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ABSTRACT

This paper summarizes Design for Six Sigma (DFSS), identifying all of the crucial elements (philosophical concepts, tools and methods) used to deliver predictable designs that satisfy the commercial needs of consumers.

Innovative Design Drives Business Competitiveness

The best starting point for understanding Design for Six Sigma (DFSS) is by focusing on its influence on business competitiveness.  In DFSS business competitiveness is assured through the design function – which is responsible for delivering continuous growth in shareholder value through development of new products and services that generate future revenue flows and fulfill the promises for both increased growth and continued profitability.  What is design?  Design is a disciplined approach combining art and science to produce an innovative, technically correct while also reproducible solution to a problem.  Both an organization’s products and services may be designed to resolve problems and, when the design is commercially viable, then the sustained success of the business is assured.
Designs may be classified as either conceptually static or dynamic.  A conceptually static design has reached a plateau in terms of its innovative development.  Such a design has been developed in an iterative fashion and it has converged on a relatively fixed or static design concept that is susceptible only to minor developments that will enhance capability for production, decrease production cost, or correct minor defects in design or production.  At this point major investments in the continued refinement of the design result in diminishingly marginal returns.  Conceptually static design changes are often engineered by the production operations group as part of their efforts at continuous improvement in the production process by reducing its cost and cycle time while improving the quality of results.  
On the other hand, conceptually dynamic designs are characterized by inherently instable technology that has not yet converged into an industry standard based on stable design architecture.  Examples of such convergence include transitions to: IBM PC/Windows, VHS tape format, the internal combustion engine, etc.  In each of these cases, prior to market acceptance of the standard, there was a turbulent period of dynamic design development in which alternative designs fought for customer and market acceptance to become a dominant standard.  Ideas that generate these standards come from the whirlwind of dynamic conceptualization and are driven by a continuous stream of technological innovation so that stability in design of product, service and production process cannot lie in a dormant condition for long – they must adapt to changing conditions of the new reality or become extinct in the competitive marketplace.
An organization’s design strategy should use “controlled dissatisfaction” as a means to challenge itself to continuously improve today’s design to meet the customer needs of tomorrow.  This strategy can work well with either conceptually static or dynamic designs.  In the case of dynamic designs this strategy challenges the organization to actively search for the next innovative breakthrough in technology.  In the case of a static design, this strategy forces the need for incremental improvements that generate market repositioning opportunities and refresh the image of the product among loyal customers to encourage their continued commercial relationship. 

Competitive Rhythm: Both Time to Market and Timing the Opportunity

A major issue in design is the selection of the design concept that is commercially viable, not commercially vulnerable.  This issue arises due to the extended time that it takes for “diffusion of innovation” from ideation or its technical conceptualization to acceptance by the mass market.  Rogers hypothesized that about 2.5% of a market are pioneers who will try any new form of technology.  Such people are eager to discover better ways to do things, but their purchases do not drive market penetration into the mass market.  In a second category are the early adopter segment (about 12.5% of the total market) that is between the pioneer segment and the early maturity segment (35% of the market) that represents the mass market.  Once a product has sales among consumers in the early maturity segment, it may be considered a commercial success.  Based this trend, management may well decide that the key group for focusing design and marketing attention upon is the early adopter segment. 

The design environment places significant emotional pressure on a development team through the emphasis on “speed-to-market” and the need to meet the perceived market window of opportunity to commercialize the product.  However, when observing how well new development projects perform relative to their initially-projected shipment date, there is a one-word summary available – slippage!

Design Integrates Business Strategy and Technological Innovation

Why is design so important to business success?  Design is a process that requires the integration of the marketing, engineering, manufacturing, and purchasing disciplines to provide the best solution.  While these disciplines combine their operational efforts to produce current shareholder value, only design focuses on development of future shareholder value – the ability to deliver future cash flows as a result of the innovative products and services that are developed investing current resources to find and fulfill anticipated market demands.  It can be truly said that the design function is the prime steward of future shareholder value.  If the design function does not get design of new products right, then it has not done its job of assuring the future success of the whole organization.  Cash may be generated by today’s products and services to meet the return needs of current investors, but it the designs are not continuously delivered to the market – designs that attract consumers – then the future strength is in jeopardy even if this problem is not observed in today’s cash flow and balance sheet analyses.
How Does Six Sigma Contribute to Design?

