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Chapter 1  

 Engineering a Product
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Everything should be made as simple as possible, but not simpler.  Albert Einstein

This chapter provides a general perspective of engineering and the manufacturing life cycle engineering for a typical "durable good" product.  A durable good is a product that is intended for multiple use and extended service.  Examples of durable goods are automobiles, aircraft, machine tools and coffee makers to name but a few.  In the chapter, we describe how product engineering and manufacturing engineering affect the factories of today (and of our future) noting the technologies and operations that the current generation of product/ manufacturing/industrial engineers will experience. Manufacturing of the future, like manufacturing of the present and past, will span a broad gamut of activities that will increasingly depend on electronic communication systems. This connectivity will link manufacturers (designers, planners and product on personnel), customers and suppliers so that information processing will become increasingly responsive and effective.

     
The engineer of the year 2000 and beyond will require an increasingly broad set of technical and business skills. Today's technical environment already spans from design to planning for manufacture to manufacture to qualification to marketing and to maintenance of a product. In the future, engineers will also address business requirements to include: marketing, capital equipment justification and procurement, pricing and capitalization. In general, engineers of the future will provide both the business and technical integration required linking engineering and business.  Our focus and presentation of the technologies of engineering will strongly be skewed toward how these activities fit into the manufacturing of a product but also with emphasis of design and planning for manufacturing.  Integration (both functional where design is linked to manufacturing and informational where data is available to everybody) is key to future engineering success.  Our presentation of materials in the book will be directed toward this vision.


Part of the focus of the book will be on the integration of design, planning for manufacture and the manufacture of a product.  Design decisions that make manufacturing difficult will be address.  Manufacturing decisions that affect the quality of a design will also be discussed where appropriate.  We feel that the key to good engineering is not only the local analysis conducted but in a broader sense comes from the understanding of how your decisions affect upstream and downstream activities.

1.1 A Brief Look Back at Engineering 

     
Since the early 1900's as our industrial revolution began, the principle focus of engineering has matured to systematize manufacturing and the reduction of "manpower" required to produce a product or perform a task. The past three decades of engineering have brought the computer to business managers, engineers and the shop floor. The computer has served to provide fast, immediate computation and links to information for a variety of activities. Business activities including accounting, billing, payroll, marketing/order entry and bill of material processing were among the first activities to be housed on digital computers. The computer was first used in engineering to assist in difficult analysis activities, and has become today's engineering workstation. Currently, engineers initiate drawings on a Computer-Aided Design system; analyze the engineering characteristics of their design; optimize design parameters; process plan the parts that they create; and generate machine instructions using a workstation or network of workstations. Production engineering activities include inventory management and control, resource planning, scheduling and shop floor control, all of which can be performed using a network of computers.  Computer communication networks have made it possible to share large amounts of business, engineering and manufacturing information.  

     
Computer-Aided Design (CAD), Computer-Aided Manufacturing (CAM), Computer

Integrated Manufacturing (CIM) and Information Technologies (IT) have pushed us into a new era of manufacturing. Although there will probably always be a place for manual manufacturing machines, procedures, and systems, these systems will become the tools of the artisans of manufacturing (tool makers, precision parts specialists, craftsmen, etc.). Durable goods production for the general populous will most likely be the product of highly automated, highly integrated manufacturing systems. The systems specialists and manufacturing engineers that oversee operation of these systems will require a broad range of talents -- engineering, business and management.

Traditionally, engineering activities have been separated into well-focused departments, and engineering has been viewed as a serial set of activities.  A product engineer would detail product requirements and then pass these specifications (as an engineering drawing) to a process engineer. The process engineer would then determine what manufacturing resources were required to produce the product and detail a set of manufacturing instructions. Finally, the production engineer would be responsible for the scheduling and manufacture of the product. The only linkage between each of the engineering activities was the product. There was seldom any interaction among the various engineers and feedback and negotiation seldom occurred.

1.1.1 Today’s Engineer

     
Today's communication and information technologies have virtually made it impossible for a modern engineer to isolate himself/herself from other engineering and business activities. Many of our foreign competitors have recognized significant product, process and production improvements from broadening the boundaries of our engineering and business activities. Although there does not appear to be a formal method for integrating activities, striking results have been realized when these activities have been performed simultaneously. Creating teams consisting of members of various engineering and business organizations has produced good results even if the dynamics and interactions of the teams are not particularly well understood.

1.1.2 Agile Engineering

     
The end of the 1980's saw many U.S. industries scurrying to learn about Simultaneous or Concurrent Engineering (see Section 1.3.1).  Industries realized that performing engineering activities sequentially was a method of the past. There has been much discussion between and among the various engineers concerning integrating design and manufacturing.  Although few tools resulted from these discussions, an awareness of the dependencies of design and manufacturing was created. Design with a view as to how the product would be produced was reintroduced to designers. Process engineers began questioning design parameters; and production engineers began questioning manufacturing methods as well as design specifics. An environment rich in interaction has evolved.  Digital computers with CAD, CAM, and integrated technologies (IT) enhanced our ability to interact and share information.

     
In the future, only industries that utilize only the best engineering practices, management methods, and production facilities will survive. Agile Engineering is a vision of the future where time to market, quality, and economically produced products are the standards for conducting business.  Agile engineering is a new term used to describe our ability to bring new (or modified) products to market quickly without unforeseen occurrences.  The agile engineer will have the ability to manufacture products in-house or "farm them out to a supplier".   "Farming the products to a supplier" will occur over a broad area Internet.  This vision of Agile Engineering is one where electronic commercing is key to success.  By electronic commercing, we refer to the ordering of a product (either a finished product or an assembly component) via the information super highway.  Part of the electronic commercing will also be industries purchasing components from former competitors via the same information super-highway.  Designs will be out-sourced, placing them on an electronic bidding network where manufacturers/vendors will respond to "requests for cost and timing". Virtual factories will be created, selecting the best of the vendors for the component requirements. Time to market will be reduced, and manufacturing survival will require the best production practices. 

 1.2   Manufacturing Life Cycle Engineering Activities
     
Engineering can be defined as the planning, designing, construction (manufacture), or management of machinery, roads, bridges, etc.[Webster 1990].  This definition of engineering uses the conjunction or to connect the linkage of engineering activities, which implies that these activities are performed somewhat independently.  As engineering evolved over the past hundred years, most engineering departments have segregated the functional activities that engineers perform. Today, it is becoming increasingly critical that modern engineers are involved with a broader set of activities and have an understanding of how their decisions effect other functions.


We define a product life cycle as the period from the conception of a product, through its manufacturer, to the normal operation and maintenance, and terminating with the disposal of the product.  Many countries are charging the manufacturer of a product with the disposal of the product after the product's useful life has been exceeded.  For instance, in Europe; automobiles manufactured after the year 2000 will become the responsibility of the manufacturer to separate into base materials or reusable components. It is easy to see that it is critical for the engineer to understand the implication of selecting the most appropriate materials for a product from a functional point on view.  However it is becoming equally important for today's engineer to understand what will happen to those materials when the life of a product is complete.  Disposal, recycling and renewing a product are critical elements of design today.  A good example of this situation is the growing stockpile of worn tires, and expended automobiles.

The manufacturing life cycle is the period from the conception of a product up to shipping the product to a customer.   If a product can not be designed so that it is easily (and inexpensively) manufactured, then independent of the functionality of the product; it is doomed to fail.  Product planning, design, manufacture and management are all elements of the manufacturing life cycle function.  Traditionally, the manufacturing life cycle begins with product design.  Once a product design is finalized, a process engineer develops plans to produce the product.  Finally, production engineering is responsible for the manufacture and qualification of the product.  Recently, much attention has been paid to new engineering titles of Concurrent Engineering and Manufacturing Life Cycle Engineering.  The basis of concurrent engineering is that all engineering activities are expected to occur in parallel, i.e., design, process engineering and production engineering.  A more appropriate term would be integrated engineering where the planning, designing, manufacturing and management of a product are all viewed as one activity. Integration engineering is further defined as the set of tools and techniques that can be used to assist in combining planning, design, construction and management of a product. 
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Traditionally, the engineering activities associated with the manufacturing life cycle have been conducted sequentially as shown in Figure 1.1.  This had created a "throw the product over the wall" mentality where the designer took little responsibility of how the product was going to be produced.  The process engineer felt little empathy for how much work was at a specific manufacturing center, and so on.  Some industries required feedback between the engineering functions, but this was more to correct problems that had occurred rather than eliminate them.
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Relationship matrix shows how engineering decisions
affect customer perceptions
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Figure 1.1 illustrates that the process begins with Product Engineering (traditional design).  The product engineer produces an engineering design (Chapter 2).  This engineering design is then passed to Process Engineering where a set of process plans (instructions as to how the product will be manufactured) is created.  The engineering design and process plans are then forwarded to a manufacturing system which will be responsible to produce the product from the drawing and process plans.  This process and the activities illustrated in Figure 1.1 are sometimes referred to as waterfall engineering because the flow of information is from top left to bottom right with little opportunity for feedback.

