to raise three major 

benefits. Firstly, it minimizes the ongoing work. Secondly, it balances the production 

line via applying synchronization of the processes in the production cycle. And at last, 

standardization optimizes the production and increases the productivity.  

Standardization is commonly determined in three steps namely as below:  

Å To calculate and plan the production cycle time  

Å Categorization of operations and dedicate necessary workforce  

Å To determine the necessary quality of the work in progress  

To calculate the cycle time it is necessary to divide the total daily production time by 

ǊŜǉǳƛǊŜŘ Řŀƛƭȅ ƻǳǘǇǳǘΣ ǿƘƛƭŜ ǘƘŜǊŜΩǎ ƛǎ ƴƻ ƳŀǊƎƛƴ ŘŜŘƛŎated to unit defects down time 

or idle time in the available daily production time.  

As it has been mentioned before, the workforce in a just in time environment need 

to be multifunctional and carry multidisciplinary knowledge in various production 

related fields. In this system operators need to be able to work with various machines 

and perform many types of activities. These operators can help to minimize the 

inventory costs as when the machining finishes on one machine they can move it 

directly from one device to the next one. If the work load is heavy or for any reason 

an operator cannot perform the expected activity, other co-workers can help due to 

the fact that they know how to run different machinery (Schonberger,  

1982) (Monden, 2011)  

Apart from the queuing time, transportation is also a non value adding activity which 

occupies a large share of production time. In the Figure 2 .71 the two ways that the 

JIT suggest to reduce the redeploy time have been demonstrated. As it is shown one 

of them is the production layout which some details of it and the Ushaped production 

cells have been discussed before in this chapter.   

Although unit production and transport optimizes the production process, 

nonetheless it may increase the occurrence part redeployment between work 

stations. In order to remove the negative impacts of it, modernized and fast 

transportation methods needed to be applied in production lines. Improvements has 
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started by using conveyor belts(Japan Management Association, 1986) but 

modernization has not stopped since and in highly sophisticated production lines in 

companies such as the Porsche car factory they use automated robots to move parts 

between different production lines and work stations; they also move optional parts 

from shelves and deliver them to the assembly stations.  

  

 

Figure 2 .71 Transportation time  

Optimization of the transportation time (McMahon & Browne, 1998).   

At last it is the processing time which is considered as an important component in 

production process. Although processing is a value adding activity in a production 

line, yet set up time a non value adding activity in traditional production systems 

considered as the prerequisite for processing. Trying to revolutionize processing, just 

in time strategies have offered a view toward the processing time due to the value 

based features. It tries to eliminate the set up time, redeployment time and queuing 

time because they do not add any value to the products and are just the necessities 

of the traditional production systems. Considering processing time as the only 

valuable member of the family oŦ ǇǊƻŘǳŎǘƛƻƴ ŀŎǘƛǾƛǘƛŜǎΣ ǘƘŜ WL¢Ωǎ ŦƻŎǳǎ ƛǎ ǘƻ ƳŀƪŜ ǘƘŜ 

most of this time and produce perfect artefacts in an optimized system. A just in time 

environment tries to use the last technological developments to increase efficiency 

and to recruit multi-skilled operators and to keep them updated by holding regular 

training sessions.   

Decreasing the  
transportation time  

dedication   

More efficient transfer  
mechanism s   

Layout of production  
processes   



2.9. Ultimate optimization and idealism  

150  

  

In general, it is in the desire for the best possible fabrication techniques performed 

by a group of expert operators that the chase for perfection in the just in time 

fabrication environment can be most vividly witnessed (McMahon & Browne, 1998).  

2.9.7. Ȭ7ÏÒÌÄ #ÌÁÓÓȭ ÍÁÎÕÆÁÃÔÕÒÉÎÇ  

¢ƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ Ψ²ƻǊƭŘ /ƭŀǎǎ aŀƴǳŦŀŎǘǳǊƛƴƎΩ ƛǎ Ƴŀƛƴƭȅ ƻǿŜŘ ǘƻ ǘƘŜ Ƨǳǎǘ ƛƴ ǘƛƳŜ 

practice in American factories. They have also put an emphasize on the concept of 

ΨǇŜǊǎƛǎǘŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘΩ ŀƴŘ ƪŜŜǇƛƴƎ ǘƘŜ ǿƻǊƪŦƻǊŎŜ ǳǇŘŀǘŜŘ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ 

unification of product design and process planning resulting in the simplification and 

optimization of complicated fabrication lines. The main features of world class 

manufacturing can be described as follows (Schonberger, 1986) (Schonberger, 1987) 

(Hayes, et al., 1988):  

Å To be competitive and focus on becoming the best amongst the other 

companies in the related industry  

Å Do not limit the competition to the time when the company reaches the top. 

In order to guarantee your success you need to develop faster than any other 

competitors. The measurement scale for success can be their success in the 

market.  

Å Absorb the best workforce. Keep them updated and train them regularly to 

adopt the latest technological and organizational improvements.   

Å Lead the technology. Train sophisticated technicians and engineers who are 

ultimately expert in design and fabrication. This way suppliers always seek for 

your advice to meet modify their service. This way you will be to one who 

shapes the industry and the market.  

Å Form a flexible system which is responsive to the changes of demands and 

supply chain. The more flexible you are the more successful you will be in the 

competition with other companies.  

Å Face the product and process developments with open arms. Upgrade your 

work environment to systems which are more efficient and productive. It is 

also good when opponents try to copy your products through reverse 
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engineering they realize they need to perform radical organizational changes 

in order to produce artefacts in the same standard as yours.  

Å Always work on development of your products. This way not only your 

products can match the current market needs  but also While your opponents 

are busy to copy your product you work on your new product which is going 

to be in the market fast. So even if they can copy your product you are one 

step ahead of them.  

The world class manufacturing is a western response to the lean production system 

which had been initiated in Japan. After the exponential growth of Toyota which 

made it the biggest car manufacturer in the world, the lean method which was based 

on the group oriented mentality of the Eastern Asian countries became popular in a 

large variety of industries. The Western companies were losing competition to the 

high volume of a more customer based strategy of the Eastern rivals. Therefore they 

initiated the Westernised method which could improve productivity and customer 

link and match the individualist culture of the Western societies (Black, 2008).   
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2.10. Latest trends in production  

2.10.1. Introduction  

The following chapter intends to demonstrate the necessity of information 

organization and feature based modelling of products through defining the idea of 

applying information organization. The quality of applying design data and involving 

them in models and their influence on manufacturing accompanied by modern 

communication methods, which connects the separate teams of a production 

project, will be discussed. In fact, it will be shown how the presence and quality of 

digital communication is becoming the bottleneck for many projects. In the next part 

of this chapter, the necessity of environmentally friendly production will be 

illustrated while the role of computer-aided procedures and modelling in such 

concepts will be emphasised. This definition of the necessity of environmental 

friendly production is followed by a discussion about how designing can be influential 

on this directional change  and how companies need to change in order to adapt to 

this new environment.  

Undoubtedly, the importance of these revolutionary changes which have been made 

in industries and our society by computers and digital technologies from the late 20th 

century on is comparable to the major impacts of the industrial revolution which had 

ŎƘŀƴƎŜŘ ŀƭƳƻǎǘ ŜǾŜǊȅ ŀǎǇŜŎǘ ƻŦ ǇŜƻǇƭŜǎΩ ƭƛǾŜǎ ƛƴ ǘƘŜ ƳƛŘ муth century. Although the 

emergence and development of digital technologies and devices is happening at a 

great pace, yet it is clear for all that it is only the beginning of changes, which even 

now are seen as radical in some fields, but eventually these will be greater and even 

more fundamental in the near future.   

LǊƻƴƛŎŀƭƭȅ ǿƘŀǘ Ƙŀǎ ōŜŜƴ ŎŀƭƭŜŘ  ΨŀǳǘƻƳƻōƛƭŜΩ ƛƴ мстн ƛǎ ƴƻǿ ŦǳƭŦƛƭƭƛƴƎ ǘƘŜ ǘŜǊƳ ΨŀǳǘƻΩ 

when cars and their control and traffic management systems are being designed by 

ŎƻƳǇŀƴƛŜǎ ǎǳŎƘ ŀǎ ΨDƻƻƎƭŜΩ ŀƴŘ Ψ{ƛŜƳŜƴǎΩ ŀǎ L¢ ŀƴŘ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǘŜŎƘƴƻƭƻƎȅ 

companies and many other companies with different fields of work [Figure 2 

.72ϐό²ƻƘƭƭŀƛōΣ нллтύ ό±Lb/9b¢Σ нлмоύΤ Ψ{ƳŀǊǘ ŎŀǊǎΩ ƴƻǿ Ŏŀƴ ƳƻǾŜ ŀƭƻƴƎ ǊƻŀŘǎ ǎŀŦŜƭȅ 
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and reach destinations without humans being directly involved in operating, 

directing and controlling by using pedals, levers and wheels. Instead of physical tools, 

digital technologies such as satellite navigation, sensors, and feedback system 

ŎƻƴǘǊƻƭ ŀǊŜ ƴƻǿ ŎŀǇŀōƭŜ ƻŦ ŘŜǊƛǾƛƴƎ ΨŀǳǘƻƳƻōƛƭŜΩΦ 5ƛƎƛǘŀƭƭȅ ŎƻƴǘǊƻƭƭŜŘ ŎŀǊǎ ŀǊŜ ƻƴƭȅ 

one example out of millions of innovations which are being developed every day to 

move us towards a fully digital integrated lifestyle.  

 

Figure 2 .72 The Google car  

! ǇƛŎǘǳǊŜ ǎƘƻǿƛƴƎ ǘƘŜ ƛƴǘŜǊƛƻǊ ƻŦ ŀ ΨDƻƻƎƭŜ /ŀǊΩΦ ¢ƘŜǎŜ ŎŀǊǎ ŀǊŜ ŀƭǎƻ ƪƴƻǿƴ ŀǎ Ǌƻōƻǘ ŎŀǊǎ ŀǊŜ ŎŀǇŀōƭŜ ƻŦ ŘǊƛǾƛƴƎ 

on roads and take passengers to their desired destinations. They use satellite, sensors and feedback systems 

to operate. The project is currently under development. Picture (Anorak, 2010).  

L¢ ŘŜǾŜƭƻǇƳŜƴǘǎ ƘŀǾŜ ŀƭǎƻ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŎƘŀƴƎŜŘ ǘƘŜ ǿŀȅ ƻŦ ǇŜƻǇƭŜǎΩ ŎƻƴƴŜŎǘƛǾƛǘȅ ŀƴŘ 

have created a global market and supply system where collecting correct, detailed 

and on time information is a key factor in the success of companies. Other concerns 

of the work of industries relate to the growth of business and the rise of market 

demands in addition to limited natural resources and climatic changes that have 
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ƴŜƎŀǘƛǾŜ ƛƴŦƭǳŜƴŎŜǎ ƻƴ ƘǳƳŀƴǎΩ ƭƛǾŜǎ ǿƘƛŎƘ ŎƻƴǎŜǉǳŜƴǘƭȅ ƎƛǾŜ ǊƛǎŜ ǘƻ ŎƻƴŎŜǊƴǎ ŀōƻǳǘ 

the future.  