What is Six Sigma?  Six Sigma is a business improvement approach that seeks to find and eliminate causes of mistakes or defects in business processes by focusing on outputs that are of significance to customers.  The concepts underlying Six Sigma deal with the fact that process and product variation are strong factors affecting product production lead times, product and process costs, process yields, and, ultimately customer satisfaction.  One of the most important aspects of the work of a Six Sigma “Black Belt” is to define and measure variation with the intent of discovering its causes and to develop efficient operational means to control and reduce variation.  The heart of the fresh approach that is implicit in Six Sigma is three-fold: packaging of the toolkit in a rigorous problem-solving approach, the dedicated application of trained business analysts to well-structured process or product improvement projects, and the attention to bottom-line results and sustaining those results over time.

What is Design for Six Sigma (DFSS)?  DFSS is a special extension of the basic tools and methods of Six Sigma to the preventive engineering of new products, services and processes.  When an organization begins working problems using the Six Sigma DMAIC process, it has the ability to achieve a local maximum performance (the inherent process capability (Cp) that has been designed into a product, service or process).  However, if this performance is not sufficient to meet the organization’s competitive requirement, then it must begin the DMADV (Define-Measure-Analyze-Design-Verify) process to design the product, service or process to be more competitive – designing to a goal of flawless execution against to both the market (targeted customer) requirement and the organization’s desired competitive position.  In this case the organization designs its new product, service practice or business processes to become a ‘predictable factory’ – one that is able to flawless perform at a higher level of design capability.  This design process is called Design for Six Sigma.  Design for Six Sigma has three major components: product line management, design and new product development project management, and the Six Sigma tools that are applied in the process of design as described by the DMADV analysis process.  
Much of the thinking that is incorporated into DFSS owes a debt of intellectual gratitude to the late Professor Stuart Pugh of the University of Strathclyde.  Pugh differentiated between production engineering-led design and design engineering-led design.  The emphasis on corrective action inherent in the DFSS DMAIC process is strongly related to the production engineering-led design process that results in the developments of variants on the core conceptual design.  Here, the emphasis is on the incremental change that is required to make small improvements that increase quality or enhance production capability, reduce cost or improve performance at the margin of the core product.  The emphasis on preventive action and clean sheet product development is inherent in the R&D engineering-led design process that is identified in DFSS as DMADV.
Pugh observed that new products can fail in three ways – and that each type of failure mechanism each produces a different type of business risk:

· Failure due to specification: vulnerability due to need interpretation – this type of failure produces market risk.

· Failure due to design: vulnerability due to conceptual misalignment – this type of failure produces design risk.

· Failure due to production: vulnerability due to implementation discipline – this type of failure produces production risk.

How is DFSS achieved?  DFSS methodology eliminates these three types of risk in its three emphasis areas: Product Line Management methods reduce vulnerability due to the misalignment about specified features and mitigates against market risk; DMADV provides a toolkit that reduces vulnerability due to conceptual misalignment thereby mitigating against design risk that is induced by conceptual misalignment or lack of a design performance capability due to fuzzy or unclear requirements; and new product development project management reduces vulnerability due to poor implementation discipline and mitigates against risk that is induced from poor discipline in the process of implementing the design and transitioning it into full production.
DMADV incorporates many of the tools and methods that Pugh emphasized: Kano model for feature analysis, enhanced QFD (Quality Function Deployment), Theory of Inventive Problem Solving (TRIZ), Pugh concept selection matrix, Taguchi experimental design, as well as statistical tolerance analysis.  Even the controversy about how to engage the computer aided design tools that was a core of Pugh’s design concept is embedded into the DMADV where the use of CAD/CAM tools is focused in the last two steps of the process, following the conceptual design and elimination of design vulnerability to error at the level of the initial product design specification.

What is the DMADV innovation process in DFSS?