Figure 1.2 presents an integrated view of the manufacturing engineering life cycle where Product Engineering (Design), Process Engineering, and Production Engineering are spokes of  the manufacturing engineering life cycle wheel. At the hub of the wheel is a product model. The product model is the collection of the engineering drawing, process plans and miscellaneous production information necessary to manufacture the product.   This product model is truly the entity that everything else revolves around. If the spokes of the wheel are laid out in the order of product, process and production engineering, then engineering occurs as it has traditionally (Figure 1.1).  As a wheel revolves to each of the activities, integration occurs between the spokes of the wheel, that is between the engineering functions.

Product engineering normally begins with the development of an aggregate product model, which contains form and function but little tolerance information or detail. When the product engineer feels comfortable with his/her initial aggregate concepts, a more detailed model with dimensional character is then created. When the designer feels that the concept is developed to the point where "form and fit" can be detailed, tolerance specifics are added to the model. The initial output from the product engineering activity is an engineering design.   This engineering design has traditionally been communicated on a "blue-print".  Today, the engineering design may take several forms, which may include a rendering on a Computer Aided Design (CAD) system.  The specific requirements of an engineering design will be discussed in detail in Chapter 2.

     
Process engineering usually begins with an initial engineering drawing.  From the drawing, the process engineer develops a set of manufacturing plans that can be used to produce the product. The process engineer uses the initial design coupled with knowledge of how similar parts and part features have been produced in the past. Difficult to produce features and feature sets that are hard to manufacture are brought to the attention of the designer so that alternative designs might be developed. When the process engineer completes his initial pass at producing a set of manufacturing plans, the detail of the product model is expanded to include both design and processing information.

     
Production engineering includes all of the manufacturing activities required to produce a product as well as those activities required to control/manage the flow of the product through the facility. Plant design and analysis (either for an existing or proposed system) must be conducted as part of production engineering. Machine requirements planning including design and procurement of special tools, capacity resource planning, systems management and control, and the basic manufacturing processing all occur in the production engineering function. The facility as well as the knowledge of the facility drives much of the design and virtually all of the process engineering function. The production engineer may also identify inconsistencies in the plans provided from process engineering as well as design anomalies on the engineering drawing. 

     
Integration within as well as between spokes of the manufacturing engineering life cycle wheel is necessary. Each of the engineering functions is punctuated with intra-area integration issues. For instance within Production Engineering, the capacity of a facility is a function of the machinery that is used to produce a product(s).  However, the organization of the machinery as well as the control system used to produce sequence products through the system can affect the utilization of the equipment significantly.  Planning, design and control issues must all be coordinated very carefully.

     
The product model remains the hub of our engineering activities and especially those activities conducted by manufacturing engineers. A designer (product engineer) develops and refines the initial representation of the product model - the engineering design. The process engineer then examines this design so that a process model of the design can be developed -- the new product model.  This product model is then given to the production engineer so that a further refinement in the product specifics can be made.  The production engineer determines whether the product can be produced in desired quantities at a given time schedule using existing equipment and facilities or whether new resources are required.  Many iterations (or revisions) of the engineering activities are required in order to develop a good or optimum product model, where function is maintained and cost effectiveness and quality maximized. 

     
Figure 1.3 provides an even broader perspective of engineering—product life cycle engineering.  Product life cycle engineering is concerned with engineering from product concept to disposal.  This expands the manufacturing life cycle view so that out-going product quality, reliability, maintainability and disposability are all viewed as a very large problem.  This view is being thrust onto engineers throughout the world.  For instance in Europe, automobiles manufactured after the year 2000 will become the responsibility of the manufacturers to produce and dispose of upon termination of their useful life.  That means that an automobile will again become the property of the manufacturer when its useful life has been expended.  The manufacturer will be required to convert the automobile back into base materials or into reusable components. This expanded view will no doubt change the way in which engineers approach a design problem—manufacturing, recycling, and environmental considerations must be taken into account during each phase of engineering.

1.3   A View of Engineering/Business Integration 

     
It is important that products be designed and manufactured right the first time. Up to 70 - 85% of the product's cost is committed by the decisions made during product engineering even though only 10 - 25% of the engineering costs have been expended. The impact of product engineering on cost highlights the importance to make available cost information at early stages of design. Traditionally, product cost is determined after a design is completed, and is normally performed by trained cost estimators. Coordination between product, process and production engineers is another way to both predict and reduce cost.  Recently, design teams have been established to explore alternative designs, including an economic evaluation, which is conducted for each alternative.  This has been reasonably effective in the design of relatively high volume products, but can be costly for low volume products.  It also extends the design-to-delivery cycle for all products.


 
The Agile Engineer of the future will utilize cost functions to synthesize the design from the initial CAD representation to production.  It will no longer be necessary to separate the technical and business features of the design, as the estimate of cost becomes the production cost.  Cost estimators will no longer do post-design estimating, processing, and manufacturing planning.  Designs will be studied off-line, but by the designer, who is immediately able to assess its cost, manufacturability, inter-process and final yield, and economic performance. 

1.3.1   Concurrent Engineering

     
Concurrent engineering has come late to the United States.  Japan and some of the European countries first demonstrated the efficacy of the approach more than a decade ago, often to the detriment of specific segments of our economy.  A frequently used term in today's manufacturing environment, concurrent engineering has gained increasing attention by manufacturers as they witness the benefits received by other firms employing this process.  Concurrent engineering is also referred to as simultaneous engineering.  Though there are a variety of names given to concurrent engineering, the process they describe is the same - that in which a major new product (or significantly different new model of an existing product line) is designed, developed, manufactured, and marketed concurrently.  Concurrent engineering is more than a new engineering technology; it is also a people and communications issue.

     
Concurrent engineering may be defined as a systematic approach to integrated product, process and production engineering (and their related processes, including cost estimation, tool engineering, and so forth). The goal of concurrent engineering is to design and manufacture a product in such a way that the product will meet the customer's requirement to the fullest extent.  In that context, it can be seen as an implementation of Total Quality Management (TQM) and a modern treatment of systems engineering that combines quality engineering methods in a computer-integrated environment.

As mentioned earlier, manufacturers have used a "serial" approach in producing a product to market.  During the conceptual design and preliminary development stages, product engineers have played a dominant, almost exclusive role.  Prototypes developed from the initial design were given to the process engineers so that the product could be produced in the required volume and to the required specifications.  In order to ensure that parts and materials were available for assembly, procurement experts stepped in at the next stage of product development.  Finally, marketing and sales personnel introduced the product to the consumer.  This serial approach leads to several drawbacks in the form of longer development cycles, increased manufacture cost (again, up to 80% of the production cost may be specified before manufacturing engineers have a voice in process design), and a product that is not optimal for the market that exists.

     
With the surge in Japanese economic power over the last few decades, American manufacturers have been forced to make dramatic changes.  Thus, the advent of manufacturing trends such as flexible automation, just-in-time production, new scheduling practices, and increased precision machine tools have resulted.  These methods addressed some of the engineering problems  -- namely, job specialization and separation of product designs, production, distribution and field maintenance functions; outdated standards and mass production techniques and principles which produced large, costly inventories and an inability to respond to market changes.  However, they lacked a rational framework to guide the transition of this new concurrent practice and fell short of modern managerial and technological capabilities.

     
Manufacturers have slowly realized that they need to rethink the entire manufacturing life cycle engineering process in order to compete in the global marketplace.  The phrase "accelerating-time-to-market", is explained as a union of engineering and manufacturing disciplines as they share in the design process, as well as information utilized during product development.  Integrating all of the engineering and business systems is an essential step in the ability of all team members to develop an awareness of what occurs in the product development cycle.  Computer systems linked via networks enhance the speed and accuracy of communication, while eliminating redundant  (and potentially out of date) information.

     
Flexibility, another product of concurrent engineering, aids in decreasing the time to market by allowing a quick changeover of equipment in addition to reducing lot sizes, minimizing inventories and simplifying design.  In addition to the necessity of tighter time-to-market deadlines, increasing design complexity and intense competition have resulted in the need for concurrent engineering.

      
Concurrent engineering, (shown in Figure 1.3), may be viewed as a three spoke wheel where the activities on all three spokes are performed in parallel. Important to this view of concurrent engineering are the interfaces between each of these spokes.  Product design defines the features and their attributes, which coupled with the process knowledge base dictates how manufacturable a product, will be.  The process engineering and production engineering interface defines the capabilities of a manufacturing system.  The product and engineering interface dictates a product's performance in the marketplace, i.e., how well it meets its functions, how reliable it is in use, how comfortable the user feels with the product, and many other product life cycle issues. 

     
Product design begins with the definition of global attributes of the new product by a concurrent engineering product development team.  The first pass at product engineering results in an engineering design, called current product model.  The current product model is embellished at process engineering to include process-related attributes, e.g. knurl surface, heat treat, and so on.   The production engineering completes the product model by engineering all of the tooling required and completing first item fabrication as well as production fabrication requirements.   The first item to be produced, often referred to as a prototype, is frequently produced very differently than production based units.  The first item is however critical in understanding some physical functions as well as some manufacturing attributes such as feature accessibility.   Concurrent design is an important aspect of concurrent engineering.  It has as one of its key objectives the concatenation of all relevant knowledge of an organization into the design of a product.  A second objective is to decrease the product development schedule in order to maintain competitiveness in a dynamic industrial environment.  The final objective is to improve product performance to better satisfy customers.