  

2.10.2. Organization of information groups  

There are many teams involved in every project; even though they are connected 

within a modern framework, each team should be aware of the work of the other 

groups involved in the project so as to present their work in a manner that would be 

ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ǘƘŜ ƻǘƘŜǊ ǘŜŀƳǎΩ ǿƻǊƪΣ ȅŜǘ ǘƘŜ ŦƻŎǳǎ ƻŦ ŜŀŎƘ ǘŜŀƳΩǎ ǎǇŜŎƛŀƭǘȅ ǊŜƳŀƛƴ 

on a certain aspect of the product. Consequently there can be a variety of digital 

devices and digital databases with each one related to certain teams or features of 

the project. In a modern environment, where all different types of design and 

production information is being generated it is necessary to benefit from a PDM 

application [Product Data Management] capable of organizing all sorts of different 

databases in different teams containing information in various formats and make 

them accessible for other groups that need to develop their work based on 

information, provided by other teams. Examples of such systems in the realm of 

building design and construction can be seen in chapter three where comprehensive 

and central models of the buildings and their embedded data paves the design and 

production way and provide assistance for project planning and management.  

Such systems may be involved in many aspects of the work in different industries. 

For instance, a commonly noted feedback from users may trigger an investigation by 

ǘƘŜ v/ ŘŜǇŀǊǘƳŜƴǘ ǘƘŀǘ Ǌǳƴǎ ǎǘǳŘƛŜǎ ŀōƻǳǘ ŎǳǎǘƻƳŜǊǎΩ ŎƻƳƳŜƴǘǎ ŀƴŘ ŀǎ ŀ ǊŜǎǳƭǘ 

they may inform the design team about the necessary changes in their approach to 

the product. This change can cause changes in design and subsequently fabrication 

strategies and details. This cycle of communication in fact shows the value of a 

central integrated database to link different departments which are involved in 

production.   

To define a product data management application one way is to group its activities 

into two distinct areas of impact namely users and utilities respectively.  
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The first field comprises (Crnkovic, et al., 2003):  

Å information organization which directs the databases, information safety, 

accessibility of the data and so on  

Å Definition of the jobs and procedures which draws the perspective of work, 

allocation of workforce and plans the procedures.  

Å Describing the details and features of the final artefact.  

Å Categorization of information in order to facilitate the access  and to not miss 

any detail  

Å Set up project criteria and agenda to plan for access to necessary resources 

or anticipate work stages and so on.  

On the other hand the second field of PDM tries to (Crnkovic, et al., 2003):  

Å Build a strong communication link between all departments and also provide 

communication with entities out of the company which can be influential on 

the production process.  

Å To build a strong platform for data exchange between different applications, 

teams, stages of the project and machinery and devices.   

Å To transform the information format in order that it might become useable in 

different devices or by different teams to process the information and 

develop some aspect of project.  

Å To provide visual representations of the data to be analysed by engineers or 

discussed with users.  

Å To manage the organization of the information system. Basically to control 

the input and output and/or accessibility or may be data mirroring to support 

the system against possible data loss  

2.10.3. Information based models  

The product data management applications are the extension of CAD systems that 

are capable of modelling physical form of artefacts. In fact PDM computer 

applications are advanced production tools which acquire their sophistication from 
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the contribution of computer applications responsible for volumetric modelling, 

production organization and administration, evaluation and information structure 

planning and management that facilitates the contribution of discrete applications 

and systems in one unified production environment. It can be said that the ultimate 

perfection of the file to factory technology or computer aided design and 

manufacturing with the current perspective is to form a database for every single 

product which contains all the product design, manufacturing, supply, distribution, 

life cycle and disposal information from inception. Such a database that represents 

all aspects of an artefact is also known as the product model. The Figure 2 .73 is a 

schematic representation of the cited models which also demonstrates the common 

aspects of an artefact which is usually needed to be included in such models (Sendler 

& Wawer, 2008).  

 
Figure   2 . 73   Product model   
A schematic product model  1993) Krause, et al.,  ( .   
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As has been mentioned, currently the creation of comprehensive information based 

models of projects can be regarded as an ultimate goal in production industries. In 

ōǳƛƭŘƛƴƎ ŀǊŎƘƛǘŜŎǘǳǊŜΣ Ψ.LaΩ ƻǊ ΨōǳƛƭŘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ƳƻŘŜƭƭƛƴƎΩ Ǉƭŀȅǎ ǘƘŜ ǊƻƭŜ ƻŦ ǘƘŀǘ 

thorough such a model. This system shares numerous features with other similar 

models which may be used in other industries. Basically their structures are largely 

similar but the information type will be different depending to the intended final 

product. BIM systems are going to be described in the chapter 2.11.  

2.10.4. Component based product mo dels  

One of the significant features of every product model is that they consist of detailed 

information. Models may define physical features of artefacts and a hierarchy of the 

ŎƻƳǇƻƴŜƴǘǎΩ ŀǎǎŜƳōƭȅ ǎŜǉǳŜƴŎŜ ƛƴ ǘƘŜƛǊ ǇǊŜ-planned places to make the final 

products and also may describe every single physical relationship of individual 

components. This family of information is known as the bill of materials or BOM 

ǇƭŀȅƛƴƎ ŀ ƪŜȅ ǊƻƭŜ ƛƴ ǇǊƻƧŜŎǘǎΩ ŘŜǾŜƭƻǇƳŜƴǘ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ǊŜƎŀǊŘ ǘƻ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ 

product models. In an industrial project, if designers and planners need to establish 

the way components actually physically join, then they need to create assembly 

models which are considered as a higher level of organizational tool compared to 

only the combination of bill of material data with a model which shows the physical 

form and the geometry of artefacts. The latter is only capable of showing visual 

features of assembly and joints and do not cover the quality of componential merges 

and joints.  

Basically the major elements of an assembly model are the illustration of 

ŎƻƳǇƻƴŜƴǘǎΩ Ƨƻƛƴǘǎ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ŘŜǇƛŎǘƛƻƴ ƻŦ ŘŜǘŀƛƭǎ ŀōƻǳǘ ǘƘŜ ǉǳŀƭƛǘȅ ŀƴŘ 

hierarchy of individual parts merging together. Obviously there are going to be limits 

that form and constraint the assembly process and therefore the assembly models 

ǿƘƛŎƘ ŀǊŜ ƪƴƻǿƴ ŀǎ ΨƳŀǘƛƴƎ ǊŜƭŀǘƛƻƴǎƘƛǇǎΩΦ   

These descriptive models of component relationships can be grouped into five major 

ŎŀǘŜƎƻǊƛŜǎΦ ΨtŀǊǘ-ƻŦΩ ǎƘƻǿǎ ǘƘŜ ƘƛŜǊŀǊŎƘƛŎŀƭ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǇŀǊǘǎΣ ŀǎǎŜƳōƭƛes 
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ŀƴŘ ǎǳōŀǎǎŜƳōƭƛŜǎΤ ΨǎǘǊǳŎǘǳǊƛƴƎ ǊŜƭŀǘƛƻƴǎΩ ŀƭǎƻ ƪƴƻǿƴ ŀǎ Ψ{wǎΩ shows the 

ǊŜƭŀǘƛƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ǘǿƻ ƛƴŘƛǾƛŘǳŀƭ ŎƻƳǇƻƴŜƴǘǎ ƛƴ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀǊǘŜŦŀŎǘǎΦ Ψ5ŜƎǊŜŜǎ 

ƻŦ ŦǊŜŜŘƻƳΩ ƻǊ Ψ5hCΩ which determines the possible moves in the assembly line which 

suit the intŜƴŘŜŘ ǇǊƻŘǳŎǘΤ ΨƳƻǘƛƻƴ ŎƻƴǎǘǊŀƛƴǘǎΩ ŀƭǎƻ ƪƴƻǿƴ ŀǎ Ψ[ǘǎΩΣ reviews the DOF, 

ŀƴŀƭȅȊŜ ŀƴŘ ŜƭƛƳƛƴŀǘŜ ŘŜŦŜŎǘƛǾŜ ƳƻǘƛƻƴǎΤ ŀƴŘ Ŧƛƴŀƭƭȅ ΨCƛǘǎΩ which test the assembly 

plan against the dimensional limits (Shah & Rogers, 1993).  

Figure 2 .74 illustrates an assembly process organization described in the Shan and 

Rogers book on assembly modelling.  

 

Figure 2 .74 Assembly links  
Hierarchy of assembly relationships (Shah & Rogers, 1993).  
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As has been mentioned before, the outstanding advantage of the product data 

management technology is the ability to provide seamless bedding for strong 
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networks of computers to share data between them.  At this time Stanford 

established the first web server in the America. It has been used to transfer digital 

data. Two decades after that ground breaking innovation, the versatility of internet 

applications have become even more prominent. Using this global data network 

enabled companies to have direct contact with each other and even with their users. 

bƻǿŀŘŀȅǎΣ ƴƻǘ ƻƴƭȅ Ŏŀƴ ŎƻƳǇŀƴƛŜǎ ǊŜŎŜƛǾŜ ǳǎŜǊǎΩ ŦŜŜŘōŀŎƪ ǘƘǊƻǳƎƘ ǘƘŜ ƴŜǘ ǘƻ 

improve their services but also they can receive customized orders directly from their 

clients. The internet has also facilitated the internal connection between various 

sections of factories to the level that the ordering, processing, planning, 

manufacturing and preparation for delivery procedures are becoming an automated 

cycle of works. Using information technology and the internet has opened new doors 

in front of industries. Now they can have collaboration with unlimited consultants, 

contractors, subcontractors, suppliers and users all around the world regardless of 

the geographical distance (Krar & Gill, 2003).  

2.10.6. Virtual teams  

Lǘ Ŏŀƴ ōŜ ǿƛǘƴŜǎǎŜŘ ǘƘŀǘ ǎƻŎƛŀƭ ƴŜǘǿƻǊƪƛƴƎ ǎŜǊǾƛŎŜǎ ǎǳŎƘ ŀǎ ΨŦŀŎŜōƻƻƪΩ ƘŀǾŜ ōǊƻǳƎƘǘ 

people together and now provides a platform for their social interaction which has 

become part of their daily lives. The same ideas exist in industrial environments 

where the internet has become an inseparable part of their systems as a data 

exchange tool. The collection of all devices, applications and facilities in addition to 

data network which manages the group works and process is discussed in the realm 

ƻŦ ΨŎƻƳǇǳǘŜǊ ǎǳǇǇƻǊǘŜŘ ŎƻƻǇŜǊŀǘƛǾŜ ǿƻǊƪΩ ƻǊ Ψ/{/²ΩΦ LƴŦƭǳŜƴŎŜǎ ƻŦ ǘƘŜ /{/² 

systems in production process can be divided into four main categories.   

The first category is dedicated to the field of communications where computers can 

make it easier, faster, and more accurate and involves multimedia data packs which 

provide visual illustrations of data or closer interpersonal connection through virtual 

conferences so providing space for discussion, oral and visual contact. In the next 

category there arŜ ŦŀŎƛƭƛǘƛŜǎ ǿƘƛŎƘ ǇǊƻǾƛŘŜ ΨǎƘŀǊŜŘ ǿƻǊƪ ǎǇŀŎŜΩ ǿƘŜǊŜ Ŏƻ-workers in 

diverse locations can work together at the same time and  can share their own view 
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points, for instance on a common computer display. Sharing can also happen in the 

case of databases which ŦƻǊƳ ǘƘŜ ƴŜȄǘ ƎǊƻǳǇΦ Ψ{ƘŀǊŜŘ ŘŀǘŀΩ enables all the users to 

have access to the same database and use the information needed and share their 

work with others due to their level of access classification. Another group of useful 

features function throughout tƘŜ ǇǊƻŘǳŎǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ǘƘŜ ƻƴŜǎ ǘƘŀǘ ŦŀŎƛƭƛǘŀǘŜ ΨƎǊƻǳǇ 

ǿƻǊƪ ŀƴŘ ŀǎǎƛǎǘŀƴŎŜΩΦ Such functions provide facilities for production departments to 

divide their work in a predetermined fashion or to share data with consultants. This 

way they get involved in related stage of projects and collaborate with project teams 

(Wilson, 1991).  