When an organization begins working problems using the Six Sigma DMAIC process, it has the ability to achieve a local maximum performance (the inherent process capability (Cp) that has been designed into the process).  However, if this performance is not sufficient to meet the organization’s competitive requirement, then it must begin the DMADV process to design the process to be more competitive – designing to a goal of flawless execution against to both the market (targeted customer) requirement and the organization’s desired competitive position.  In this case the organization designs its business processes to become a ‘predictable factory’ – one that is able to flawless perform at a higher level of process capability.  This design process is called Design for Six Sigma and represented by the process steps DMADV.

What is the Six Sigma innovation process called DMADV and how does it work?  While the steps of the Six Sigma Innovation process (also called Design for Six Sigma (DFSS)) are named in a similar way to those of the Six Sigma Problem Solving process, their set of objectives are very different.  DFSS is a comprehensive set of strategies, tactics and tools that enable an organization to characterize, quantify, and mitigate the risk in all phases of development of its products, processes and services.  It is implemented as a part of an overall Six Sigma strategy and relies on an infrastructure of Black Belts to support the design projects.  DFSS supplements an organization’s design process – it is typically developed as a customized application of the organization’s product development process integrating Six Sigma methodologies into the engineering and business requirements of product design.
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One way to stay ahead of your market competitors is to Design for Six Sigma using the DMADV innovation process.  The DMADV objective is to assure that products are designed to meet current customer needs and requirements and also anticipate the changing needs and requirements of the future market.


The overall objective of the Six Sigma innovation process is to design products, processes or services to consistently meet customer expectations.  This objective requires knowledge of both the customer requirement and the organization’s inherent capability to produce results (such as process output) that meets that requirement.  In order to meet the customer’s requirement (which, once known, becomes a fixed variable) the process must be designed so that the variation in its output is consistently better than this required performance level.  If the design goal for this process capability is specified to produce failures with a probability of less than six standard deviations at this requirement, then the product can be declared to have a “Six Sigma design” – and once statistical data has been presented to validate that the product meets this design goal then the product can be described as a “Six Sigma product.”   The process for creating such a product, process or service is the following five-step sequence that called DMADV that is described for a new product development process of a hardware product (DFSS applications for software, process, and service are different):

· Define.  The Design step engages the program planning process to establish what is the product concept?  The design management team begins a project by developing a business case for capitalizing on an opportunity that is presented from its technology portfolio or its product line plan.  They must determine through customer and market research how this opportunity can address commercial needs of the marketplace.  The initial assessment of the product concept and its commercial viability is presented in the business case along with the projected budget and a multi-generational product line plan that identifies how features and concepts will be sequenced for introduction into the market (as new product variants).  Upon completion of the initial conceptual design review the product budget and project plan are approved and a development team is assigned to staff the project.
· Measure.  The Measure step evaluates the market requirements for both the product concept and the potential market demand for the product.  During this step research is planned to determine customer needs and competitive performance as well as to identify those features and options that are differentiators of the product.  The team seeks to identify those design elements that are critical-to-quality for the product in that they deliver satisfaction for identified customer requirements.  This step in the design process is documented using Quality Function Deployment (QFD) matrices as well as design scorecards which are used to record the progress of the project. Design control is managed through tollgate reviews of checklists for critical activities to assure that adequate progress is made toward the planned product launch date.

· Analyze.  The Analyze step completes characterization of the product and includes the following key activities: functional analysis of the features and their capability to address the identified customer requirements, benchmarking of performance for these features, conceptual design of the product, process maps of both the production and service delivery processes, and a design requirement specification.  The milestone or tollgate review that completes the Analyze step evaluates the design scorecard along with a comparison of the design requirements against the business plan to authorize the detailed product design.  

· Design.  In the Design step detailed process maps are created for the production facility layout, along with the engineering detail of the product specification.  All the critical process parameters are identified; failure analysis is conducted to determine the potential risks; capability analysis is conducted to determine design robustness, and statistical analysis is used to establish tolerances for critical parameters.  Value analysis is conducted to assure that the product value proposition is optimized.  In this step reliability testing of prototypes is conducted to demonstrate growth in the stability of the design as well as its readiness for the commercial marketplace.

· Verify.  The Verify step engages the customer in product testing through pilot tests that demonstrate the marketability of the product as well as its production readiness. Pilot tests are used to verify the details for transition to full production as well as the implementation of the control procedures for routine production after ramp-up to the full forecast volume is achieved.  The control plan for the product is embedded in its assembly procedures, test procedures and acceptance criteria.  The product completes development and transitions to full production upon completion of the Verify step that is marked by an official product launch.