     
The goals of concurrent design are two-fold: to enhance the effectiveness of a product by incorporating all relevant knowledge at the design stage, and to increase the efficiency of the design process by reducing turnaround time from product conception to delivery.  By so doing, a company is able to meet both the market opportunities and market demands.

 
When applied effectively and with a company-wide commitment, the following benefits of concurrent engineering are achievable:

· A high-quality, lowest-cost product that meets the customers' needs.

· A decrease in the overall product-development process.

· Improved time to market by reducing the number of product interactions since first prototypes meet specifications and are competitive with the company's manufacturing capabilities.

· Higher sales and profits since a greater variety of products can be supported and targeted toward more segments of the market.

· Lower capital equipment costs.

· Greater use of automation.

· Less chance of re-design.

· Few parts to purchase from fewer vendors.

· Better factory availability.

     
Many industries, eager to achieve the benefits of concurrent engineering, begin employing this process in their company only to realize that they are not achieving the goals they set out to attain.  Why?  In many cases, manufacturing companies use some of the concurrent engineering tools available.  But in order to achieve concurrent engineering advantages, a company must have several key characteristics included in its implementation of concurrent engineering.  These characteristics are:

· Top-down design approach

· Strong customer interface

· Multifunctional and multidisciplinary teams

· Continuity of the teams

· Practical engineering optimization of product and process characteristics

· Design benchmarking and prototyping through the creation of a digitized product model

· Simulation of product performance and manufacturing and support processes

· Testing to confirm high-risk predictions

· Early involvement of subcontractors and vendors

· Corporate focus on continuous improvement and lessons learned.

     
Concurrent engineering has opened many doors for manufacturers seeking a rational, comprehensive plan to improve the overall operations of the firm, from design to manufacturing to delivery.  

1.3.2     Technologies for concurrent engineering

     
Although it is not the only factor, technology is certainly a dominate factor in the success of any major advancement of productivity and quality.  For instance, technology has played a crucial role in enabling Just-In-Time  (or JIT) production and flexible manufacturing.  Likewise, technology will play a significant role in enabling the concurrent engineering process, by maintaining a global and common view of a product design to enable the parallel and integrated design of products and processes.  Furthermore, with appropriate technologies, a design team is able to cut product development cost and time even further.  With less development time and cost, the design team can be proactive as opposed to reactive, as far as meeting customer's demand is concerned.

     
Figure 1.4 depicts four stages of activities involved in the life cycle of a product.  The first three stages of activities are contained in the manufacturing life cycle core of the concurrent engineering model shown in Figure 1.2.  The output of each stage of work is specified right below the stage box.   For example, the global product definition is the output from product planning, prototype evaluation from product design, and so on.

     
Among those enabling technologies introduced in the following sections, some provide structured approaches to facilitate the concurrent engineering process, for example, Quality Function Deployment.  Others take an analysis approach for the design team member to evaluate a design, based on a certain product-process attribute, such as Design for Assembly.
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Figure 1.4 Product life cycle activities

    1.3.2.1   Quality function deployment (QFD)

     
The first step of any concurrent engineering project is to identify the needs of the customer and design a product around it.   Quality is one of the most important attributes for consumers when acquiring a product.  This quality is expressed in terms of features and performance.  In QFD, quality is a measure of the consumers' satisfaction.  Two kinds of quality are identified [Akao, 1990]: 1) positive or latent quality, and 2) negative or expressed quality.  The positive quality is referred to, as the consumers' demands, i.e., what they want.  The negative quality is defined as consumers' complaints.  Quality Function Deployment provides a systematic and structured process for capturing the preferences of the customers and including them in the design of a given product.  This technological concept can be applied either for improving an existing product or for introducing a totally new one.   The utilization of graphical representation charts in QFD facilitates its use and application.

There are several definitions of Quality Function Deployment.  The one given by Dr. Yoji Akao, creator of the QFD concept, is [Akao, 1990] "Converting the consumers' demands into quality characteristics and developing a design quality for the finished product by systematically deploying the relationships between the demands and the characteristic, starting with the quality of each functional component and extending the deployment to quality of each part and process."  This definition establishes the important correlation between product and process design, although the use of QFD is not limited to only physical products, it can be used for improving the quality of services and other activities.

Since this idea was first introduced in Japan in 1966 by Dr. Yoji Akao, it has evolved to a more complex concept that includes value analysis, reliability and bottleneck engineering.  Today many companies have integrated QFD into their product development procedures.       Figure 1.4 also shows the route that quality follows when it is being deployed through all the stages of developing a product and the process for producing it.  In order to describe the QFD method, it is necessary to understand the different parts of the product developing process and determine how they interact.  In Figure 1.4, the flow downstream indicates the typical order in which a product is developed.

When QFD techniques are used to improve the design of an existing product, consumer complaints are studied and the development process is reviewed moving in an upstream direction trying to find all possible causes for the deficient performance of the product.  On the other hand, QFD helps introduce new products by analyzing the positive quality provided by the consumers and including the demands throughout the entire process.  This deployment is exercised from top to bottom in a downstream direction.

The analysis of the information supplied by the consumers is carried-out by using quality charts.  Quality charts are the tools for organizing the information that has been gathered by surveying the market, and translating this information into more technical terms that can be associated to engineering characteristics of the product.  The charts are described in good detail in a paper entitled, "The House of Quality" [Hauser & Clausing, 1988]. A "Case Study" modified from this paper will be presented at the end of this Chapter to illustrate the details of this process.  

Once the information is available, its translation consists of rewording the demands, trying to break them down into single meaning phrases.  It might not be possible to do this in just one step, and there can be more than two levels of quality demands.  The last level of quality demands is used for determining a list of product characteristics that can be accessed in the product design, called the quality elements.

     
The quality chart is a matrix array that shows the interdependency of the consumers' demands (quality demands) on the engineering characteristics (quality elements).  The entries of this matrix are symbols that represent the degree of dependence.  An example of such a matrix is shown in Figure 1.4 in which a spoon is used as a hypothetical product.  In order to determine the quality elements of the quality chart, the quality demands have to be listed, analyzed and broken down in simple phrases that can be related to one or more engineering characteristics.  In Figure 1.4, for example, comfort was separated into three attributes given in the column marked second level.  These attributes were narrower in meaning than the initial demand but not narrow enough for obtaining the engineering characteristics; so the process of finding single meaning expressions was continued until, under the column correspondent to the third level, the final expressions of the initial demand were found.  Based on these simple expressions the quality elements are determined and the quality chart can be filled with the symbols that categorized the relationships as strong, medium or low.  Before taking this analysis one step forward it is necessary to establish the relative importance among the consumers demand qualities.  In the House of Quality [Hauser & Clausing, 1988], for example, this relative importance is expressed in terms of weight factors, which are based on either experience or on surveys.
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Figure 1.5
A partial QFD chart for the spoon case

1.4   Design For Manufacture

     
The heart of any design for manufacture (DFM) system is a group of design principles, guidelines, rules, etc., that are structured to help the designer reduce the feasible region for the optimum solution of the design problem.  Therefore, the probability of finding a sound design is increased.  The usefulness of these guidelines or rules depends upon the extent that the design team is aware of them and of the team's ability to apply them.  Thus, experience in designing and manufacturing is a key factor in achieving maximum benefit.   Although, most of this information is not new, the systematic way in which it has been recently organized in a DFM context as a solution to improving global competitiveness, has given them new value.

     
The ten principles of DFM presented here, are very useful for designing products for efficient manufacturing [Stoll, 1986].

     1. Reduce the total number of parts

 
Reducing the number of parts in product design is probably the best opportunity for reducing manufacturing costs.  Fewer parts imply fewer purchases, inventory, handling, processing time, development time, equipment, engineering time, assembly difficulty, service, inspection, testing, etc.  In general, reducing the number of components in an assembly reduces the level of intensity of all the activities related to the product during its entire life.  A part that does not need to have relative motion with respect to other parts, does not need to be made of a different material, or that would make assembly or service of other parts extremely difficult or impossible, is an excellent aspirant for being eliminated.  Some approaches to part count reduction are based on the use of one-piece structures and selection of manufacturing processes such as: injection molding, extrusions, precision castings, and powder metallurgy, among others.

     2. Develop a modular design

The use of modules in product design, helps simplify manufacturing activities such as:

Inspection, testing, assembly, purchasing, redesign, maintenance, service, etc.  One reason is that modules add versatility to product update in the redesign process, help run tests before the final assembly be put together, and allow the use of standard components to standardize product variations.  However, the interfacing among modules can increase the complexity of the design, and this interconnection can be a limiting factor when applying this rule.

     3. Use standard components

     
Standard components are less expensive than custom-made items.  The availability of standard components also reduces product lead times.  Additionally, reliability associated with standard components are normally well ascertained.  Furthermore, the use of standard components transfers the production pressure to the supplier, relieving in part the manufacturer's concern of meeting production schedules.

     4. Design parts to be multi-functional

     
The utilization of multi-functional parts contributes to reducing the total amount of parts in a design; thus, obtaining the benefits given in rule 1.  Some examples are: a part to act as both an electric conductor and as a structural member, or as a heat dissipating element and as a structural member, or a machine screw and a hinge.  Also, there can be elements that besides their principal function have guiding, aligning or self-fixturing features to facilitate assembly, and/or reflective surfaces to facilitate inspection, and so on.