2.10.7. Green fabrication  

Due to growing concerns about the emission of the greenhouse gasses, global 

warming, limited resources, etc. the theories and practices of green and nature 

friendly production are rapidly changing the mainstream of industries.   

Partly based on governmental regulations and partly because of futuristic humane 

reasons, green production tends to plan not only for the production period to be 

environmental friendly but also the whole product lifecycle to be green and cause 

minimum harm to the surrounding environment. For instance, a production 

organization can comprise the management of product design, manufacturing 

planning, supply chain arrangement, delivery and sales, use and lifetime services as 

well as discard and recycling of the product (Alting, et al., 1993).   

Essentially the concept of Green fabrication / Green Manufacturing is comprised of 

two key functions. First is to produce green products. In this regard, Green fabrication 

systems focus on the creation of products which are used in renewable energy 

system or have an environmentally sustainable lifecycle. The second approach in this 

concept is to transform production plants and systems to run production processes 

in a green manner where detrimental effects to the surrounding environment are 

reduced to minimum (Ni-BinChang, 2011).  

Apparently many companies take the disposal of used products serious; amongst 

them those producing electronic devices possess the lions share. Companies such as 
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ΨIŜǿƭŜǘǘ tŀŎƪŀǊŘΩ ώItϐ ƻǊ Ψ.ǊƛǘƛǎƘ ¢ŜƭŜŎƻƳΩ ώ.¢ϐ ƘŀǾŜ ǊŜŎǊǳƛǘŜŘ ŀ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ǎǘŀŦŦ 

to process tons of electronic dumps each year and seek to recycle the useful parts. 

Mentioning other examples, many prestigious car factories around the world that 

make expensive cars have developed workshops that refurbish their old models to 

prepare them for reuse.   

As it can be seen in the Figure 2 .75 there will be a dramatic contrast between the 

current theme of production and what is demonstrated as an anticipation of the 

production approaches in the near future. Currently, manufacturers intend to 

produce green products and avoid using elements which can be harmful for the 

environment through sustainable processes. The modernised generation of 

fabrication systems have a more holistic view toward the production and product 

lifecycle. Such trends bring more liability for companies as they are responsible for 

their products during their lifecycle and also over the disposal and recycle period.  A 

schematic definition of these systems is presented in the Figure 2 .76.  

 

Figure 2 .75 Future systems  

Contrast between current production theme and future systems (Browne, 1995).  

  

Future anticipation   

Current theme   
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Figure 2 .76 Production systems  
Futuristic anticipation of production systems (McMahon & Browne, 1998).    

  

2.10.8. Sustainable projects  

It has been a while since designers first regarded environmentally efficient factors as 

an advantage in their works. Recently they added sustainable features to their 

ŎǊƛǘŜǊƛŀΦ Ψ5ŜǎƛƎƴ ŦƻǊ ŘƛǎŀǎǎŜƳōƭȅΩ ƻǊ Ψ5C5Ω ŀƴŘ ΨŘŜǎƛƎƴ ŦƻǊ ǎǳǎǘŀƛƴŀōƛƭƛǘȅΩ ƻǊ Ψ5C{Ω ƛǎ ƛƴ 

the relatively newer group of design strategies. Although they may be related to each 

other or in many cases complete one another, but it is essential to bear in mind their 

differences. In design for disassembly during the design phase, the designer 

ŎƻƴǎƛŘŜǊǎ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ŜƴŘ ǇǊƻŘǳŎǘΩǎ ǇŀǊǘǎ ǎƘƻǳƭŘ ǊŜǉǳƛǊŜ ǘƻ ōŜ ŜŦŦƻǊǘƭŜǎǎƭȅ 

separable. Consequently products can be easily refurbished and reused by part 

replacement or their individual constitutive parts can be used to make other newer 

products or as spare parts for other operational products of the same model. Apart 

from the feasibility of easy disassembly, the process has to be efficient and financially 

affordable for companies.   

The impacts of DFS are more consistent over a longer time span and the concept 

includes a variety of strategies and techniques. A definition of the concept is 

presented below:  
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ά¢ƘŜ ƳŜŀǎǳǊŜ ƻŦ ƳŀƴΩǎ ǘŜŎƘƴƛŎŀƭ ǇǊƻƎǊŜǎǎ ƛǎ given by the fact that the pyramids of 

Egypt lasted for 5000 years, the castles of the middle Ages for 500 years, the machines 

of the industrial revolution for 50 years, while a modern car lasts only five. It is 

astonishing to realise that while economic growth has been made possible largely by 

technological advantages, these achievements are themselves only possible because 

of a quantitative sufficiency of artefacts with ever shorter lifetimes. That is, 

technological progress and advanced manufacturing techniques have only helped to 

shorten the lives of artefactsέ ό¢ƻƳƛȅŀƳŀΣ мффмύΦ  

He also describes the efforts after the era of mass production to extend the lifespan 

of products and increase the value of artefacts as:  

άOf course, it is impossible to make something with an infinite lifetime and even if it 

were possible, an infinite lifetime would be wasteful. Instead, we are talking about 

an artefact that can be progressively developed into a system, a concept in which the 

manufacturing industry grows based on demands for renewals and maintenanceέ 

(Tomiyama, 1991).  

In the current climate where many industries are computer integrated or becoming 

one and use digital technology to deliver their services and products an interesting 

question would be that if these relatively new technologies and methods could make 

green Manufacturing systems and green products. More specified views towards 

applied strategies in sustainable architectural projects in a computer integrated 

environment are demonstrated later in chapters 3.4, 3.5, 3.6 and 3.7.  
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2.11. Building Information Modelling  

2.11.1. Introduction  

Forming a database containing all the required data to represent building information 

ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ǇǊƻŎŜǎǎ ǎǘŀǊǘƛƴƎ ŦǊƻƳ ŎƻƴŎŜǇǘǎ ŀƴŘ ŘŜǎƛƎƴ ǊƛƎƘǘ ǘƘǊƻǳƎƘ 

production and construction with added project management inputs has been the 

subject of many researches and computer application developments for almost four 

decades(Eastman, 1999).  

Traditionally, production of the necessary data to transit a project from the design 

phase to the construction site was done manually as a result of the collaboration 

between different groups of experts, each mastering a limited domain. When 

computers appeared in the realm of building construction, activities such as 2D 

drafting, structural estimation, bills of materials production and project management 

scheduling were done easier, faster and more precisely. Software vendors introduced 

discrete applications so that each of them could be used to produce certain groups of 

building data separately; yet the ultimate goal in this field appeared to be the creation 

of an integrated organization to contain all the building related activities in one virtual 

place which can provide better communication between different stakeholders 

(Howard & Björk, 2008).  

¢ƘŜ ǘŜǊƳ Ψ.ǳƛƭŘƛƴƎ LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƭƛƴƎΩ ƻǊ Ψ.LaΩ ƛǎ ǊŜŦŜǊǊƛƴƎ ǘƻ ŀ ǊŜƭŀǘƛǾŜƭȅ ƴŜǿ 

system of design and documentation in regard of design and construction data. In this 

system all involved sectors of project are linked together through a comprehensive 

database. BIM is one of the strongest tools in modern production systems, and among 

them being File to Factory technology, which facilitates the direct connection 

between designers, their consultants, fabricators and the product users.  

2.11.2. A general view  

In the business of design, engineering and construction, BIM is sometimes regarded 

as a class of software, whereas this is actually a concept which contains a wide 

spectrum of applications and organizations. In fact a Building Information Modelling 
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system applies digital software to conduct the flow of work and associated 

information. Sometimes there is a misunderstanding between CAD applications and 

BIM systems. One of the most important differences is in the nature of the two. CAD 

applications are graphic oriented and which deal with shapes, lines, symbols and 

colours that imply conventional meanings to the users as visualisation tools and do 

not necessarily carry any real life features; whereas in BIM models, as an object 

oriented system, visualization is only one of the services accompanied by many other 

layers of building information which all add real life features such as material layers, 

weight, colour, structural properties and many others which relate to each object in 

the model as well as the project management data for the whole project. In fact, CAD 

applications could be regarded as a revolution in drafting meaning that while BIM 

systems in their comprehensive use can play a pioneering role in documentation and 

communication between different groups of a project. Consequently the systematic 

evolution of CAD towards BIM could be seen as a transition from solely visual 

representation to an exclusive and comprehensive simulation (Succar, 2009).   

A BIM model of a project is a virtual replica which is structured by parameters. It 

contains all the design information and construction details simulating the project as 

ƛƴ ǊŜŀƭ ƭƛŦŜΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ǘƛƳŜ ŦǊŀƳŜ ƻŦ ŜǾŜǊȅ ǎǘŀƎŜΩǎ ǘŜǊƳƛƴŀǘƛƻƴ ƛǎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 

model which describes the work flow and enables different groups of the project to 

have concurrent progress in their work. Providing all of these services have made BIM 

models distinct from ordinary 2D or 3D CAD models. In this integrated system, any 

change in details made by each sector is seamlessly and simultaneously influential on 

the work of other groups and provides a real-time description of the current condition 

of the project and the task plan of each party. Based on the boundaries of BIM and 

/!5Ωǎ ŦƛŜƭŘ ƻŦ ŜŦŦŜŎǘƛǾŜƴŜss and the current market which demands for more, 

customized and faster produced artefacts, BIM seems to be a big step forward since 

using CAD applications in design and production equals the modernized way of 

producing with traditional techniques but applying modern tools suggesting recurring 
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design/planning, assessment and redesign/plan; whereas BIM system implies 

continuous improvement and concurrent procedures(Weygant, 2011).  

The analytical information, provided by BIM software facilitates the process of 

designing, project planning, production and/or construction. This tool helps the final 

product to be delivered on time, on budget and carrying the needed qualities. These 

ƻōƧŜŎǘƛǾŜǎ ŀǊŜ ƎŀƛƴŜŘ ōȅ ŀƴ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŎŜŘǳǊŜǎΩ ǘƛƳŜΣ ōƛƭƭǎ ƻŦ ǉǳŀƴǘƛǘƛŜs and 

ǎƛƳǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜǎƛƎƴ ǇǊƻǇƻǎŀƭ ŀƴŘ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ǊŜŀƭ ƭƛŦŜ ǇŜǊŦƻǊƳŀƴŎŜ όYǊȅƎƛŜƭ ϧ 

Nies, 2008).  

2.11.3. The necessity of BIM  

Lǘ Ŏŀƴ ōŜ ǿƛǘƴŜǎǎŜŘ ǘƘŀǘ .LaΩǎ Ǉƻǎƛǘƛƻƴ Ƨǳǎǘ ŀǎ ŀ ǘƻƻƭ Ƙŀǎ ōŜŜƴ ǊŀƛǎŜŘ ǘƻ ǘƘŀǘ ƻŦ ŀƴ 

inseparable component in the fulfilment of many construction projects. Before 

describing the details of BIM systems it is worth having a look at its place in current 

ǇǊƻƧŜŎǘǎΩ ƭƛŦŜǘƛƳŜ ŀƴŘ ǘƘŜ ǊŜŀǎƻƴǎ ǿƘȅ ƛǘ Ƙŀǎ ǊŜŀŎƘŜŘ ǘƘƛǎ ƭŜǾŜƭ ƻŦ ƛƳǇƻǊǘŀƴŎŜ ƛƴ ǘƘŜ 

organization of construction jobs.  