Specific details about how each DMADV step operates are presented in answers to the following five sections.
How does the Define step of DMADV work?


· Define Step Objectives:  Specify a business case and design concept for a new product development, define how the product structure and its subsequent releases of variant designs will change across your multi-generational product development plan, and then establish a target competitive position for the new product in your product portfolio.

· Define Step Definition:
  The Define Step evaluates market feasibility and risk that is associated with alternative concepts for new product development and establishes the scope and the charter for selected projects.
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· Define Step Fundamental Questions:

· What customer experience with our products and services need to be improved from their perspective?

· Where is the market going – what developments are happening that can threaten our current position?

· What competitive moves are taking place that can shift the market share balance?

· What business priorities of my customer can our products and services fill better than our competitors – what is our advantage and how can we extend it?

· What ‘unspoken’ needs of my customers have not been recognized yet and will yield competitive advantage if we deliver them first in the market? 

· How can our technology portfolio of intellectual property and licensable emerging technology be applied in an innovative way to our products and services? 

· Are there technology areas that we require in the future where we have no access?

· What innovation is possible that could make our customer’s life easier, smarter, quicker and less defect-prone?

· Can our core competence be leveraged into greater advantage over competitors?

· Define Step Deliverables:

· Technology acquisition plan.

· Product portfolio.

· Product business case (including design concept and product budget).

· Multi-generational product plan (MGP).

· Analysis Tools: Techniques that support investigations of the Define Step include:

· Six Sigma DMAIC toolkit.

· Customer surveys.

· Market research.

· Focus groups.

· Technology assessment.

· Strength-weakness-opportunity-threat (SWOT) analysis.

· Systematic innovation process (SIP).
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· Projection of the diffusion of innovation.

· Market-level forecasting.

· Product-level forecasting.

· Breakeven time payback analysis.

· Risk-based decision making.

· Road mapping.
· Multi-generational product plan (MGP).

· Checklist for the Define Step:

· Study market trends and customer preferences.

· Evaluate competitive moves and capabilities.

· Assess technology capabilities and development opportunities.

· Engage the innovative power of your organization by conducting a creative dialog (using a Systematic Innovation Process) about the external business environment and do a SWOT analysis of the current situation to seek unique opportunities that leverage core competence and portfolio of technologies.

· Evaluate opportunities and forecast potential market demands.

· Translate decisions into a product development roadmap that is embedded into a multi-generational product plan based on the R&D investment payback potential.

· Summary of Define Step:  The Define Step of DMADV studies competitors, markets and technology to discover general trends of interest and determine where new product development opportunity lies that is able to create an enduring competitive advantage.  Business Leaders commission research into markets, customers as well as competitors to develop background information for constructing a business case.  The innovative power of your organization is engaged through a creative dialog to define a roadmap for new product development that is presented as a multi-generational product plan.
How does the Measure step of DMADV work?


· Measure Step Objectives: Translate a design concept into a product concept aligned with the needs of customers in the targeted market segments for the product.

· Measure Step Definition:  The Measure Step identifies expectations of targeted customers through in-depth customer analysis, and determines which functions are aligned to these customer needs while providing the most product competitiveness in from alternatives designs.
· Measure Fundamental Questions:

· What are the specific product (or service) features that are required by specific customer segments?

· How do requirements, needs and expectations differ according to the different types of customer (market segment, application persona, decision level, etc.)?

· Which functions have the highest priority as customer requirements?

· Which functions provide competitive advantage according to a Kano analysis?

· How do the top priority customer-needs translate into CTQ product features?

· Where are there opportunities to develop performance advantages over competing product features?

· How are high-level functions related to the CTQ priorities of customers?

· What types of risk are anticipated in the product development and where are these risks most intensive?

· Which customer segments define the ‘target audience’ for the product or service and how do these segments relate to the historical market acceptance for these types of products?
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· Measure Step Deliverables:

· Product conceptual definition.

· Design scorecard for Define Step.

· Research and development (R&D) project management plan.

· Quality function deployment (QFD) ‘A’ level matrix.