     5. Design parts for multi-use

    
In a manufacturing firm, different products can share parts that have been designed as multi-use parts.  These parts can have the same or different functions when used in different products.  In order to utilize a component for multi-use, it is necessary to identify the parts that are suitable for multi-use.  For example, all the parts used in the firm (purchased or made) can be sorted into two groups: the first containing all the parts that are unique for a certain product or model, and the second containing all the parts that are used commonly in several products.  Then, part families are created by defining categories, the variations within the categories and the number of design features within each variation.  The result is a set of standard part families from which multi-use parts are created.  After organizing all the parts into part families, the manufacturing processes are standardized for each part family.  The production of a specific part belonging to a given part family would follow the manufacturing routing that has been set up for its family, skipping the operations that are not required for it.  Furthermore, in design changes to existing products and especially in new product designs the standard multi-use components should be used.

     6. Design for ease of fabrication

     
Select the optimum combination between material and fabrication process to minimize the overall manufacturing cost.  In general, final touch operations such as: painting, polishing finish machining, etc., should be avoided.  Excessively close tolerance, surface finish requirement, and so on are commonly found problems, which result in, higher than necessary production cost.

     7. Avoid separate fasteners

     
The use of fasteners increases the cost of manufacturing a part due to the handling and feeding operations that must be performed.  Besides the high cost of the equipment required for them, these operations are not 100% successful so they contribute to reducing the overall manufacturing efficiency.  In general, fasteners should be avoided and replaced, for example by using tabs or snap-fits.  If fasteners have to be used then some guides should be followed for selecting them.  Minimize the number, size and variation used, also utilize standard components whenever possible.  Avoid screws that are too long or too short, separate washers, tapped holes and round and flat heads (not good for vacuum pick-up).  Self-tapping and chamfered screws are preferred since they improve the placement success.  Screws with vertical side heads should be selected for vacuum pick-up.

     8. Minimize assembly directions

     
All parts should be assembled from one direction.  If possible, the best way is when all parts are added from above, in a vertical direction, parallel to the gravitational acceleration direction (downward).  In this way, the effects of gravity are used to help the assembly process, rather than compensating for the effect of using another assembly direction.

     9. Maximize Compliance

     
Errors can occur during insertions due to variations in part dimensions or of the accuracy of the positioning device used.  This faulty behavior can cause damage to the part and/or to the equipment.  For this reason, it is necessary to include compliance in the part design and in the assembly process.  Examples of part built-in compliance features include: tapers or chamfers and moderate radius sizes to facilitate insertion, and non-functional external elements to help detect hidden features.  For the assembly process, selection of a rigid base part, tactile sensing capabilities and vision systems are examples of compliance.  A simple solution is to use high quality parts with designed-in compliance, a rigid base part and selective compliance in the assembly tool.  By compliance, we refer to the ability of mating assemblies to conform to the desired assembly location and orientation.

     10. Minimize handling

     
Handling consists of positioning, orienting and fixing a part or component.  To facilitate orientation, symmetrical parts should be used whenever possible.  If it is not possible, then the asymmetry must be exaggerated to avoid failures.  Use external guiding features to help the orientation of a part.  The subsequent operations should be designed so that the orientation of the part is maintained.  Also, magazines, tube feeders, part strips, etc., should be used to keep this orientation between operations.  Avoid using flexible parts--use slave circuit boards instead.  If cables have to be used then include a dummy connector to plug the cable (robotic assembly) so it can be located easily.  When designing the product, try to minimize the flow of material, waste, parts, etc., in the manufacturing operation, also take packaging into account selecting an appropriate and safe packaging for the product.

  
Design for manufacture rules should be expanded though a continuous process of finding good practices for a given manufacturing process and including them in the parts and process design to improve the overall manufacturing operation.  These rule and procedures normally provide the first line of defense against difficult to produce products.  Many of the rules are intuitive, but good engineering is good intuition.  There is no substitute for common sense and a good broad vision of what is being designed.

1.4.1   Taguchi Methods

     
Since 1960, Taguchi Methods have been used for improving the quality of Japanese products with great success.  Dr. Genichi Taguchi, bases his methods on conventional statistical tools, together with some guidelines for laying out experiments and analyzing the results of these experiments.  Taguchi's approach to quality control applies to the entire process of developing and manufacturing a product - from the concept, through design and engineering, to manufacturing.  Taguchi approaches are used to specify dimension and feature detail and normally follow DFM activities.

As the first step for describing the methods, the definition of quality given by Dr. Taguchi is presented here [Taguchi, 1981] "Quality is the loss imparted to society from the time a product is shipped".  There are two loss categories: 1) the loss caused by functional variation, and 2) the loss caused by harmful effects.  The first category is related to the product not performing as expected by the customer, while the second category can be associated to factors like pollution, noise, etc.  Functional variation in a product can be caused by the influences of different factors, which are referred to as noise.  There are three types of noise: 1) outer noise (environmental factors), 2) inner noise (function- and time-related factors) and 3) product noise (part to part variations).  Taguchi Methods are based on the idea of making a product design robust to uncontrollable factors (noise).

     
The definition of quality given above, helps identify how particular features of products (causing loss to the customer), have been considered (specifications) using the conventional definition.  To measure quality, Taguchi defined what he calls a Loss Function.  This continuous function is defined in terms of the deviation of a design parameter from an ideal or target value (see Figure 1.6). Taguchi says that quality is best achieved by minimizing this function, and that this is the only way of being competitive in today's global marketplace.
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Figure 1.6  Taguchi’s loss function

     The Loss Function can be expressed in terms of the quadratic relationship:

     L = k (y - m)2                                     




(1.1)

where: 
L    : loss associated to a particularly parameter y

          
m    : nominal value of the parameter specification  

          
k    : constant that depends on the cost at the specification 

                    limits (can be determined conservatively by dividing 

                    the cost of scrap in $, by the square of the lower or higher

                    tolerance values)

          
y    : critical parameter dimensional value

     
This function penalizes the deviation of a parameter from the specification value that contributes to deteriorating the performance of the product, resulting in a loss to the customer.  The key here is that a product engineer has a good understanding of what the nominal size of specification is.  The usual low and high limits for the tolerance of a given design parameter are changed to a continuous function that presents any parameter value other than the nominal, as a loss.  The loss function given in Eq.1.1, is referred to as "nominal is best", but there are also expressions for the cases when higher or lower values of parameters are better [Ross, 1988].

     
If a large number of parts are considered, say N, the average loss per part is equal to the summation of the losses given by Eq. 1.1 for each part, divided by N.  This average loss per part is equivalent to:

               L = k [S2 +  ( - m)2]                        



(1.2)

     where:    
S2   
: variance around the average,  

         

    
: average value of y for the group

         
   ( y - m)    
: offset of the group average from the nominal value m

     
To minimize the loss, the average has to be adjusted and the variance has to be reduced.  The former is accomplished by the product and process engineers in an "off-line" fashion, while the latter is realized by the production engineers during the production stage in an "on-line" manner.  Within the Taguchi philosophy both quality improvement methods are considered, but building quality into the product during the design stage (off-line) represents the prized goal.

     
For adjusting the average as close as possible to the nominal value, Taguchi designs experiments using especially constructed tables known as "Orthogonal Arrays" (OAs).  The OAs to be used are selected based on the number of factors and the number of levels for the factors of interest.  To design an experiment, it is necessary to select the most suitable orthogonal array, assign the factors to the appropriate columns, and finally, describe the combinations of the individual experiments.  For reducing the variance, the influence of the noise factors over the control factors has to be studied by using what Dr. Taguchi calls "Outer Arrays." 

To achieve desirable product quality by design, Dr. Taguchi suggests a three-stage process:

          1. Systems design

          2. Parameter design

          3. Tolerance design

     
The systems design stage is where new ideas, concepts and knowledge in the areas of science and technology are utilized by the designing team to determine the right combination of materials, parts, processes and design factors, that will satisfy functional and economical specifications.  Parameter design is related to finding the appropriate design factor levels to make the system perform less sensitive to causes of variation (robust design).  In this way the product would perform better, reducing the loss to the customer.  In the tolerance design stage, tolerances of factors that have the largest influence on variation, are adjusted only if after the parameter design stage, the target values of quality have not yet been achieved.

     In the parameter design stage, looking at the amount of variation present as a response can quickly identify control factors that may contribute to reducing variation.  This response is expressed using the measure signal to noise (S/N) ratio, which is defined as minus ten times the logarithm base10 of the mean square deviation.  With this information, the control factors are grouped in the following way:

          1. Factors affecting both the variation and the average,

          2. Factors affecting the variation only,

          3. Factors affecting the average only,

          4. Factors that do not affect either of them.

     
With groups 1 and 2, the variations can be reduced.  Then, with 3 the average can be adjusted to the target value.  Group 4 is set to the most economical level.  If even after the parameter design stage the quality is not at a satisfactory level then the tolerances of the factors that affect the variation the most should be tightened.