Numerous demands of users and the ambitions of designers have made buildings and 

the procedures of construction extremely complicated over the last century. Many 

ƳƻǊŜ ǎŜǊǾƛŎŜǎ ŀǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƻŘŀȅΩǎ ōǳƛƭŘƛƴƎǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘƻǎŜ ǘƘŀǘ ǿŜǊŜ 

constructed just decades ago. The services such as electricity, telecommunication and 

data, air conditioning systems, underground car parks and security systems etc., have 

added many new layers to the design and construction process of any buildings. All 

of these new attachments and associated complexity need more detail and 

consequently more records providing the necessary design information. More 

information equals more configuration time and without any system of classification 

which provides easy access, due to the growing complexity of design, time 

consumption grows exponentially. Sophistication in form and additional systems and 

intensification in large scale projects cost money and time for designers, contractors, 

fabricators and subsequently their clients. Therefore the performance of systems and 

final products faced a dramatic decline and increasing waste. The huge amount of 

information and design documentation needed a system of organization. In addition 
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the complications of design required all parties which are involved in a project to have 

a closer interaction in their turn to result in a seamless strategy to complete the 

project with minimal waste and defects (Krygiel & Nies, 2008).  

2.11.4. BIM in action  

For several decades designers have used drawings as an image of that which would 

be built later. These drawings, either made by hand or using digital means, only carry 

various types of lines with different thicknesses or colour to represent the whole 

building or just simply a component of it. These properties have made each project 

document carry only a limited amount of information. Considering the complexity of 

design and face to face connection between designers and constructors it was 

feasible to construct buildings several decades ago; still, just using traditional 

methods to run projects caused many problems. There has always been at least a few 

misunderstandings between designers and constructors due to the lack of specific 

construction details which in most cases caused the result to be unexpectedly 

different from what which had been designed. As another example, in almost all 

projects, designs had to be changed several times during the execution because the 

design proposal had not been actually feasible. Sometimes an error such as this may 

require all drawings to be changed. In a traditional system this process needs a 

considerably long period of time to revise all plans and calculations which will 

subsequently increase the costs and time consumption of all other stages of project 

(McMahon & Browne, 1998).    

BIM systems are artefacts of the current theme in construction projects. They allow 

the attachment of layers with practical functions to the design proposals. They 

provide different level of access to information for different groups. Access to data 

fortifies the necessary communication which can provide a time plan for individuals 

to help increase productivity and support their work with necessary details (Howard 

& Björk, 2008).  

In a BIM system all of the details are extracted from a BIM model. This inclusive model 

is an example of an intelligent system. When the design group works on a plan, any 
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influence caused by changes in each component of a building is distributed amongst 

all other components and will apply automatically and concurrently. For example, 

alternations in plans will be influential on all elevations and sections, structure, bills 

of materials and schedule as they have been programmed by parameters. Basically it 

does not matter where the changes are made; they are affective on all necessary 

components. It is not needed to provide annotations or draw additional section plans 

to imply details, the model carries all the properties of the intended finished product 

and information could be extracted from the model (Smith & Tardif, 2012).  

Regarding the definition of lean construction and BIM systems, it could be said that 

BIM systems can be the key element of the lean concept in construction. Providing 

the client-designer-contractor interface, where all parties can collaborate and 

contribute their share to the project and facilitating processes which can develop 

simultaneously. In such an environment, waste has been reduced systematically and 

better communication can guarantee that buildings and construction products 

develop and finalize as they should be, nothing more or less than what is expected by 

clients and planned by designers (Aziz, 2016).    

2.11.5. Advancements through BIM  

In a BIM system simultaneous and continual modification is mostly preferable. Users 

believe in gradual improvement which provides stability in process and ultimate 

perfection, rather than making dramatic changes which may have destructive effects 

on plans and schedules.  

One of the most regarded benefits of BIM method is the transition from 2D 

representational drawings toward three dimensional simulation models which carry 

all required characteristics of the final product, sequence of work, time frame and 

assembly details. In addition a BIM model can simulate and measure the 

environmental impacts of projects and vice versa (Krygiel & Nies, 2008).   

Such models provide large amount of information about products and components 

and by categorizing those help saves time and assists in arranging the subsequent 

procedures. Benefiting from several sophisticated extra layers of data enables 
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systems to operate seamlessly and the results will be highly precise. It can be as 

accurate as an exact match for design proposals as well as the real life project 

(Eastman, et al., 2011).  

Last but not least is optimization. Well-organized processes measured quantities 

comprehensively demonstrated assembly methods and details of components, and 

well defined relationships between different stakeholders can make this system 

efficient and reduce waste in time, material and workforce (Weygant, 2011).  

  

2.11.6. Systematic change  

There have been dramatic changes in the design and construction phases in BIM 

methodology compared to what rules traditional systems. As has been mentioned 

before, the most recent theme of work needs and supports a gradual and concurrent 

modification of the design. To express the benefits of the new organization it is 

helpful to study the traditional flow of work [Figure 2 .77 Traditional flow of work in 

construction industry].  

Å The designer gathers necessary data from site and customers to form his basic 

concepts.  

Å The designer finishes the design and makes the 2-D drawings and sends them 

to several consultants, each develop the design in one aspect. [For example: 

electricity, mechanical, structure ...]  

Å Consultants do their research and design, based on their specialty and prepare 

the new drawings, which sometimes inherit some unexpected changes 

imposed by the designers, to make the new layer of data that add a service 

ƛƴǘƻ ōǳƛƭŘƛƴƎǎΩ ŦǳƴŎǘƛƻƴǎΦ  

Å Consultants send back the new drawings to the Architect. The designer 

analyzes different drawings trying to find a way to keep the characteristics of 

space and form in the design and find a way to adjust different systems in 

order to provide new drawings for the project capable of including all required 
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systems. Sometimes the designer may need to send the drawings back to one 

or more consultants to refine their design because they conflict with other 

services.  

Å After putting all services in one system, the designer creates new drawings 

and sends them to the contractor. The contractor then divides the project and 

confers each part to different subcontractor to check the feasibility of 

construction and plan construction of every single component. They make 

drawings, demonstrating the construction details. In some cases making a few 

parts is not feasible or the design needs some changes to make it 

constructible. In this case they refer back to the designer and all the work for 

those components to design and create drawings should be done from the 

ŦƛǊǎǘ ǎǘŜǇ ŀƴŘ ƛŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ƪŜȅ ŜƭŜƳŜƴǘǎ ƻƴ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ŘŜǎƛƎƴΣ ƛǘ 

is not so disruptive that all of the procedures have to be redone for the whole 

design proposal (Tunstall, 2006).  

It should be noted that in all of the above mentioned traŘƛǘƛƻƴŀƭ ǇǊƻŎŜǎǎŜǎΣ ǘƘŜǊŜΩǎ 

always the risk of miscommunication and misunderstanding between different 

groups; whereas a BIM system can facilitate communication and reduce the design 

errors by connecting various parties. It also improves the timescale by decreasing the 

amount of unnecessary documentation processes as well as on estimation, checking 

and re-checking. On the other hand, groups have more time to focus on design and 

planning rather than spending time to redraw and checking for possible errors caused 

by miscommunication.  

 As we expect from a BIM methodology (Krygiel & Nies, 2008):  

Å Architect is in direct connection with consultants and contractors. In fact they 

collaborate from inception to conclusion and creation of project model.  

Å After the model is created, it is time for subcontractors and construction 

teams to do their part and fabricate components and develop on site works.   

Å Details of site work and progression and completion of various parts of the 

building can be shared with all of the groups.  
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Å Clients can have access to this model to plan their works. Such a model can be 

useful even after the submission of finished building to the owner. The owner 

can use it for the building maintenance and further developments and 

possible additional buildings.   

 

Site   Client   Regulations   

Architect   

Design   

Consultant 1   Consultant 2   Consultant n   
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proposal   
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Subcontractor 1   
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Data   
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Figure 2 .77 Traditional flow of work in construction industry  

  

.ŀǎŜŘ ƻƴ ǘƘŜ ƎŜƴŜǊŀƭ ŎƻƴǎǘǊǳŎǘƛƻƴ ǊŜƎǳƭŀǘƛƻƴǎΣ ǘƘŜ ŎƭƛŜƴǘǎΩ ŘŜƳŀƴŘǎ ŀƴŘ ŘŜǎƛƎƴŜǊǎΩ 

intentions, several specialities could be involved to create a building model. Systems 

such as structure, lighting, mechanical, etc. can dictate the direction of design. In a 

modern organization, some systems now have clearer connection with each other 

and affect their work. For example natural lighting systems can be influential on 

direction, form and subsequently the structure of the building (Krygiel & Nies, 2008).  

2.11.7. Advantages of BIM systems  

The construction industry had initiated BIM as a tool for ease of documentation. As 

the target users of this innovation, designers and constructors have benefited from 

this system even more than what they expected from it.   

Almost all of the subsequently added functions to the system are resulting from the 

new means of real time simulation and digital realization of designs. As has been 

described, this model uses the enhanced power of computers so as to provide 

different views of the building, tables of materials or schedules and so on all at the 

press of a key. Basically every component of the model can be measured or quantified 

due to the parametric description of it. The impacts of BIM are not limited to 

documentation and design; it has a strong influence in the construction process and 

ōǳƛƭŘƛƴƎǎΩ ƭƛŦŜǘƛƳŜΦ  

In order to emphasize the beneficiary factors of adopting the BIMs McGraw-Hill  

Construction Company based in the United States has released a series of data in 

2009. As has been demonstrated in   

Figure 2 .78 they documented the hierarchy of the effective factors on the adoption 

of the BIM by the construction companies of the future.  

Remarkably, buildings have become exponentially more complicated over recent 

decades. If half a century ago we needed 50 sheets of drawings in order to build a 

building, with added services and details we now need three times more documents 

to execute the process. In a BIM system since all the data is being gathered in a single 
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model the documentation process is almost done automatically. Just imagine how 

time consuming it would be to draw all the documents manually and if some changes 

occur, to check and correct all documents one by one (Eastman, et al., 2011).  

 

  
Figure 2 .78 BIM  

The hierarchical presentation of the inflectional factors on the adoption of BIM by construction companies in 

future. Data (McGraw-Hill Construction, 2009).  

A BIM based project benefits from a comprehensive model which contains all the 

various aspects of the building which helps us have a good understanding about the 

design. Three-dimensional models provide virtual realisation (visualization) for 

designers to help develop design work and to present their work to other 

stakeholders and service providers. Such a model also could be used for rapid 

prototyping. A comprehensive base of knowledge particularly in large scale projects 

gathering many different groups and in diverse and changing project teams is critical 

as data can be passed from one user to another and the success of the project is 

related to the systems work rather than the continual presence of individuals 

(Howard & Björk, 2008).  

Working with a comprehensive model may also help us have a good understanding 

of the design we make. Three-dimensional models provide virtual realisation  
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(visualization) for designers to develop design work and to present their work to other 

stakeholders and service providers. Bills of materials can be added as an information 

layer to the BIM model. Through that, not only can a visual representation of the 

design be produced, but also engineering calculations, cost estimation, construction 

hierarchy, schedules and many other layers of necessary data can be added to the 

model (Weygant, 2011).  

2.11.8. BIM and challenges  

As has been mentioned before, IT developers have introduced object oriented BIM 

systems in order to defeat the shortcomings of graphics oriented CAD applications. 