· Analysis Tools: Techniques that support investigations of the Measure Step include:

· Six Sigma DMAIC toolkit.

· Quality function deployment (QFD).

· Kano analysis.

· Customer relationship management (CRM).

· Customer segmentation analysis.

· Consumer persona creation.

· Customer needs analysis – voice of the customer analysis.

· Operational definition.

· Competitive product analysis.

· Define Step performance scorecard.

· Multi-generational project plan (MGP).
· Checklist for the Measure Step:  

· Perform detailed CTQ analysis based on preliminary customer / market research.

· Conduct Kano analysis of customer requirements.

· Conduct competitive product analysis.

· Translate priority customer requirements into operational definitions.

· Record all observations in an ‘A’ level QFD matrix.

· Evaluate risks in development based on the product conceptual design.

· Complete the Define Step performance scorecard.

· Summary of Measure Step:  The Measure Step of DMADV conducts very detailed analyses of customer requirements and translates the most promising requirements into design requirements that are recorded in a QFD matrix as the product concept.
How does the Analyze step of DMADV work?


· Analyze Step Objectives: Translate a product concept into a high-level product design and characterize technological and business risks associated with full-scale product development.
· Analyze Step Definition: The Analyze Step completes the high-level design of the product, demonstrates market suitability of the design concept, determines the degree of technological risk associated with further development, and develops initial plans for marketing the product.
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· Analyze Step Fundamental Questions:

· What functions are necessary to support the design requirements?

· How do these functions translate into acceptable product features for targeted customers?

· What can go wrong (system-level) with the operation of these product functions?

· What are innovative ways to implement these features into a high-level design?

· How to choose the best design from among alternatives?

· How to reduce product time-to-market of the product using CAD tools?

· Analyze Step Deliverables:

· Product high-level design.

· Design scorecard for the Analyze Step.

· Market development plan and project management plan.

· QFD ‘B’ matrix.

· Analysis Tools: Techniques that support investigations of the Analyze Step include:

· Six Sigma DMAIC toolkit.

· Function analysis system technique (FAST).

· Theory of inventive problem solving (TRIZ).

· Failure mode effects analysis (FMEA) – system-level.

· Fault tree analysis (FTA).

· Pugh concept selection matrix.

· Customer surveys.

· Customer focus groups.

· Quality function deployment (QFD).

· Computer-aided design (CAD).

· Checklist for the Analyze Step:

· Allocate the CTQ requirements to product functions.

· Define the functional details necessary to deliver the customer-required features.

· Consider innovative ways to implement the functional design.

· Evaluate failure opportunities in the functional design and find countermeasures to eliminate the opportunities for defects.

· Evaluate alternative design concepts based on the management criteria for success in delivering the product to the market.

· Conduct customer research to determine the relative value of alternative designs.

· Translate the product design requirements into functional requirements for part design and begin the QFD ‘B’ level matrix.

· Initiate the CAD design of the product with the high-level system architecture.

· Summary of Analyze Step:  The Analyze Step of DMADV translates a rough product concept into a high-level product design that is ready for both engineering-level detailed design and market planning.
How does the Design step of DMADV work?


· Design Step Objectives:  Translates a high-level design into an engineering detailed design that is ready for hard tooling and preparation for full-scale production.
· Design Step Definition:  The Design Step of DMADV develops the detailed product design and control plans that assure robust performance in the eventual production environment and also prepares the project for management’s final design decision to implement the product in full-scale operation.
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· Design Step Fundamental Questions:

· How should the parts be designed to deliver the required functionality?

· How can the parts be designed for high reliability?

· What is the expected useful market life of this product?

· What is the best operating envelope for the critical design parameters?

· What is the tolerance limits will produce the most reliable product design?

· How can the parts fit together in a way that reduces production cycle time?

· Is the product ready to be considered for full-scale production?

· What is the plan for launching the product into the market place?

· What is the plan for tooling the product for full-scale production?

· Are the production facilities ready to accept the product?

· Have the production procedures been written so that all jobs are specified?

· Design Step Deliverables:

· Detailed engineering design.

· Design scorecard for Design Step.

· Prototype test results (‘beta’ testing with customers).

· New product launch plan from marketing.