1.4.2   Boothroyd and Dewhurst product design for assembly 

     
The previous sections have primarily described techniques that are applied to the design of a single component or part.  Most products consist of several parts that must be assembled in order to provide functionality.  Professors Geoffrey Boothroyd and Peter Dewhurst have directed extensive research in the areas of design for manufacture (DFM) as well as design for assembly (DFA).  They have co-authored several books and papers in the manufacturing field, including the Product Design for Assembly Handbook [Boothroyd & Dewhurst, 89].  Their approach is based on product simplification through design for assembly (DFA), as the key to successful product design for manufacture.

     
DFA is intended to reduce assembly costs by simplifying the product structure.  It has reduced part costs as well as assembly costs.  In design for manufacture (DFM), different product design alternatives are considered and compared in order to find the most economical and efficient solution to the design problem.   However, the designer usually does not have the tools for obtaining an early cost estimate of the different production alternatives until the product is fully designed and detailed.  This comes too late for basic changes to be made, constraining the design that may not be cost effective to manufacture.

     
Boothroyd and Dewhurst's quantitative method is based on two basic steps:  1) to reduce the number of parts in a design, and 2) to estimate handling and assembly costs in the assembly process.  To apply step 1 of the method, it is necessary to determine the number of essential parts in the assembly.  This is referred to as the theoretical minimum number of parts.  In order to be

indispensable to the design these parts have to satisfy one of three criteria [Boothroyd & Dewhurst, 1984]:

1.   Is there relative motion between this part and all other parts already assembled?

2. Must the part be made of a different material or be isolated from all other parts already

 assembled?

3. Must the part be separated from all parts already assembled because necessary assembly or

 disassembly would otherwise be impossible?

     
In step 2 of the method, cost figures should be determined for the assembly process, therefore, an assembly process has to be selected.  In "Design for Assembly: Selecting the Right Method", Boothroyd and Dewhurst present a procedure for selecting the right method to assemble a given product.  The method selected using this procedure is the most economical assembly process that should be used.  The selection is based on: projected market life, number of parts, projected production volume, and company investment policy.

     
There are three basic alternatives to choose from: manual (MA or MM), special purpose machine (AI or AF), and programmable-machine (AP or AR), see Table 1.1.

-MA 
Manual Assembly

-MM
Manual assembly with Mechanical assistance

-AI
Automatic assembly machines with Indexing-transfer devices

-AF
Automatic assembly machines with Free-transfer devices

-AP
Automatic Programmable assembly machine

-AR
Automatic programmable assembly machine using Robot arms



Table 1.1 Assembly process types


     
Having chosen the assembly process to be used, the efficiency of the assembly operation and the estimated cost can be calculated.  In [Boothroyd & Dewhurst, 1988] the authors present design for assembly rules, and procedures for estimating assembly costs and for evaluating efficiency indices of automatic, manual and robot-based processes.  These DFA rules, if followed after selecting a process, can result in a manufacturing cost reduction of 20-40% and assembly productivity increases of 100 to 200% [Boothroyd & Dewhurst, 1983].

     
During the analysis, special attention is paid to the possibility of reducing the number of parts either by eliminating or combining them.  This is indicated by assigning a theoretical minimum number of parts to the subassemblies (if there are any) and to the entire product.  After obtaining the theoretical minimum number of parts the design efficiency can be calculated.  In the case of manual assembly, for example, the following equation should be evaluated [Boothroyd & Dewhurst, 1983]:

               
Em = 3 Nm / Tm   




(1.3)

where:         
Em = manual-assembly design efficiency

          
   
Nm = minimum number of parts

               
Tm = total assembly time

     
This equation represents the ratio of the ideal assembly time/part (3s) to the actual assembly time/part, taking  Nm  as the actual number of parts.  It has been assumed that each part is easy to handle and insert, and that one third of the parts are secured immediately after insertion.    In the redesign stage, there is an opportunity to reduce the number of parts in the operations where the theoretical minimum number of parts is less than the actual number of parts (i.e., subassemblies).   Also in this stage, excessive values in either the handling or assembly times should be studied carefully for improvement.

     
Boothroyd and Dewhurst's Quantitative Evaluation Method is a useful tool for Concurrent Engineering since the product/process design is optimized based on good assembly practices and analytical cost estimations are made based on practical data.  Also, the assembly efficiency index represents a framework for comparisons among different assembly alternatives.  The use of this method is the basis of the Product Design for Assembly Handbook, which includes practical procedures and data for designing products for ease of assembly.

     
To facilitate the use of this approach the authors have developed DFA software that by requesting the relationship between the parts, helps the designer determine an efficient assembly sequence for a new product starting from a sketch.

1.4.3   Hitachi Assembly Evaluation Method (AEM)

     
Hitachi, Ltd. originally developed the Hitachi Assembly Evaluation Method (AEM) in Japan.  It has been used successfully by the Hitachi Group and several other companies worldwide [Miyakawa et al, 1990].  The method is an effective tool for evaluating quantitatively the product design quality for assembly producibility at early design stages.  In the conventional product design procedure, redesigning required so much time, that products with poor producibility characteristics were manufactured.  To counteract this, the AEM approach to product design includes two feedback loops to check for good producibility characteristics, one at the conceptual designing stage and the other one at the detail designing stage.  This procedure results in less product development time and in a more economical solution to the design problem.

     
For its application, AEM requires information that is available at the early stages of the product design process.  A conceptual drawing for example, could be used to carry out this analysis.   In order to identify the weak points of a design, AEM uses two indices: the assemblibility evaluation score E, and the assembly cost ratio K.  The first is used in accounting for design quality or difficulty of assembly operations, and the second is related to assembly costs.  The algorithm for calculating the indices is shown below [Miyakawa et al, 1990]:

a)   Express the operations within a part assembly in terms of the elemental assembly operations X (approximately 20), given by the method.

b)   Assign a penalty score  x to each of these elemental operations proportional to their increment of difficulty with respect to the basic operation, which is the easiest of X.

c)   Determine other factors that influence each assembly operation, i.e.,  .

d)   Express all the attached operations required for each part in terms of the AEM symbols and put them together for easy visual evaluation.

e)   Determine the evaluation score for each operation Ei, based on the following expression:

     Ei = 100 - g( ij,  ij,...), where the i's represent the ith assembly operation of the part, and j's   represent the jth factor influencing the ith operation.

f)   Determine the total assemblibility evaluation score E for the part, based on the evaluation scores Ei of each operation.

g)   Find the cost ratio K of the assembly operation, by dividing the total assembly operation cost (summation of all the part assembly costs) of the evaluated product by the total assembly operation cost of the standard product.

h) With the same information used in step g, find the total cost C as the summation of all the individual Ci's.

     
The AEM procedure consists of first assuming a reasonable assembly sequence for the whole product, attaching methods for each part and then expressing the attaching methods using the elementary operations selected, compute the assembly evaluation score of each part Ei and the total assembly evaluation score E.  Also, determine weak points of the assembly operation by identifying low values of E and from penalty scores of the elementary operations used.  Finally, establish the relative cost of the product being evaluated to the cost of the standard product by finding the cost ratio K.

     
It has been shown that the AEM is accurate enough for practical purposes [Miyakawa et al, 1990].  The more important benefits of using this method are: the reduction in assembly cost, the facilitation of factory automation, the reduction in cost of raw materials and purchased parts, and the improvement of reliability of the products and automated equipment.

1.4.4   The Axiomatic Approach to Design

     
The axiomatic approach to design is the result of a scientific research into the basic principles of design by Professor Nam P. Suh of the Massachusetts Institute of Technology.  The complete details of this approach is found in his book The Principles of Design [Suh, 1990], upon which the following presentation is based.

     
The axiomatic approach is based on the assumption that there exists a fundamental set of principles that determines good design practice.  Phrased differently, there should exist common factors in all good designs.  These factors are fundamental principles of design that can be applied to all design situations, like the natural laws in natural science problems.  These principles are the basis for the solution developing process and consist of the synthesis of an overall solution and process optimization, using empirical knowledge and mathematical tools.

     
The use of axioms in design represents one way in which design can be converted from the art it has been treated as into a science [Suh, 1990].  This conversion process agrees with traditional evolution paths followed by other sciences: from societal need through invention and technology to science.   It is inherent to the method that decisions are made in a hierarchical fashion.  Also, special attention should be paid to the problem definition stage, which is one of the most important and difficult tasks in design.  The probability of correctness of the definition stage increases as the amount of knowledge in terms of experience and education increases in the mind of the designer.

