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ABSTRACT

Traditional Product Development processes involve a sequential process of Concept generation, Product planning, Product Engineering and Process Engineering. The process is directed and focused on a single solution with different tools aiding the process as problem solving devices. Analytical Prototype processes focus on identifying the strategic and functional requirements for product development, establish techniques for evaluating alternative concepts and solutions, and optimize the solutions that make the product robust in all working conditions. The foundation of Analytical Prototype process is its ability to utilize the analytical tools in an integrated approach to identify requirements, evaluate alternatives and optimize to a single solution. 
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1. INTRODUCTION

American Automakers have been traditionally known to develop unique product concepts. Lower energy costs, high-income levels and wide land spaces allowed American products to develop cars with unusually large bodies and big engines compared to cars from other regions. 

During the 1980s, stringent government rules and regulations on the Corporate Average Fuel Economy (CAFE) increased the importance of product development as a critical factor to ensure long-term competitiveness. As the trend towards product designs with an emphasis on higher fuel economy evolved, there was a further shift in the focus of product competition, which is global convergence of basic vehicle concepts. In this newer environment, the importance of competition shifted from cost, basic performance and manufacturing quality towards a variety of product designs and product concepts. These changes required a major revision of the design and production processes. 

Due to the intensified global market and changes in product and process development, three major areas of concern have emerged to be crucial in product development. First, the customer is sophisticated, diversified and difficult to predict. Second, the quality of products has to be improved drastically. Finally, advancements in computer technology has led the industry to implement newer techniques to achieve reduced product development cycles and product lead times. 

Concurrently, the role of Computer Aided Engineering (CAE) in the engineering environment had been evolving. There was a growing recognition within the engineering community that computer technologies offered an effective means of addressing a variety of problems facing the industry today. Mechanical Design methodology itself was the driving force behind these evolving computer applications. Product quality, marketing and design specifications, manufacturability, time to market, product liability, competitiveness and profitability are some of the issues that affected mechanical design engineering and the traditional evolutionary design process. In spite of all these developments, the concept of using computer technologies at the design phase remained a disjointed entity and the objective of CAE as a front-end database for total Computer Integrated Manufacturing (CIM) is not fully realized. 

The activities involved in a product development process can be grouped into a series of distinctive stages: Concept generation, product planning, product engineering and process engineering. Concept generation combines information on potential market needs and technical possibilities to create product concepts. Product planning translated the concepts into more specific plans such as project targets (Performance, Specifications, Sales, Cost etc.), main component choice, layout drawings and exterior / interior styling. These outputs become goals for subsequent engineering stages. Product engineering translated the product plans into prototypes for evaluation through design development. Finally, Process engineering translates product designs into process planning of production lines, as well as work designs, tool and die designs, equipment designs, part programming etc. for production stations. Actual production factors are then 





Figure 1: Steps involved in Product Development.

manufactured, developed, inspected and deployed in the plant floors. Then the capability of the production process as a whole is checked through a series of pilot runs. The various steps involved in product development are shown in figure 1.

The organization structure supports these four stages of product development. Each of these stages is further broken down into various subgroups, which focus on the development of systems and components. At each of these stages, the product development is considered as a generic problem solving cycle of goal setting, alternate idea generation, model development, experiment and selection. 

2. CONCEPT OF ANALYTICAL PROTOTYPE PROCESS

Prototypes can range from full scale, fully functional representations of a product (comprehensive prototypes) to those that represent just a small part (focused prototypes). Analytical prototypes are intangible mathematical or computational approximations used to analyze particular aspects of a product or design.

Combinations of prototypes may be also used. For example, 3D computer-generated images may be appropriate in the early stages as a means of assessing the basic design or studying the relationship between components. One or more focused prototypes may then be created to look like the final product, or to function like the whole or part of the product. An analytical prototype may also be used to analyze the product’s operation. This approach can efficiently and effectively evaluate new designs and identify potential problems. It should also avoid the cost of complex and expensive manufacturing processes before the viability of a product has been established. 