BIMs provide a platform for simulation, documentation and communication. They 

also offer the automation of design and documentation through pre-defined 

packages of data which exist in the system. Such an approach is popularly used in 

computer application development business (Martin & Odell, 1997).  

In the modern world most of our daily activities which may affect others are framed 

by regulations and rules in order to control the consequent impacts. Design and 

production are amongst those activities and services that must follow numerous 

regulations and guidelines (also known as standards) which are protected by law and 

responsible organizations. Such rules that are definite and should be followed by 

ŜǾŜǊȅ ǇŜǊǎƻƴ ŀƴŘ ƻǊƎŀƴƛȊŀǘƛƻƴ ŀǊŜ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨƻŦŦƛŎƛŀƭΩ ƻǊ ΨŘŜ ƧǳǊŜΩ ǎǘŀƴŘŀǊŘǎΦ hƴ 

the other hand, some standards exist that are universally accepted by the major 

ǇƭŀȅŜǊǎ ƛƴ ŀ ǇŀǊǘƛŎǳƭŀǊ ƛƴŘǳǎǘǊȅΦ ¢ƘŜǎŜ ǊǳƭŜǎ ƪƴƻǿƴ ŀǎ ΨŘŜ ŦŀŎǘƻΩ ǎǘŀƴŘŀǊŘǎ ŀƴŘ Ŏŀƴ ōŜ 

regarded as a common language connecting separate parties together. These 

frameworks are not assigned by law but by the industry and in order to be able to 

work everybody should know that language (McIntyre, 1997)(Eastman, et al., 2011). 

Being a designer in the building construction business initially enforces us to realize 

that constraints form most parts of our design and it is not just the manmade rules 

but also the natural and environmental forces. Generally, the more the standards and 

rules we include in our design then the less the variety of products we are going to 

have.  
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In the building construction industry, we subconsciously suggest a level of 

standardisation applicable to elements and processes. When we discuss the 

essentials of the modern market such as automation, optimization, communication 

and collaborative systems of design and production is essential to define the 

existence of a standard language (Howard & Björk, 2008).   

In a BIM environment objects are to be defined by their real life properties. Allowing 

users to add real building features to each object in their design; currently they can 

choose from the classes of material, shapes and object profiles which are predefined 

in the database (Weygant, 2011).   

Although it appears that theoretically Building Information Modelling is a huge leap 

forward in terms of an improvement in building construction, yet after four decades 

of an IT presence in the industry, companies do not tend to adopt the systems fully in 

their practices. One of the key reasons now is the complicated user interface of the 

BIM applications which calls for staff training. The costs are also considerable as a 

large amount of money requires be paid for training, licensing and competent 

computer hardware. Nevertheless most of the experts considered the influence of 

high level of standardisation on the creativity of their work as the main obstacle. The 

BIM de facto standards should be designed in such a way so to be compatible with 

the normal flow of work and information; nevertheless seemingly these standards 

can overlook some vital factors. Standards must be applied to a level which does not 

cause any flaw in the innovative aspects of the work.   

In an extreme case the ultimate result of the development of BIMs can be the creation 

of a comprehensive system containing all the standards and rules that can offer the 

right solution for any scenario. It is foreseeable ǘƘŀǘ ōȅ ŎƻƴǎƛŘŜǊƛƴƎ ǘƻŘŀȅΩǎ 

advancements in the realm of computers and data gathering such a concept is 

possible, if not now at least in the very close future. The question here is that if we 

want to standardize our living spaces and the built environment to the point that 

machines can design buildings for us, or how much influence do we allow the quest 
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for maximum efficiency and productivity to influence the shape and the quality of our 

buildings?  

IƻǿŀǊŘ ŀƴŘ .ƧǀǊƪ ƛƴ ǘƘŜƛǊ ǊŜǎŜŀǊŎƘ ƻƴ .La ǎǘŀǘŜ ǘƘŀǘΥ άThere are benefits from 

applying BIMs to industrialised buildings. Some changes can be: integrating design 

ŀƴŘ ǎǇŜŎƛŦƛŎŀǘƛƻƴΣ ŀǳǘƻƳŀǘƛƴƎ ǊŜƎǳƭŀǘƛƻƴǎ ŀƴŘ ŎǊŜŀǘƛƴƎ ŀ ŎƻƭƭŀōƻǊŀǘƛǾŜ ǳƳōǊŜƭƭŀέΦ  In 

the following parts they claim that: ά¢ƘŜ ƛŘŜŀƭƛǎǘƛŎ Ǝƻŀƭ ƻŦ .La Ƙas been to provide a 

ǎƛƴƎƭŜ ōǳƛƭŘƛƴƎ ƳƻŘŜƭ ŎŀǇŀōƭŜ ƻŦ ōŜƛƴƎ ǳǎŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǇǊƻŎŜǎǎέΦ And finally add 

that: άbŀǘƛƻƴŀƭ ƎǊƻǳǇǎ ƘŀǾŜ ƻŦǘŜƴ ōŜŜƴ ǎǳŎŎŜǎǎŦǳƭ ƛƴ ƛƳǇƭŜƳŜƴǘƛƴƎ ƳƻŘŜǎǘ ǎǘŀƴŘŀǊŘǎ 

such as those for CAD layers, but international implementations need to be tailored 

for local cultures and conditionsέ όIƻǿŀǊŘ ϧ .ƧǀǊƪΣ нллуύΦ  

One of the barriers against the progression of BIM use in architectural projects could 

be the lack of knowledge about the benefits of such a system and related computer 

applications. So far, most of the focus has been on the modelling part of the BIM 

systems; whereas the main element of these systems could be the information 

(Kumar, 2015).  

Lack of client demand could also be named as one of the main reasons that have 

caused BIM systems not to be applied in more construction projects. The figure below 

demonstrates how companies are mostly interested to use BIM when it is asked by 

their clients.  
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Whilst Scandinavian countries and US began to promote BIM and speed up the use of 

systems in order to make the construction industry and the built environment 

greener and more eŦŦƛŎƛŜƴǘ ǘƘŜ ¦Y ƘŀǎƴΩǘ ōŜŜƴ ǳǇ ǘƻ ǘƘŜ ǎŀƳŜ ǇŀŎŜΦ aƻǊŜ ǘƘŀƴ рл 

percent of the American and Scandinavian contractors have adopted the new system 

while in the UK only 24% of similar companies have achieved that. In order to increase 

the number of BIM integrated construction projects, the British government set a rule 

which came into force from 2016. Based on this rule all public projects started from 

this year and costing more than 5 million pounds must use BIM (Watt, 2012) (Klettner, 

2011).   

Research has shown that most of the actors in the construction industry believe that 

BIM will have a big influence on their work in the future. Not only the use of such 

systems is growing amongst contractors but also the speed of this growth is 

increasing exponentially (Kumar, 2015). Based on a survey ran by McGraw Hill 

construction division, the global growth rate in using BIM from 28% in 2007 has 

increased to 48% in 2009 (McGraw-Hill Construction, 2009).  

  

  

Figure   2 . 79   Triggers to use BIM   
Picture   McGraw ( - Hill Construction, 2009)   
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 2.12.  Summary  

Throughout chapter two, the first aim was to establish the context of the technology 

through an investigation of the state of the art in Computer Aided Design; this has 

been sequenced in part chronologically and in part functionally. The investigation 

continues through Computer Aided Manufacturing, through Process Control and the 

Organisation of Work within a digitally integrated production industry. The outcome 

is an understanding of the possible potential for improvements in workflow and 

product quality.  

To summarise the investigations which have been preǎŜƴǘŜŘ ƛƴ ΨŎƘŀǇǘŜǊ ǘǿƻΩ ǘƘŜǎŜ 

are as follows. The chapter starts with a brief exploration of the diversity, penetration 

and capabilities of CAD. Of particular note is how systems were introduced by high 

value, heavily capitalised industries but quickly became more widely available to the 

general industry sector. In parallel to the advances in the adoption of CAD it has been 

shown that there is also a growing advance in associated CAM technology. It was 

found that the capabilities of CAM are delivered through NC and the improvements 

ƻŦ ǘƘŜ ΨbǳƳŜǊƛŎ /ƻƴǘǊƻƭΩ ǎȅǎǘŜƳǎ ŀƴŘ ŘŜǾƛŎŜǎ ŀǎ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ ŘƛƎƛǘŀƭ ŘŜǾƛŎŜǎ ƘŀǾŜ 

been described.   

The next section explored the basic relationship between design process planning 

and production and investigated the concept of standardised paradigms and 

procedures which result in the evolution of standard language and concepts of the 

methodical design approach. As a result it can be seen that the definition of standard 

design models has allowed the market to identify and refine aspects of the process 

in the pursuit of economies and efficiency. For example, a key aspect to a design 

model is the system of representation ς for the purpose of design development, 

documentation and ultimately communication. In every production process there 

should be a strong and mutual relationship between the design model (i.e. technical 

drawing) and the design and production process, where increased complexity has 

required the ability to move from a linear design model to a concurrent approach 
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enabling input from a more diverse project team and noting the evolution of the 

accepted design models. On the other hand it has been found that complex projects 

require methods to expand the capabilities of the design model and its ability to 

contain greater amounts of data. Ultimately, it has been shown that this leads to an 

ability to rethink the use of a digital model in the design process and the potential 

for increased integration of the modelling activity within the design process.  

In the next part of the chapter, the advantages of CAD applications in comparison to 

manual methods have been analysed. Here it can be seen how methods of manual 

and 2D representation fall short in their ability to carry the necessary information 

and are fundamentally inefficient. By explaining different levels of computer use, this 

document has sought to show how the design process and products have been 

revolutionized by the use of computers. The move starts from the transformation of 

CAD as purely a tool for representation towards a system which can facilitate design 

evaluation and other design related processes. This relies on the adoption of 

standards and in built tools to facilitate the creation, manipulation and storage of 

diverse attributes. Significantly many of the fundamental attributes to design models 

can be generated by software itself i.e. dimensions and similar annotations. This is 

one aspect of the enhancement of the design process which is also evident through 

the other innate abilities of software i.e. copy and paste, mirroring, rotation etc. Even 

the provision of guides ς snapping coordinate grids etc allow for significant efficiency 

and economy gains.  

For a long time it has been the ultimate goal for application developers to produce a 

modelling environment that would let the operator create a virtual version of the 

object complete with all physical, material and dimensional qualities. While this 

vision of an alternate reality is still some way off there has been progress in this 

direction. Operators are more proficient, machine capabilities are enhanced and the 

general level of associated technology is more supportive. Even the existing 

shortcomings of the current state of the art are not seen as fundamental obstructions 
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and there is evidence that continued R+D will decrease reliance on physical 

prototypes and increase the use of computer based models. This provides an 

explanation of the types of model used in the design process and how they relate to 

the range of evaluations that provide performance data. The conclusion is that the 

ƳƻǊŜ ǘƘŀǘ ǘƘŜ ƳƻŘŜƭ ƛǎ Ψ/ƻƳǇƭŜǘŜΩ ŀƴŘ ǎƻ ŀǇǇǊƻŀŎƘŜǎ ŀ ōŜǘǘŜǊ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ 

reality then the greater that range of evaluations it might support and the ability to 

automate more evaluations [as opposed to developing other versions of the model] 

then the greater the benefit in efficiency and economy.  