· Budget request for full-scale implementation and product launch.

· QFD ‘C’ matrix.

· Analysis Tools: Techniques that support investigations of the Design Step include:

· Six Sigma DMAIC toolkit.

· FMEA – product level.

· Reliability engineering.

· Accelerated life testing.

· Taguchi analysis.

· Design of experiments.

· Design de-rating.

· Statistical tolerance analysis.

· Design for manufacturing / assembly (DFMA).

· Computer aided design / computer aided manufacturing (CAD/CAM).

· Checklist for the Design Step:

· Allocate failure opportunities to parts and develop a reliability budget for testing.

· Conduct prototype testing to demonstrate the range of functionality and expected life of the product under conditions of normal customer operation.

· Define operating envelopes and tolerance bands of parameters for specifications.

· Analyze part and modules to assure proper manufacture and assembly.

· Translate all design documents into appropriate CAD/CAM programs.

· Conduct a full-scale design review of production readiness for the product.

· Summary of Design Step:  The Design Step of DMADV translates high-level design into an engineered product that has been tested as an engineering prototype and found ready for 
How does the Verify Step of DMADV work?


· Verify Step Objectives:  Translates a detailed engineering design into a product that is offered to customers in the market.
· Verify Step Definition:  The Verify Step of DMADV validates design plans and provides formal documentation for full-scale production in order to transition the product design from a development project to an operational owner for daily management oversight.
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· Verify Step Fundamental Questions:

· What are the opportunities for defects in the production process?

· What countermeasures are possible to mistake-proof the production process?

· What detailed procedures must be followed to produce the product?

· What is the strategy to service the product?

· What is the plan for distributing the product and assuring market availability?

· How capable is the production process (what is its full-scale entitlement)?

· Is the measurement system sensitive enough to detect significant changes in the critical process control parameters?

· Are the maintenance requirements for production equipment established and has a cycle been prepared to anticipate problems and prevent failures?

· Has automated test equipment been implemented to decrease the non-value added time required for in-process testing?

· Is statistical process control implemented in conjunction with engineering process control to assure that the production process consistently delivers the quality level that it was designed to produce?

· Is there a plan to review all early product returns to assure that problems are fixed as soon as they are detected?

· Are there any ‘showstoppers’ that would delay the product release to the market?
· Verify Step Deliverables:

· Full-scale product design.

· Design scorecard for Verify Step.

· Production plan.

· Procurement plan.

· Distribution plan.

· Service plan.

· QFD ‘D’ matrix.

· Analysis Tools: Techniques that support investigations of the Verify Step include:

· Six Sigma DMAIC toolkit.

· FMEA – process level.

· Poka-yoke mistake proofing.

· Work standardization.

· Design for service.

· Design for logistics.

· Preventive maintenance.

· Measurement system analysis (MSA).

· Statistical process control (SPC).

· Process capability analysis.

· Computer-Automated Test Equipment (CATE).

· Checklist for the Verify Step:

· Prepare a failure analysis of the production process and mistake-proof.

· Define production assembly work standards and train operators.

· Develop logistic plans for product service and distribution.

· Develop preventive maintenance program for production equipment.

· Evaluate measurement capability at work process control points and implement a closed-loop control system for automated test and engineering process control.

· Track ramp-up of production from initial process capability to the design-level of process capability (Cp).

· Develop launch quality plan to capture ‘infant mortality’ failures for analysis and rapid corrective action.

· Summary of the Verify Step:  The Verify Step of DMADV translates an engineered product into full-scale production product detail and closes out the “DFSS” aspect of the project by transitioning it to the daily management system for routine commercial operation.
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� This paper is the introductory chapter of a forthcoming book titled Design for Six Sigma: Innovation for Enhanced Competitiveness that will be published by GOAL/QPC Press.


� This description extends the thinking of the late Professor Stuart Pugh of the University of Strathclyde whose concept of “total design” was foundational for DFSS.


� The lifetime work of the late Everett Rogers focused on studies of the diffusion of innovation.  Rogers developed the model of diffusion that identified different categories of product users according to their willingness to accept innovative products: pioneers, early adopters, early maturity, late maturity and resistors. 
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Is management getting the return from capital investment that was implicit in the design process capability?