     
This method is based upon two fundamental principles, or axioms, that, if followed adequately results in a good design.  To help understand the method better, the following definitions are given [Suh, 1990]:

axioms:   
fundamental truths that are always observed to be valid and for which there are no counterexamples 

theorems: 
proposition that may not be self-evident but that can be proved from  accepted axioms
corollaries:
 propositions that follow from axioms or other propositions that have been proven

FRs:      
(functional requirements) in general, designer's characterization of the perceived needs for a product (device, process, software, system, organization, etc.) also, minimum set of independent requirements that completely characterizes the design objective for a specific need

DPs:      
(design parameters) key variables that characterize the physical entity created by the design process to fulfill the FRs

constraints:   limits on specifications or on the system in which the design solution must function

     
Design, within the context of the axiomatic approach, is defined as [Suh, 1990]: "the creation of synthesized solution to satisfy the perceived needs through the mapping process between FRs, which exist in the functional domain, and the DPs, which exist in the physical domain."  Thus, design is a mapping operation from one domain to another where each domain is independent from one another (see Figure 1.7). 
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Figure 1.7 Design is mapping operation from the functional space to the physical space.
 The two axioms that rule good design practices are [Suh, 1990]:

          Axiom 1   The Independence Axiom  --  Maintain the independence of FRs
          Axiom 2   The Information Axiom     --  Minimize the information content of the design

     
Axiom 1 is related to the process of translation from the functional domain to the physical domain.  During this operation the independence of the FRs must be assured.  Axiom 2 says that the complexity of the design, once axiom 1 is satisfied, should be reduced.  This helps decide what design alternative to choose when there are more than one that satisfy Axiom 1.  This is due to the non-uniqueness of the set of FRs.  Within this context, Design for Manufacture is assured by [Suh, 1990].  "When the product and process designs do not violate design axioms at all levels of the FR and DP hierarchies, then the product should be manufacturable."  For example, when the FRs are dependent on each other, or the relationship between the FRs and the DPs is not clearly defined, then the products, processes, or systems are difficult, expensive and sometimes impossible to manufacture.
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Figure 1.7 Three domains in Design for Manufacture.

     The relationship between the Design and Manufacture activities, is shown in Figure 1.8.  This relationship can also be expressed by using a mathematical model of the product design and process design transformation equations, which can be expressed as follows [Suh, 1990].

                         {FR} = [A] {DP}         



 (1.4)

     Where:         {FR}:         
functional requirement vector

               
 {DP}:         
design parameter vector

               
  [A]   : 
     
design matrix

And
                         {DP} = [B] {PV}         



 (1.5)

     Where:         {PV}:         
process variable vector

               
  [B]:  
process matrix

Combining the two equations results in:

                         {FR} = [A] [B] {PV}     



 (1.6)

                         {FR} = [C] {PV}          



 (1.7)

               where:         C    :    
transformation matrix from the functional domain to

                                        
the process domain.

     
A good design depends on the form of the design matrix A.  By theorem 4  (Ideal Design) [16][Suh, 1990], "in an ideal design the number of DPs is equal to the number of FRs," therefore A should be square.

     
There are three types of designs: uncoupled, coupled and decoupled.  An uncoupled design is characterized by having a diagonal transformation matrix.  this means that each FR is influenced by only one design parameter, and therefore, Axiom 1 is automatically satisfied.  On the contrary, in a coupled design, the elements of matrix A are mostly nonzero, thus, a one to one relationship between the FRs and the DPs can not be established, clearly violating Axiom 1.  If A is triangular, it is called decoupled design, and axiom 1 can be satisfied only if a specific order is followed when perturbing the design variables.

     
There are more readily usable versions of the design axioms.  these design rules or corollaries are all derived from the axioms (as stated in the  definition of corollaries) to facilitate the use of the axiomatic approach.  Many corollaries can be derived from the two basic axioms, seven of which are listed here [Suh, 1990].

Corollary 1  (Decoupling of Coupled design) 

Decouple or separate parts or aspects of a solution if FRs are coupled or become interdependent in the designs proposed.

Corollary 2  (Minimization of FRs)



Minimize the number of FRs and constraints.

Corollary 3  (Integration of Physical Parts)


Integrate design features in a single physical part if FRs can be independently satisfied in the proposed solution.

Corollary 4  (Use of Standardization)


Use standardized or interchangeable parts if the use of these parts is consistent with the FRs and constraints.

Corollary 5  (Use of Symmetry)



Use symmetrical shapes and/or arrangements if they are consistent with the FRs and constraints.

Corollary 6  (Largest Tolerance)     

 

Specify the largest allowable tolerance in stating FRs.

Corollary 7  (Uncoupled Design with Less Information)
Seek an uncoupled design that requires less information than coupled designs in satisfying a set of FRs.

     
The axiomatic approach states that Axiom 1 must be satisfied at all stages of the process of transformation from the functional domain to the process domain.  Therefore, as shown in Equations 1.4 - 1.7, not only matrix C should be either triangular or diagonal but also matrices A and B.  Consequently, by theorem 9, if either A or B represents a coupled design, the product can not be manufactured.

     Axiom 2 is stated in terms of information, which is related to flow of knowledge and to the notion of complexity, since the more complex a thing is, the more information is required to describe it.  Usually, the final objective of DFM is to find the right combination of product design, process and material selection for obtaining the most economical solution to a problem while obtaining good product quality and reliability.   This task, within the context of the axiomatic approach, should be done by transmitting just enough information content to maximize the probability of achieving the FRs (product design) or DPs (in the process design).

     
In [Suh, 1990], Professor Suh states that the variance of a product does not have to be zero as long as the system range is inside the design range, although reliability is improved even more by reducing this variance.  The axiomatic approach represents a firm basis upon which design knowledge can be expanded in a systematic manner.  The use of the axiomatic approach in Concurrent Engineering is expressed as the optimization of the interaction among functional, physical and process domains to obtain overall improvements in the manufacturing process.

1.4.5 Summary of Design for Manufacturing

The past two decades have produced a wealth of research and written materials on Design for Manufacturing, Design for Assembly, Design for Maintenance, etc.  These activities are frequently referred to as DFX or Design for X where X is the criteria focus of Product Engineering.  Much of the research has produced a set of guidelines or rules for designers.  Table 1.2 summarizes these rules for three popular systems.  There are however many other DFX systems.  Intuition and good judgement are the foundation for these systems.

	ANDREASSEN[22]

[Andreassen, etal 1983]
	LUCAS [21]

[Miles 1989]
	BOOTHROYD AND DEWHURST

[Boothroyd & Dewhurst 1989]

	1. Avoid assembly operations

2. Avoid orientations

3. Facilitate Orientation

4. Facilitate Transportation

5. Facilitate Insertion

6. Choose correct joining methods
	1. Use only essential items in assembly

2. Check assembly sequence with a precedence diagram

3. Full, and correct component specifications

4. Minimize variation

5. Symmetrical components where possible

6. Asymmetry on asymmetric parts should be exaggerated

7. Minimize number of parts

8. Design for unidirectional assembly

9. Minimize assembly functions of each component

10. Design for machine rather than human assembly

11. Ensure orientation of subassembly known, and preferable throughout assembly

12. Subassemblies are structurally sound when being moved

13. Keep subassembly as far up assembly chain as possible

14. Ensure subassemblies and components can be handles without marring
	1. Reduce part count and part types

2. Strive to eliminate human adjustments

3. Design parts to be self aligning and self adjusting

4. Assure adequate access and unrestricted vision

5. Ensure ease of handling from bulk

6. Minimize the need for reorientations during assembly

7. Maximize part symmetry when possible, or make part obviously asymmetrical


Table 1.2:  Summary of Principle of DFM and DFA of Three Approaches to DFM/DFA

1.4.6     Group Technology (GT) for Concurrent Engineering

     
A great deal of research has been conducted to find ways to improve mass-production systems.  The main reason for this, are the chances of obtaining substantial savings due to the large amount of products produced.  This is not the case in batch-production systems, which represents the majority of the world's production capability, where the amount of products is 50 or less.  To get similar improvement with this amount of products, a change of concept or idea that modifies the whole process has to be found.

     
The theory behind GT indicates that various situations requiring decisions, and be grouped together based on preselected, commonly shared attributes, and the decision that applies to one situation in the group will apply to all of them in that group.  For this reason, the system can be looked at as a collection of batch-production systems forming a more "massive-production" type system, which can enjoy the low manufacturing cost associated with mass-production systems.  The implementation of GT requires information from the manufacturing system to decide what products should belong to which group or family.  This same information represents an opportunity for improving not only the manufacturing activity but also other activities such as:  product design, process planning, purchasing, etc.  GT is a philosophy based upon a smooth continuous and high quality flow of products and information from the initial conception of a product unit its delivery to the customer.  In order to support this basis, which increases the speed of response and the productivity of a manufacturing firm with less cost and better quality.

     
Another important element within the GT philosophy is people.  The workers should be completely involved in the process and their knowledge should be captured in databases.  The concept of quality is expressed as a measure of the employee's performance.  It is implemented using the notion of customer satisfaction, where the next activity in the product development process is the customer of the previous one. 

     
To have an effective database system, it has to be consistent, structured and selective.  Inconsistency is one of the most common forms of failure of data base systems.  These databases contain the same data but the data is not consistent among all of them, causing mistrust among its users.  The data structure is very important since it helps increase the efficiency for entering and retrieving information when large amounts of data are processed.  The selectiveness of the data base comes from the fact that all the information can not be economically stored, therefore, a decision about what data to store should be made.  One approach to the data base development problem is the use of Production Flow Analysis (PFA) technique, that by analyzing the similarities in the production routings of all the products, determine natural divisions among them which are used to group machines for processing groups of parts.  PFA is based solely on the manufacturing process and does not take the parts characteristics into account.  A modified method consisting in three parts: Data collection, data sorting and data analysis is also available.  First, the minimum amount of data is collected, all the parts with identical process numbers and sequences are assigned identification numbers, and then parts and machines are grouped into families and production facilities are established/Another approach is the use of Classification and Coding (CC).  Classification means to group things with the same specific characteristic, while coding permits the development of the data base since the information can be handled by computers.  The data is sorted in desired groups based on the code, comparisons and syntheses of information also take place from the logic of the data.