Now that the discussion has revealed that computer aided design has become 

ubiquitous and the development of design tools has led to the ability to construct, 

simulate and evaluate a representation of reality then the next challenge has been 

to provide tools and techniques that also provide design decision support. One 

ǇƻǎǎƛōƭŜ ŀǾŜƴǳŜ ƻŦ ǇǊƻƎǊŜǎǎ ƛǎ ǘƘǊƻǳƎƘ Ψ!ǊǘƛŦƛŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜΩ ŎǳǊǊŜƴǘƭȅ ŀ ǿƛŘŜ 

definition but some evidence is emerging of use in early or conceptual design stages. 

9ǉǳŀƭƭȅΣ ǘƘŜǊŜ ŀǊŜ ƛƴŘƛŎŀǘƛƻƴǎ ƻŦ ǘƘŜ ǳǎŜ ƻŦ Ψtƭŀƴ wŜŦƛƴŜƳŜƴǘΩ ŀƴŘ ƻǘƘŜǊ ŀǎǇŜŎǘǎ 

ǊŜƭŀǘŜŘ ǘƻ ΨYƴƻǿƭŜŘƎŜ .ŀǎŜŘ 9ƴƎƛƴŜŜǊƛƴƎΩ !ǎ ȅŜǘ ǘƘƻǳƎƘΣ ǘƘŜǊŜ ƛǎ ƭƛǘǘƭŜ ǎƛƎƴ ƻŦ ŀƴ 

impact from these techniques but they are indicative of the move to embody more 

ΨƛƴǘŜƭƭƛƎŜƴŎŜΩ ƴƻǘ Ƨǳǎǘ ƛƴ ǘƘŜ ƳƻŘŜƭ ōǳǘ ŀƭǎƻ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎΦ  ¢Ƙƛǎ ŀǎǇŜŎǘ ƛǎ ŀƭǎƻ ǎƘƻǿƴ 

ƛƴ ǘƘŜ ŀŘƻǇǘƛƻƴ ƻŦ ΨtŀǊŀƳŜǘǊƛŎ 5ŜǎƛƎƴΩ  

Parametric design belongs to a class of operations that derive form from a set of rules 

and where varying the rules may produce a variety of design solutions. Instead of 

developing a new design model, the operator can reproduce a new solution by 

varying the parameter of the rule.   

It has been mentioned earlier that one of the challenges for application developers 

and designers has been to create a cohesive model of designs which may carry real 

life characteristics of the proposed end products. A common use of the design model 

is to represent the volumetric characteristics of the object, however is has been 

shown that the inclusion of data describing design features will allow the testing of 

real life engineering features. One class of feature relates to geometry and associated 
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functional elements. These can be defined by syntactic pattern making or rule based 

systems. It has also been established that feature based design is a concept that 

describes the ability to develop a design from components with predefined features. 

This can be a sequence of assembly or a sequence of operations that result in the 

desired form. This has attractive features but also requires that the designer has a 

detailed knowledge of machine operations that may be required. However there is 

the prospect that CAD applications with sufficient intelligence may offer the designer 

these capabilities.   

The next section [design and manufacturing hand in hand] studied the relationship 

between design and manufacturing not as a set of discrete tasks but as a process. It 

was shown that the aim is to identify strategies which can lead to increased efficiency 

and economy. In fact the ultimate aim is to produce a process that makes the most 

appropriate and efficient use of resource. Previously the process was regarded as a 

series of disparate stages; however this has proved to be time consuming and 

inflexible. Modern thinking has identified the need to improve on this model as this 

would bring a number of potential benefits such as improved quality and productivity 

and efficiency. The pursuit of this goal has lead to new methods and management. 

Quality engineering applies these methods throughout all operations of a project. 

Computers play a central role in this systematic change. CAD and CAM are 

inseparable parts of a modern organisation. To this end CAPP, CAPM and CIM have 

evolved to support the process. The growing integration of computers which share 

data and support communications is the foundations of File to Factory technology. 

This can be seen as a logical next step given the degree of integration of computing 

in all aspects of design and production. Group Technology, Systems Organisation, 

Concurrent engineering, Design For Manufacturing and Design For Assembly are all 

some of the more prominent strategies being applied in modern industries to 

improve the whole production process. The act of process planning is the translation 

of design geometry, joints and features into the timeline and hierarchy of 

procedures, machining operations and finishing that define the artefact. There is 
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always more than one route between design and production ς the size shape and 

material choices all influence process planning. GENPLAN defines a systematic 

approach towards process planning. This system defines a method of integrating 

geometry, objects and components, joints and assembly into a logical production 

ǇǊƻŎŜǎǎΦ ¢Ƙƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ǘƘŜƴ ŎŀǘŜƎƻǊƛǎŜŘ ƛƴǘƻ ΨŀōǎƻƭǳǘŜ ƪƴƻǿƭŜŘƎŜΩ ŀƴŘ 

ΨŎƻƴǎǘǊŀƛƴŜŘ ƪƴƻǿƭŜŘƎŜΩΦ   

At the end of this stage of the research it can be concluded that when the traditional 

manufacturing methods were predominantly classified as manual, then the quality 

of the product depended on the skill of the operator. Now that digital control of 

manufacturing is commonplace the degree of accuracy and repeatability has ensured 

a consistent standard of quality, similarly when process planning was essentially a 

human task it would inevitably contained errors and operational inefficiencies. 

Computer Aided Process Planning has allowed a computer to determine the optimal 

process and constraint checking against standards and other rules. It can also provide 

the link between CAD and CAM which has been identified as the key step.  

Having introduced the fundamental role of computing in design, process planning 

and manufacturing processes it is profitable to reflect on developments in machinery 

and machining processes. As the technology has developed, we have seen the 

introduction of a wider range of supporting computer based tools i.e. automatic 

programming tools and cutter location data files. The technology has also been 

extended throughout the production line and now supports rapid prototyping and 

robotic controls. Numerical Control is a technique to automatically control 

machinery on the basis of a set of stored commands. These codes and resulting 

operations directly replace traditional manual methods. The technology has had the 

most impact on advanced manufacturing providing the ability to machine more 

complicated objects with operations such as the formation of compound curves. The 

increased complexity and capability of CNC machines has been shown to allow for 

more complicated operations at a greater speed and degree of accuracy.  Previously 
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data for NC machines was generated manually ς with operations and tools paths 

being measured off drawings and manually transferred to punch tape. Now 

computer based applications have made this a much simpler task with automatic 

generations of command sequences. This has extended the capabilities of the 

fabrication operations and provided benefits in speed and accuracy. This has also 

resulted in the definition and widespread adoption of standards allowing the 

interchange of data between machines, companies and organisations. The 

ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ΩŘƛƎƛǘŀƭ ǇŀǊǘΩ ǇǊƻŎŜǎǎ ǇƭŀƴƴƛƴƎ Ƙŀǎ ŀƭƭƻǿŜŘ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ƳƻǊŜ 

complicated geometries which also results in more complicated machining 

operations. This then results in a greater potential for conflict between tool 

operations which subsequently requires that the process operator must plan a 

hierarchical sequence of operations in order to reach the intended outcome. The 

development of numerical control has lead to the introduction of machines that can 

both manipulate the work piece and run specific operations. This functionality has 

now been exploited to develop a range of industrial robots that share the same 

lineage and can therefore demonstrate a wide range of capabilities. In areas where 

there is a requirement for a high degree of accuracy, repetitive tasks, hostile 

environments or heavy jobs then robotic operators can demonstrate significant 

advantages over humans. Many of the attributes discussed previously ς numerical 

control, AI process integration, etc have enhanced the capability of robots in that 

their interaction and ability to respond to feedback allows them more autonomous 

capabilities.   

The next section addressed different aspects of manufacturing planning by initially 

investigating discrete manufacturing and the contrast with continuous 

manufacturing and ultimately the effect of industries organisational changes to meet 

the challenges of customized, customer driven manufacturing. In essence the 

ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎ ƛǎ ŀƭƭ ŀōƻǳǘ ŀƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŎǳǎǘƻƳŜǊǎΩ ŘŜǎƛǊŜǎ ŀƴŘ 

the ability to convert data into objects. A manufacturing process must be organised 

into component fabrication followed by processes of sub assembly and final 
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assembly. Planning this process is crucially integrated with time, cost and availability 

of raw materials. In a time of shortages mass production found favour as a route to 

market where the customer had little influence on the product. Increasingly the 

customer is more demanding and is exercising greater choice so a customised 

manufacturing process is better able to respond to a changing market. This has 

meant that manufacturers and customers have had to develop a tighter means of 

communication with integrated feedback loops. To the extent that in some instances 

the customer can now specify specific features of a product. In the move towards an 

ƻǊŘŜǊ ƻǊƛŜƴǘŜŘ ŘŜǎƛƎƴ ǎȅǎǘŜƳ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŦǳƭŦƛƭ ǘƘŜ ŎǳǎǘƻƳŜǊǎΩ ǿƛǎƘŜǎ ƛƴ ŀ ǘƛƳŜƭȅ 

manner dictates success or failure. Despite good feedback loops to the customer, the 

manufacturer is still limited by the availability of raw material and components. This 

had led to the formation of extended enterprises that collaborate towards shared 

interests.  

The pursuit of ŜǾŜǊ ƎǊŜŀǘŜǊ ǇǊƻŘǳŎǘƛƻƴ Ǝƻŀƭǎ Ƙŀǎ ƭŜŘ ǘƻ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ΨƧǳǎǘ ƛƴ ǘƛƳŜΩ 

engineering. This system seeks to provide the right item of the right quality at the 

right place and the right time. This concept considers the totality of the project and 

although hard to deliver may be optimised to produce the greatest return. Basically 

the ruling factors in JIT systems are feedback from users, holistic production 

environments, flexible manufacturing processes and modularity, speed of respond 

to change and supply chain management. In order to satisfy market demand it is 

desirable to keep the diversity of products high while keeping process operations 

low. Technology progression is what is facilitating a move in this direction. For 

example a fabrication device that can perform multiple operations on different 

artefacts with negligible set up time.  

Starting from the very beginning of CAD CAM technology and defining the offerings 

of the relatively new technology in order to revolutionize the traditional methods, 

now it can be a good time to have a look at the most recent trends in CAD CAM. The 

impacts of all aspects of the digital technologies on manufacturing have been 
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compared to the industrial revolution of the previous centuries. Digital technologies 

are pervading all aspects of society and this impact is augmented by the ability of 

disparate technologies to communicate and reinforce each other e.g. autonomous 

vehicles. As manufacturing and fabrication became more complex there are more 

teams working on a greater variety of aspects of the project. This calls for closer 

collaboration and better communications. Consequently we can see the introduction 

ƻŦ ΨtǊƻŘǳŎǘ 5ŀǘŀ aŀƴŀƎŜƳŜƴǘΩ ώt5aϐ ŀǇǇƭƛŎŀǘƛƻƴǎ ŎŀǇŀōƭŜ ƻŦ ƻǊƎŀƴƛǎƛƴƎ ŀƭƭ ǘƘŜ 

different datasets required by the process. This impacts data exchange and 

management. There are also other modern means for facilitating the collaborative 

work of experts in different teams. The virtual environment of the Internet has 

provided a well established platform for initialization of the virtual teams. Through 

this virtual world people may gather by different means of crowdsourcing such as 

fund raising or finding colleagues which may not work with you in a same physical 

location, or even finding contractors to accomplish your projects [e.g. web sites such 

as Arcbazar].   

Green production and sustainable products are also proven to be one of the main 

concerns of the societies. Growing population, limited resources and environmental 

issues also call for flexible, efficient and productive production lines which can reduce 

waste and products that use less of natural resources and produce less waste. 

Modern technologies can help this by accurate planning and precise testing using 

thorough digital models.  

At the last part of the second chapter we have seen how a thorough model of 

products may appear in architectural and building construction projects. The term 

Ψ.ǳƛƭŘƛƴƎ LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƭƛƴƎΩ ƻǊ Ψ.LaΩ ƛǎ ǊŜŦŜǊǊƛƴƎ ǘƻ ŀ ǊŜƭŀǘƛǾŜƭȅ ƴŜǿ ǎȅǎǘŜƳ ƻŦ 

design and documentation of design and construction data. In fact this system can 

connect all of the differing groupings of data and people who work within a project. 

This digital model applies software to conduct the flow of work and information. 

Similar to many other industries ambitious designers and demanding customers have 

made buildings and construction procedures extremely complicated over the last 
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century. Many additional layers of data added to buildings have made designing and 

data access much harder than what traditionally used to be. There are also some 

levels of information which could not possibly be produced and accessed using older 

methods. A BIM model is a centralised data repository feeding all groups and being 

fed by all groups involved in a project. Such a model can also facilitate concurrent 

development of projects since different teams can update the model regularly, 

therefore all teams are aware of the changes immediately and can adopt a new 

direction or notify others of errors before it is too late. Such a model calls for a 

systematic change which requires every team to know and be working in a new 

environment. The immediate signs of improvement can be seen in facilitated 

documentation. Real time simulation assists the realization of design, problem 

solving and constant improvement of the product. Better communication and 

decision making during the design and construction phases are crucial benefits of 

such a system, the lifecycle maintenance and end of life of the project have also been 

planned and anticipated and could be referred to. In the end we have to remember 

that the ultimate productivity and efficiency traditionally come with ultimate 

standardization which may limit the creativity of designers, customization and 

uniqueness of products. Therefore there has to be a cautious consideration in the 

level of standardization we want to involve in every project.  
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3. The Industrialized architecture and CADCAM contribution  

Part one: Traditional approaches towards industrialised 

architecture  

3.1. The history of industrialised architecture  

Since the features of CAD/CAM systems and the ways in which they can be used to 

improve the workflow in various industries have been described in previous chapters 

now it can be a good time to narrow the discussion down to the industry of interest 

in this thesis which is Architecture and building construction. Outcomes of the 

presence of computer aided and computer integrated technologies in the building 

construction industry [when regarded as a unified process of CAD and CAM also 

ƪƴƻǿƴ ŀǎ ǘƘŜ ΨCƛƭŜ ǘƻ CŀŎǘƻǊȅ ǘŜŎƘƴƻƭƻƎȅΩϐ ŀǊŜ ŎƻƳƳƻƴƭȅ ƪƴƻǿƴ ŀǎ ǇǊŜŦŀōǊƛŎŀǘŜŘ 

buildings regardless of how the materials or techniques have been used to build. But 

what are prefabricated buildings? Are they only the cubical precast concrete buildings 

or factory made steel frames that existed in our cities after the mid 20th century?  

The intention of this chapǘŜǊ ƛǎ ǘƻ Ǝƻ ōŀŎƪ ƛƴ ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ ΨǇǊŜŦŀōΩ ōǳƛƭŘƛƴƎǎΤ ǘƻ ǘƘŜ 

time where there was no sign of computers or NC and CNC devices; in fact to discover 

the main reasons that had initiated this type of construction; reasons that may still 

convince us to see prefabrication as a versatile method of construction, to serve us in 

varied cases of spatial forms and site conditions or to build public buildings which 

people use in their regular daily lives. These reasons attracted some pioneering 

groups and individuals to put outstanding amount of efforts trying to harness the 

materials and fabrication methods in order to create spaces to fulfil the functional, 

aesthetic and economic requirements of their clients using various concepts, 

techniques and materials throughout history. Due to technological and scientific 

developments, once in every few years new opportunities have been opened for 

building producers to update their designs, fabrication methods and revolutionize 

their finished products consequently.   
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Although the main reason of this chapter is to introduce the history of construction 

ǎȅǎǘŜƳǎ ǿƘƛŎƘ ƭŜŀŘ ǳǎ ǘƻ ǘƘŜ ΨCƛƭŜ ǘƻ CŀŎǘƻǊȅΩ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ȅŜǘ ǘƘŜ ƴŀǊǊŀǘƛǾŜ ƻŦ ǘƘƛǎ 

chapter ends right before the time when computers get involved in the construction 

industry since the application of digitally-driven methods are going to be discussed in 

the following chapters. The chapter will rely mostly on the practical use of those 

methods in projects. Here, there is an attempt to choose three cases of three 

different philosophical approaches of the File to Factory technology to be described 

as exemplars.  

3.1.1. Introduction  

The history of prefabrication in Architecture and ready-made buildings is full of stories 

ŀōƻǳǘ ƳŀƴƪƛƴŘΩǎ ƴŜŜŘǎ ŀƴŘ ŘǊŜŀƳǎΦ {ƛƳƻƴ Unwin in his book [Analysing Architecture, 

2009] describes architecture as a subjective system and an organization with a 

concept in order to give identity to the space. In prehistoric times, even before our 

ancestors started to form their small societies, they had always tried to shape their 

surroundings based on their needs. A gathering of a small group of people around a 

ŦƛǊŜ ǘƻ Ǉŀǎǎ ǘƘŜ ƴƛƎƘǘ ǘƛƳŜ Ŏŀƴ ōŜ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ƻƴŜ ƻŦ ƘǳƳŀƴǎΩ ŦƛǊǎǘ ŀǊŎƘƛǘŜŎǘǳǊŀƭ 

design projects, and as time passed, they discovered new means to satisfy spacial 

needs and their designs became more complicated. They added elements to living 

areas to develop the quality of their lives. Shelter, walls, doors and windows were all 

included to deliver qualities to the space (Unwin, 2009).  

Through the development of societies it can be seen that their needs also have 

developed. Nowadays we want buildings to be constructed with a good standard of 

quality even in remote locations where the building process might be influenced by 

severe climatic situations. Clients expect companies to produce sustainable buildings 

and to deliver them as planned some months or in some cases, years before. 

Construction companies and contractors are perusing lean construction systems and 

Architects are trying to fulfil perfectionism of design and may seek new forms and 

materials in order to realize their thoughts.   



3.1. The history of industrialised architecture  

189  

  

The trails of needs and dreams can be tracked from early designs right up to 

contemporary buildings and all the way through to the current time. They are the two 

important motifs which formed our world as we find it now; yet, more recently the 

differentiation in the fulfilment of these two elements is becoming more and more 

ŘƛǎǘƛƴŎǘΦ .ŀǊǊȅ .ŜǊƎŘƻƭƭ ŘŜǎŎǊƛōŜŘ ΨtǊŜŦŀōΩ ŀǎ ŀ ǇƘŜƴƻƳŜƴƻƴ ŘŜǊƛǾŜŘ ŦǊƻƳ ƴŜŜŘǎ 

wƘƛŎƘ ŀǊŜ ǎǘŀǘŜŘ ŀǎ ǘƘŜ άlong economic history of the building industry that can be 

traced back to antiquityέ ŀƴŘ ΨtǊŜŦŀō !ǊŎƘƛǘŜŎǘǳǊŜΩ ŜȄǇǊŜǎǎƛƴƎ ŘǊŜŀƳǎ ŀƴŘ ŀ άcore 

theme of modernist architectural discourse and experiment, born from the union of 

architecture and industryέ ό.ŜǊƎŘƻƭƭ ϧ /ƘǊƛǎǘŜƴǎŜƴΣ нллуύΦ  

In the same way, as with many other influential factors and strategies [from modern 

materials to geometries, process and technologies], most of the prefabrication 

techniques have been imported to architecture from other industries. Despite the 

long presence of prefabrication in architecture and by all the efforts have been made 

to merge prefabrication into architecture, the significance we see in other industries 

resulted by contribution of prefabricated systems cannot be yet witnessed in 

architecture. Almost all of the advantages of this technology have been questioned 

by an ability to demonstrate quality simultaneously in design and construction as 

exemplified through numerous attempts during the history of prefabricated 

buildings. Nevertheless, it has to be said that pioneering modernist architects have 

had significant influences on progression in this field and have paved the way for 

many cutting edge methods which are being used in high-tech projects today.  

The following is a brief history of prefabrication with a focus on architectural projects. 

It delivers a summary about the beginning of mass usage of prefab buildings in 17th 

century and continues by studying the milestones in growth of architecture alongside 

with manufacturing process up to the mid 20th century, when the world could not 

anticipate the huge changes which were brought to design and manufacturing by the 

emergence of the digital technology in building architecture.  
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3.1.2. The British innovations  

Great Britain and their global colonization of various regions of the world served to 

position the nation as the leaders of prefab construction amongst western countries 

in the early 17th century. Having political and economic interests in numerous areas 

of the world such as North America, Australia and Africa also required their physical 

presence in those regions where they had no knowledge about local domestic 

materials and vernacular architecture. Subsequently, one of the interesting plans was 

to fabricate readymade components of the required buildings and ship them to 

remote areas to both provide shelter for the migrants and also to provide social 

services such as schools and hospitals. One of the first records of such activity dates 

back to 1624 in Cape Ann village [it is currently a city located in Massachusetts], 

where houses were built using prefabricated kits sent from England (Arieff & 

Burkhart, 2002).  

Some other examples of colonial buildings were built later on the late 18th century 

and early 19th century in Australia and South Africa. These building types consisted of 

mostly cottages, storerooms and hospitals. The buildings were timber framed and 

had timber panels, roofs and walls. Although this type of construction method did not 

carry the same standards and qualities which we expect to be seen in modern 

buildings today; yet, there was a significant reduction in labour cost, time and 

material waste when comparing with on-site construction in the same era of history 

(Herbert, 1978).  

¢ƘŜ ΨaŀƴƴƛƴƎΩ ŎƻǘǘŀƎŜ  

[ƻƻƪƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ ǘƘŜ ǇǊŜŦŀō ŎƻƴǎǘǊǳŎǘƛƻƴ ƛƴŘǳǎǘǊȅΣ ΨaŀƴƴƛƴƎΩ 

prefabricated Cottages are assumed to be the first advertised products in this field. 

In 1830 H. John Manning designed a cottage for his son, who was migrating to 

Australia, in order to provide him with a comfortable place to live in the new land. 

Although Manning was a carpenter and well aware of construction methods, he was 

not sure about the situation in which his son would be in Australia in regard to finding 

the necessary materials to build the house. So he decided to fabricate the building 
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ŎƻƳǇƻƴŜƴǘǎ ƛƴ [ƻƴŘƻƴ ǿƘŜǊŜ ƘŜ ƭƛǾŜŘΦ ¢ƘƻǎŜ ŎƻƳǇƻƴŜƴǘǎ ŎƻǳƭŘ Ŧƛǘ ƛƴ ŀ ǎƘƛǇΩǎ Ƙǳƭƭ 

and be transported to Australia. Each part could be carried by one person and joined 

ǘƻƎŜǘƘŜǊ ōȅ ǎƛƳǇƭȅ ōƻƭǘƛƴƎΦ WƻƘƴ [ƻǳŘƻƴΩǎ ōƻƻƪ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜ aŀƴƴƛƴƎΩǎ ŎƻǘǘŀƎŜ 

which is formed by grooved posts which are fitted to panels, floor plates and 

triangular trusses [Figure 3 .1] (Loudon, 1839).  

aŀƴƴƛƴƎΩǎ /ƻǘǘŀƎŜ ŎƻƳǇŀǊŜŘ ǘƻ ƻƭŘŜǊ ǇǊŜŦŀōǊƛŎŀǘŜŘ ōǳƛƭŘƛƴƎǎ ǿƘƛŎƘ ǿŜǊŜ ŘŜǎƛƎƴŜŘ 

by the English as a step forward in details, standardization, mobility, frame, infill 

ǎȅǎǘŜƳǎ ŀƴŘ ƧƻƛƴǘǎΦ άThe Manning system foreshadowed the essential concepts of 

prefabrication, the concepts of dimensional coordination and standardizationέ 

(Herbert, 1978).  