     
So far GT has been described as a concept that helps simplify the manufacturing process by identifying similar characteristics in products, grouping them and establishing manufacturing machine groups or manufacturing cells to produce them.  The applications of GT are separated in two groups:  family formation and retrieval, and structured analysis and decision making .  In the first group, design standardization is one of the most important applications.  By retrieving previous design information, designers can reduce the development time, reduce the amount of designs and build a standardized design process with the use of standard components.  Also in the first group the creation of manufacturing cells is present.  These production units are formed based on part families and many benefits are obtained by doing so:  reduced queue, reduced inventory, improved product quality, reduction in scrap, easier scheduling, etc.  With the second group, the process planning process is sped up and the number of plans is reduced.  Also, there is a continuous process of improvement for these plans since the previous experiences are recorded and validated over and over again.  Benefits in the purchasing activities have also been reported due to the existence of products families that help obtain quantity discounts if parts are bought as families.  This principle can be taken a little bit farther by organizing vendors and suppliers into families.  There are many benefits that arise from having data bases to support the decision making process, such as:  improvement of cost estimating, decreased time, better product-delivery performance, improved plant efficiency, etc.  GT helps organize all the activities of a firm in a block form with an effective interface that makes CE (Concurrent Engineering) implementation much easier.

1.5  Implementing Concurrent Engineering

     
Concurrent Engineering is a very broad concept based on the integration of different disciplines in the development of a product and the control of its evolution along its life cycle.  Strategies that serve as tools to CE are for example:  Total Quality Control (TQC), Just in Time (JIT),  Computer Integrated Manufacturing (CIM) and Human Resource.  These strategies utilize some of the methods that were presented before in this chapter, which are directed toward the improvement of product quality with lower cost, better reliability and good availability (short TTM) as a means to obtain a competitive advantage in the global market.  None of these CE tools represent the best solution to the transformation that manufacturing firms have to suffer to assure their survival in the marketplace, this solution has to be tailored to each firm going through a conscious analysis of its status in the market and its internal situation.  In "Using Manufacturing as a Competitive Weapon:  the Development of a Manufacturing Strategy" [Beckman, et al, 1990], a five step approach to manufacturing strategy development is presented.  This approach can be extrapolated to CE implementation, by using the CE tools to achieve every defined task. The steps are:

1.   Start with the business strategy.  More specifically, understand why customers will prefer your product or service over your competitor's.  Factors that influence the customer's buying decision include:  low product cost, high product quality, easy maintainability, prompt product availability, and  distinguishing product features.  

2.   Specify manufacturing's contribution to making customers choose your product instead of your competitor's.

3.   Identify manufacturing tactics to execute the strategy (CE tools).  This requires understanding how to manage and control the people, processes, materials, and information needed to deliver products in a way that meets the objectives of the strategy.

4.   Organize for manufacturing success.  Organization design, including structure and performance measurement, must match strategic needs or success will be limited.

5.   Measure the results and initiate further change.  Strategies must be continually altered to meet the needs of constantly a changing environment.  Feedback loops are critical to the continuous improvement process.

     
The steps given above are general actions that if taken will help the implementation problem.  Again, it is difficult to give more detailed steps for implementing manufacturing strategies since they depend on each particular case.

1.6 Case Study

The following “Case Study” is modified from “The House of Quality”, Harvard Business Review, May-June 1988, No. 3.  The case is based on an automobile door assembly, and is intended to bring to light tradeoffs that occur in the design process.



What do customers want?  The house of quality begins with the customer, whose requirements are called customer attributes (CAs)-phrases customers use to describe products and product characteristics (see Figure 1.8).  We’ve listed a few here; a typical application would have 30 to 100 CAs.  A car door is “easy to close” or “stays open on a hill”; “doesn’t leak in rain” or allows “no (or little) road noise.”  Some Japanese companies simply place their products in public areas and encourage potential customers to examine them, while design team members listen and note what people say.  Usually however, more formal market research is called for, via focus groups, in depth qualitative interviews, and other techniques.  


CAs are often grouped into bundles of attributes that represent an overall customer concern, like “open-close” or “isolation”.  The Toyota rust-prevention study used eight levels of bundles to get from the total car down to the car body.  Usually the project team groups CAs  by consensus, but some companies are experimenting with state-of-the-art research techniques that derive groupings directly from customers’ responses (and thus avoid arguments in team meetings).


CAs are generally reproduced in the customers’ own words.  Experienced users of the house of quality try to preserve customers’ phrases and even clichés-knowing that they will be translated simultaneously by product planners, design engineers, manufacturing engineers, and salespeople.  Of course, this raises the problem of interpretation: What does a customer really mean by “quiet” or “easy”?  Still, designers’ words and inferences may correspond even less to customers’ actual views and can therefore mislead reams into tackling problems customers consider unimportant.


Not all customers are end users, by the way.  CAs can include the demands of regulators (“safe in a side collision”), the needs of retailers (“easy to display”), the requirements of vendors (“satisfy assembly and service organizations”), and so forth.


Are all preferences equally important?  Imagine a good door, one that is east to close and has power windows that operate quickly There is a problem, however.  Rapid operation calls for a bigger motor, which makes the door heavier and, possibly, harder to close.  Sometimes a creative solution can be found that satisfies all needs.  Usually, however, designers have to trade off one benefit against another.


To bring the customer’s voice to such deliberations, house of quality measures the relative importance to the customer of all CAs.  Weightings are based on team members’ direct experience with customers or on surveys.  Some innovative businesses are using statistical techniques that allow customers to state their preferences with respect to existing and hypothetical products.  Other companies use “revealed preference techniques,” which judge consumer tastes by their actions as well as by their words-an approach that is more expensive and difficult to perform but yields more accurate answers.  (Consumers sat that avoiding sugar in cereals is important, but do their actions reflect their claims?)



 Weightings are displayed in the house next to each CA-usually in terms of percentages, a complete list totaling 100% (See Figure 1.9).


Will delivering perceived needs yield a competitive advantage?  Companies that want to match or exceed their competition must first know where they stand relative to it.  So on the right side of the house, opposite to CAs, we list customer evaluations of competitive cars matched to “our own” (See Figure 1.9).


Ideally, these evaluations are based on scientific surveys of customers.  If various customer segments evaluate products differently-luxury vs. economy car buyers, for example--product-planning team members get assessments for each segment.


Comparison with the competition, of course, can identify opportunities for improvement.  Take our car door, for example.  With respect to “stays open on a hill”, every car is weak, so we could gain an advantage here.  But if we looked at “no road noise” for the same automobiles, we would see that we already have an advantage, which is important to maintain.


Marketing professional will recognize the right-hand side of Figure 1.10 as a “perceptual map.”  Perceptual maps based on bundles of CAs are often used to identify strategic positioning of a product or product line.  This session of the house of quality provides a natural link from product concept to a company’s strategic vision.   


How can we change the product?  The marketing domain tells us what to do, the engineering domain tells us how to do it.  Now we need to describe the product in the language of the engineer.  Along the top of the house of quality, the design team lists those engineering characteristics (ECs) that are likely to affect one or more of the customer attributes (see Figure 1.11).  The negative sign on “energy to close door” means engineers hope to reduce the energy required.  If a standard engineering characteristic affects no CA, it may be redundant to the EC list on the house, or the team may have missed a customer attribute.  A CA unaffected by any EC, on the other hand, presents opportunities to expand a car’s physical properties.  


Any EC may affect more than one CA.  The resistance of the door seal affects three of the four customer attributes shown in Figure 1.11-and others shown later.


Engineering characteristics should describe the product in measurable terms and should directly affect customer perceptions.  The weight of the door will be felt by the customer and is therefore a relevant EC.  By contrast, the thickness of the sheet metal is a part characteristic that the customer is unlikely to perceive directly.  If affects customers only by influencing the weight of the door and other engineering characteristics, like “resistance to deformation in a crash.”


In many Japanese projects, the interfunctional team begins with the CAs and generates measurable characteristics for each, like foot-pounds of energy required to close the door.  Teams should avoid ambiguity in interpretation of ECs or hasty justification of current quality control measurement practices.  This is a time for systematic, patient analysis of each characteristic, for brainstorming.  Vagueness will  eventually yield indifference to things customers need.  Characteristics that are trivial will make the team lose sight of the overall design and stifle creativity. 


How much do engineers influence customer-perceived qualities?  The interfunctional team now fills in the body of the house, the “relationship matrix,” indicating how much each engineering characteristic affects each customer attribute.  The team seeks consensus on these evaluations, basing them on expert engineering, experience, customer responses, and tabulated data from statistical studies or controlled experiments.  


The team uses numbers or symbols to establish the strength of these relationships (see Figure 1.12).  Any symbols will do; the idea is to choose those that work best.  Some teams use red symbols for relationships based on experiments and statistics and pencil marks for relationships based on judgment or intuition.  Others use numbers from statistical studies.  In our house, we use check marks for positive and crosses for negative relationships.

Once the team has identified the choice of the customer and linked it to engineering characteristics, it adds objective measures at the bottom of the house beneath the EC’s to which they pertain (see Figure 1.13).  When objective measures are known, the team can eventually move to establish target values-ideal new measures for each EC in a redesigned product.  If the team did its homework when it first identified the ECs, tests to measure benchmark values should be easy to complete.  Engineers determine the relevant units of measurement-foot pounds, decibels, etc.