 
Manning prefabricated colonial cottage. Picture and description (U.S Navy Quonset Hut - Weapons of Mass 

Construction, 2012).  

Figure   3 . 1   The Manning cottage   
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Figure 3 .2 Manning cottage types  

Manning Colonial Cottages were often transformed into schools, hospitals, stores etc. picture and description (U.S 

Navy Quonset Hut - Weapons of Mass Construction, 2012).  

  

aŀƴƴƛƴƎΩǎ /ƻǘǘŀƎŜ ǿŀǎ ōǳƛƭǘ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ƳƛƎǊŀƴǘǎΩ ƴŜŜŘ ŦƻǊ ŦŀǎǘŜǊ ŎƻƴǎǘǊǳŎǘƛƻƴ ōǳǘ 

also carried the characteristics of the British construction standards. A few of them 

still can be found in Australia [e.g. Friends Meeting House, Adelaide] [Figure  

3 .3].  
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Figure 3 .3 Remaining Manning cottages Quaker [Society of Friends] Meeting House. Picture 

(National Trust of South Australia, 2013).  

  

¢ƘŜǊŜΩǎ ƴƻ ǊŜŎƻǊŘŜŘ ŘƻŎǳƳŜƴǘŀǘƛƻƴ ǘƻ ǇǊƻǾŜ ǘƘŀǘ ǘƘŜ ŜǊŜŎǘƛƻƴ ƻŦ ǘƘŜ .ǊƛǘƛǎƘ ǇǊŜŦŀō 

buildings in Northern America had significant influence on timber structured buildings 

ǘƘƛǎ ŎƻƴǘƛƴŜƴǘ ōǳǘ ǎƻƳŜ ǘǊŀŎŜǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘŜ Ψ/ƘƛŎŀƎƻ ŎƻƴǎǘǊǳŎǘƛƻƴΩ ƻǊ Ψ.ŀƭƭƻƻƴ 

{ǘǊǳŎǘǳǊŜǎΩ ώCƛƎǳǊŜ о .4].   
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Figure 3 .4 Balloon frame  

Balloon frames that assumedly were first used in Chicago. Picture (University of Seville, 2011).    

Certainly it cannot be said when and by whom the first Balloon structure has been 

made but probably the first building in which the so called structure has been used 

ǿŀǎ ŀ ǿŀǊŜƘƻǳǎŜ ōǳƛƭǘ ƛƴ муон ƛƴ /ƘƛŎŀƎƻ ōȅ ΨDŜƻǊƎŜ ²ŀǎƘƛƴƎǘƻƴ {ƴƻǿΩ όaƛƭƭŜǊΣ 

мффсύΦ !ōƻǳǘ ŀ ȅŜŀǊ ŀŦǘŜǊ ǘƘŀǘ Ψ!ǳƎǳǎǘƛƴŜ ¢ŀȅƭƻǊΩ ōǳƛƭǘ ǘƘŜ {ǘΦ aŀǊȅΩǎ /ƘǳǊŎƘ ƛƴ /ƘƛŎŀƎƻ 

[Figure 3 .5]. These buildings were easily erected and did not need highly trained 

labour in the process. Industrialized fabrication of iron nails and the ready availability 

of natural wood fostered the construction of such buildings. They were light weight 

but also had a very low resistant against fire. This caused the Chicago city which was 

mostly formed by Balloon-structured buildings to turn to ashes in 1871. Nevertheless 
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due to the high speed of construction and the light weight components, Balloon 

structured buildings had spread in the west of America (Davies, 2005).  

Iron and steel  

 
Figure 3 Φр {ǘΦ aŀǊȅΩǎ /ƘǳǊŎƘ ƛƴ /ƘƛŎŀƎƻ 

Picture (Early Chicago, 2013).  

In the same way as prefab timber structure and panels, parts of buildings such as 

columns, doors, windows and trusses made of iron have their roots in the British 

Colonial prefab buildings. They were produced in workshops and then delivered to 

the construction site and assembled along with other components of the building. 

Although the prefabricated iron parts were not as wide-ranging as can be witnessed 

in the current theme of construction but the iron work is the forerunner of 

prefabricated steel which later have been applied extensively in numerous buildings 

in America (Herbert, 1978).  

A part from buildings, iron was the material of choice used to make bridges in  
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England. The first bridge which was made of Cast Iron and located over the river 

Severn in Shropshire was constructed in 1779 and opened in 1781 [Figure 3 .6]. It was 

mainly made of precast iron components and assembled on-site. In a similar way to 

timber structured buildings, they standardized the dimensions and fixings of iron 

made components. Compared to timber buildings the time and cost of construction 

was reduced and labour with relatively less experience could erect both buildings and 

bridges (Smith, 2010).  

 

Figure 3 .6  Iron bridge  

Iron Bridge over the River Severn at Iron bridge, Shropshire. Picture (Darwin Country).  

  

At the time shipbuilders were also taking the benefits of prefab products. This gave 

William Fairbairn the idea of fabricating cruise ships in the mid 19th Century. At that 

era, the British were developing the application of iron plates in buildings such as light 

houses. Another important use was in textile mills. These typologies were at high risk 

from fire and as a solution they sought to construct them with fire resistant materials. 

Therefore iron frames which were affordable after the industrial revolution replaced 

the timber structures. One of the first examples of using iron frames in buildings is a 
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textile mill at Ditherington in Shrewsbury, Shropshire [179697] [Figure 3 .7] (Smith, 

2010).  

 Later on, constructors became aware of the potential of applying iron not only in  

 

Figure 3 .7 Steel framed buildings  

Ditherington Flax Mill, a Flax mill located in Ditherington, a suburb of Shrewsbury, England, is the oldest iron 

framed building in the world. Picture and description (Wikipedia-a, 2013).  

ŦǊŀƳŜǎΣ ōǳǘ ŀƭǎƻ ƛƴ ŜƴŎƭƻǎǳǊŜǎ ŀƴŘ ƛƴŦƛƭƭΦ WƻǎŜǇƘ tŀȄǘƻƴΩǎ aŀǎǘŜǊǇƛŜŎŜΣ ǘƘŜ Ω/Ǌȅǎǘŀƭ 

tŀƭŀŎŜΩ ώмурмϐ ǿŀǎ ŀƴ ŜȄƘƛōƛǘƛƻƴ ƻŦ ŎƻƴǘŜƳǇƻǊŀǊȅ ŎǳƭǘǳǊŜ ŀƴŘ ƛƴŘǳǎǘǊȅ ŀƴŘ ǿŀǎ 

ƛƴǘŜƴŘŜŘ ǘƻ ŜȄŜƳǇƭƛŦȅ .ǊƛǘŀƛƴΩǎ Ǉƻǎƛǘƛƻƴ ŀǎ ǘƘŜ ǿƻǊƭŘΩǎ ƛƴŘǳǎǘǊƛŀƭ ƭŜŀŘŜǊ ώCƛƎǳǊŜ о .8]. 

It was the first exhibition of its kind and also the first building to be fully built with 

modern materials [iron and glass]. All of the various parts were prefabricated and 

assembled on-site (Kishlansky, et al., 2008).   
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Figure 3 .8 Crystal palace  
Crystal palace, an exhibition of power and technological progress. Picture (McNamara).  

Corrugated metal  

The Manning Cottage was the source of many developments in prefabricated frames. 

This effort was superseded by the innovation of corrugated iron sheets. This material 

replaced the previous systems of spanning, panelling and roofing using wooden 

panels and canvas. From the early 19th Century up to the present day corrugated iron 

has been intrinsic to many projects around the globe. Its light weight, and structural 

effectiveness made these iron sheets interesting for builders and the low price and 

easy installation resulted in its widespread adoption. Richard Walker was credited as 

among the first who noticed the potential application of corrugated sheets in mobile 

buildings in 1832. After 1837 fabricators started to hotdip galvanize sheets in order 

to protect against corrosion. Nonetheless galvanization only covered the corrosion of 

steel which was still happening under the coating. Rusting was inevitable especially 

in places with acidic rainfall and along coastal areas where saltwater speeds up the 

metal corrosion. Nowadays, to give corrugated steel roofs a longer life, constructors 

also cover the surface with a layer of paint [Figure 3 .9] (Thomson, 2005) (Mornement 

& Holloway, 2007).  
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Figure 3 .9 Corrugated steel Machine making corrugated sheets out of painted metal leaf. Picture (Trade Korea).  

As well as all of the above-ƳŜƴǘƛƻƴŜŘ ŦŀŎǘƻǊǎΣ ǘƘŜ /ŀƭƛŦƻǊƴƛŀ ΨDƻƭŘ wǳǎƘΩ Ŏŀƴƴƻǘ ōŜ 

ignored as a key factor in making corrugated metal sheets popular in building 

construction [Figure 3 .10]. The necessity and quantity of shelters required to home 

the gold miners grew exponentially in the mid 19th Century. This technology was 

imported by Naylor from England and became one of the easiest to ship and also the 

fastest to erect at that time. Over 500 prefab shelters [made of Corrugated iron] 

which had been advertised in magazines were shipped from New York (Peterson, 

1965).  

 
Figure 3 .10 The gold rush shelters  

A Shelter which has been built in the era of Gold Rush in California. Corrugated sheets have been used to cover 

the roof. Picture (Sierra Foothill).    

Quonset huts are also lightweight prefab buildings made with corrugated iron [Figure 

3 .11]. The concepǘ Ƙŀǎ ǊƻƻǘŜŘ ƛƴ ΨbƛǎǎŜƴΩ Ƙǳǘ ǿƘƛŎƘ ƘŀŘ ōŜŜƴ ǳǎŜŘ ōȅ ǘƘŜ .ǊƛǘƛǎƘ ƛƴ 
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the First World War (Brown & Lowry, 2001). These huts were named after the first 

site in which they have been constructed. As other typical examples of buildings 

which were commonly constructed with this material we can cite factories and 

suburban chapels.  

  

 

 

Figure 3 .11 Quonset hut  

Quonset Huts were used strategically during the WWII due to the easy erection and cheap costs. Top (Wikipedia-

b, 2013). Bottom (Kodiak).  
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3.1.3. Prefab houses in the United States  

At the beginning of the 20th Century the proliferation of balloon structured buildings 

and the industrial boom, timber made kit homes gradually became popular. The 

Sovereign brothers were among the first to develop mass housing projects using 

Ψ!ƭŀŘŘƛƴ IƻƳŜǎΩ ώCƛƎǳǊŜ о .12].  

  

 
Figure 3 .12 Aladdin homes  

Left: W J Sovereign co-founder Aladdin homes. Right: Aladdin Homes advertisement in early 20th century. Picture 

(Modular Home Builder, 2012).  

  

The connection of the East and West of the United States by train and mail order 

service which had already been used to deliver clothes or prefabricated boat parts to 

customers was the foundation of their concept to introduce mass production of 

houses which would be produced in a large number and could be erected easily and 

in a short period of time in order to fulfil the need for housing in the developing areas 

of the West. These houses were also affordable and built with standardized 

components. This concept also aimed for the reduction of on-site waste. While 

Aladdin homes established many pioneering concepts in prefabricated houses, Sears 