Incidentally, if customer evaluations of CAs do not correspond to objective measures of related ECs- if, for example, the door requiring the least energy to open is perceived as “hardest to open”-then perhaps the measures are faulty or the car is suffering from an image problem that is skewing consumer perceptions.



How does one engineering change effect other characteristics?  An engineer’s change of the gear ratio on a car window may make the window motor smaller but the window goes up more slowly.  And if the engineer enlarges or strengthens the mechanism, the door probably will be heavier, harder to open, or may be less prone to remain open on a slope.  Of course, there might be and entirely new mechanism that improves all relevant CAs.  Engineering is creative solutions and a balancing of objectives.



The house of quality’s distinctive roof matrix helps engineers specify the various engineering features that have to be improved collaterally (see Figure 1.14).  To improve the window motor, you may have to improve the hinges, weather stripping, and a range of other ECs. 


Sometimes one targeted feature impairs so many others that the team decides to leave it alone.  The roof matrix also facilitates necessary engineering trade-offs.  The foot-pounds of energy needed to close the door, for example, are shown in negative relation to “door seal resistance” and “road noise reduction”.  In many ways, the roof contains the most critical information for engineers because they use it to balance the trade-offs when addressing customer benefits.


Incidentally, we have been talking so far about the basics, but design teams often want to ruminate on other information.  In other words, they custom-build their houses.  To the column of CAs, teams may add other columns for histories of customer complaints.  To the ECs, a team may add the costs of servicing these complaints.  Some applications add data from the sales force to the CA list to represent strategic marketing decisions.  Or engineers may add a row that indicates the degree of technical difficulty, showing in their own terms how hard or easy it is to make a change.  


Some users of the house impute relative weights to the engineering characteristics.  They’ll establish that the energy needed to close the door is roughly twice as important to consider as, say, “check force on 10° slope.”  



By comparing weighted characteristics to actual component costs, creative design teams set priorities for improving components.  Such information is particularly important when cost cutting is a goal.  (Figure 1.15 includes rows for technical difficulty, imputed importance of ECs, and estimated costs.)


Using the House


How does the house lend to the bottom line?  There is no cookbook procedure, but the house helps the team to set targets, which are, in fact, entered on the bottom line of the house.  For engineers it is a way to summarize basic data in usable form.  For marketing executives it represents the customer’s voice.  General managers use it to discover strategic opportunities.  Indeed, the house encourages all of these groups to work together to understand one another’s priorities and goals.  


The house relieves no one of the responsibility of making tough decisions.  It does provide the means for all participants to debate priorities.


Let’s run through a couple of hypothetical situations to see how a design team uses the house.

· Look at Figure 1.15.  Notice that our doors are much more difficult to close from the outside than those on competitors’ cars.  We decide to look further because our marketing data say this customer attribute is important.  From the central matrix, the body of the house, we identify the ECs that affect this customer attribute: energy to close door, peak closing force, and door seal resistance.  Our engineers judge the energy to close the door and the peak closing force as good candidates for improvement together because they are strongly, positively related to the consumer’s desire to close the door easily.  They determine to consider all the engineering ramifications of door closing.

Next, in the roof of the house, we identify which other ECs might be affected by changing the door closing energy.  Door opening energy and peak closing force are positively related, but other ECs (check force on level ground, door seals, window acoustic transmission, road noise reduction) are bound to be changed in the process and are negatively related.  It is not an easy decision.  But with objective measures of competitors’ doors, customer perceptions, and considering information on cost and technical difficulty, we – marketing people, engineers, and top managers – decide that the benefits outweigh the costs.  A new door closing target is set for our door – 7.5 foot-pounds of energy.  This target, noted on the very bottom of the house directly below the relevant EC, establishes the goal to have the door “easiest to close.”

Look now at the customer attribute “no road noise” and its relationship to the acoustic transmission of the window.  The “road noise” CA is only mildly important to customers, and its relationship to the specifications of the window is not strong.  Window design will help only so much to keep things quiet.  Decreasing the acoustic transmission usually makes the window heavier.  Examining the roof of the house, we see that more weight would have a negative impact on ECs (open-close energy, check forces, etc.) that, in turn, are strongly related to CAs that are more important to the customer than quiet (“easy to close.” “stays open on a hill”).  Finally, marketing data show that we already do well on road noise; customers perceive our car as better than competitors’.

In this case, the team decides not to tamper with the window’s transmission of sound.  Our target stays equal to our current acoustic values.

In setting targets, it is worth noting that the team should emphasize customer-satisfaction values and nor emphasize tolerances.  Do not specify “between 6 and 8 foot-pounds,” but rather say, “7.5 foot-pounds.”  This may seem a small matter, but it is important.  The rhetoric of tolerances encourages drift toward the least costly end of the specification limit and does not reward designs and components whose engineering values closely attain a specific customer-satisfaction target.

The Houses Beyond

The principles underlying the house of quality apply to any effort to establish clear relations between manufacturing functions and customer satisfaction that are not easy to visualize.  Suppose that our team decides that a door closing easily is a critical attribute and that relevant engineering characteristic is closing energy.  Setting a target value for closing energy gives us a goal, but it does not give us a door.  To get a door, we need the right Parts (frame, sheet metal, weather stripping, hinges, etc.), the right processes to manufacture the parts and assemble the product, and the right production plan to get it built.

If our team is truly interfunctional, we can eventually take the “hows” from our house of quality and make them the “whats” of another house, one mainly concerned with detailed product design.  Engineering characteristics like foot-pounds of closing energy can become the rows in a parts deployment house, while parts characteristics-like hinge properties or the thickness of the weather stripping-become the columns (see Figure 1.16).

The process continues to a third and fourth phase as the “hows” of one stage become the “whats” of the next.  Weather-stripping thickness—a “how” in the parts house—becomes a “what” in a process planning house.  Important process operations, like “rpm of the extruder producing the weather stripping” become the “hows.”  In the last phase, production planning, the key process operations, like “rpm of the extruder,” become the “whats,” and production requirements—knob controls, operator training, maintenance—become the “hows.”

These four linked houses implicitly convey the voice of the customer through to manufacturing.  A control knob setting of 3.6 gives an extruder speed of 100 rpm; this helps give a reproducible diameter for the weather-stripping bulb, which gives good sealing without excessive door-closing force.  This feature aims to satisfy the customer’s need for a dry, quiet car with an easy-to-close door.

None of this is simple.  An elegant idea ultimately decays into process, and processes will be confounding as long as human beings are involved.  But that is no excuse to hold back.  If a technique like house of quality can help break down functional barriers and encourage teamwork, serious efforts to implement it will be many times rewarded.

What is also not simple is developing an organization capable of absorbing elegant ideas.  The principal benefit of the house of quality is quality in-house.  It gets people thinking in the right directions and thinking together.  For most U.S. companies, this alone amounts to a quiet revolution.

1.7  Chapter Summary

     The improvement of communication systems has made it possible that companies from different locations all over the globe can compete with their products and technology for a piece of the market.  This world competition has caused the introduction of new manufacturing methodologies and optimization to all the activities related to product development, to obtain a Competitive Advantage.  Concurrent Engineering is a concept that has to be practiced in one degree or another in a manufacturing firm if it wants to survive.  The methods described briefly in this chapter are only a few of many ways of achieving World Class Manufacturing status, which has to be maintained through constant revisions of the customers needs and inclusion of these attributes into the evolving (or new) products.  Also, in the case of DFM, several approaches were given to find the most efficient and cost-effective product/process design, but it can not be concluded which one is best.  Therefore, practical problems should be solved using the different approaches, to try to determine similarities, relative advantages, drawbacks and situations for their application, in order to establish which method (or combination of them) suits more to a specific product/process design problem.  A student must master the processes used to make products as a basis to perform "integration engineering."
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Figure 1.� SEQ Figure \* ARABIC �1�.   Traditional Manufacturing engineering life cycle.











Figure 1.� SEQ Figure \* ARABIC �2�.   Manufacturing Life cycle engineering wheel.
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Figure 1.8





Customer attributes and bundles of CAs


for a car door





Primary		Secondary		Tertiary





				Easy to close from outside


				Stays open on a hill


		EASE OF USE	Easy to open from outside


		(open & shut)	Doesn’t kick back


				Easy to close from inside


				Easy to open from inside





				Doesn’t leak in rain


Functionality/			No road noise


Operation		ISOLATION	Doesn’t leak in car wash


			No wind noise


				Doesn’t drip water or snow when open


				Doesn’t rattle





		ARM REST	Soft, comfortable


				In right position





		INTERIOR	Material won’t fade 


TRIM		Attractive (non-plastic look)





Appearance	CLEAN		Easy to clean


				No grease from door





		FIT		Uniform gaps between matching panels











Figure 1.9





Relative-importance weights of customer attributes





BUNDLES	   CUSTOMER			RELATIVE 


   ATTRIBUTES			IMPORTANCE





EASY TO OPEN	   Easy to close from outside			7


AND CLOSE DOOR	   Stays open on a hill				5








ISOLATION	  Doesn’t leak in rain				3


		  No road noise				2





						           ________


				A complete list totals	             100%
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