The concept of the Analytical Prototype process integrates the tools and the processes. It provides an opportunity to reduce the product development lead-time by addressing the customer and quality. It uses computer technologies as the fundamental base. The Analytical Prototype (AP) is the process that builds, develops and refines the requirements of the voice of the customer and addresses them in the vehicle. This process emulated analytical, physical evaluation methods and through parametric design procedures, builds desired attributes into the vehicle design. It is an upfront program management system that uses program specific Quality Function Deployment (QFD) and Parametric systems to define designs confidently. The process further refines the defined vehicle system variations and their effects on functional characteristics. The process points out significant system design aspects by using Design of Experiments. The ability of Analytical Prototype process is in its integration of all the tools and the processes for effective product development. 

3. SCOPE OF THE PROBLEM


The scope of the problem is restricted to defining the concepts of Analytical Prototype (AP) process. These include describing the existing product development and product development using AP process.  The tools used in the AP process are defined. 




The effectiveness of the AP process is illustrated by optimizing the design requirements for vehicle crosswind stability. The main concentration of this paper includes the following:

· Defining the AP framework

· Identifying the barriers in the effective implementation of AP process

· Defining the tools used in AP process

· Defining the Vehicle Cross Wind Sensitivity

· Identifying the parameters that effect vehicle crosswind stability

4. REVIEWING THE EXISTING PRODUCT DEVELOPMENT PROCESSES


A lot of research has been performed to define product development process and its relationship to customer, quality and technology. But there are very few focused efforts in defining a framework for integrating the different methodologies for effective product development. The focus of the research is confined to the individual areas of quality methodologies, statistical techniques and computer technologies for engineering analysis. Developing a new product development process represents a unified approach for identifying critical characteristics and designing products that meet customer needs and robust quality. A Generic Product Development Process is illustrated in figure 2.

5. CONCEPT OF PRODUCT DEVELOPMENT PROCESS


The conventional product development process is broken down into several distinctive stages such as Concept generation, product planning, product engineering and process engineering. Concept generation combines information on potential market needs and technical possibilities to create product concepts. Product planning translated the concepts into more specific plans such as project targets (Performance, Specifications, Sales, Cost etc.), main component choice, layout drawings and exterior / interior styling. These outputs become goals for subsequent engineering stages. Product engineering translated the product plans into prototypes for evaluation through design development. Finally, Process engineering translates product designs into process planning of production lines, as well as work designs, tool and die designs, equipment designs, part programming etc. for production stations. Actual production factors are then manufactured, developed, inspected and deployed in the plant floors. Then the capability of the production process as a whole is checked through a series of pilot runs. The Tools and Processes used in Product Development Process are detailed in Table 1.
6. OVERVIEW OF ANALYTICAL PROTOTYPE PROCESSES


Accelerated technological advancements with global competition has led to companies continuously seeking ways to improve overall market position, time to market and level of profitability. Initial emphasis was placed on manufacturing automation as a way of minimizing labor content and improving quality. Speed in manufacturing alone cannot sustain a competitive advantage, as it will not reduce the overall lead-time. Companies that successfully translate benefits achieved downstream to the upfront design stage are able to lead the competition both in faster product development and faster products to market. 


Table 1: Tools and Processes used in Product Development Process.

	PRODUCT PLANNING
	PRODUCT ENGINEERING
	PROCESS ENGINEERING
	PRODUCTION

	Marketing Studies
	Functional Tree Analysis
	Variability Studies
	Manufacturing Control Plans

	Trend Analysis
	Design Analysis
	Capability Studies
	Dimensional Control Plans

	Cause and Effect Analysis
	Design for Assembly
	Design of Experiments
	Statistical Process Controls

	Quality Function Deployment
	Value Engineering
	Process Plans
	

	
	Failure Mode Effect Analysis
	Manufacturing Resource Plans
	

	
	Bill of 

Materials
	
	


Analytical Prototype (AP) process is defined as a process that integrated the tools and methodologies to derive optimal design solutions, prior to the fabrication of hardware and development of physical prototypes for confirmatory testing. This process emulates entire product development. It embodies strategic, functional, systems and components development, through parametric systems, building desired attributes into the vehicle design. It is an informational, upfront product management system which uses the product specific Quality Function Deployment (QFD), concept selections for alternate evaluations and parametric systems to define designs upfront at a confidence and refinement which weren’t obtained in the past. The process further refines the defined vehicle system variations and their effects on functional characteristics. Through Design of Experiments, and Design Optimization techniques, the method finds out significant and critical design aspects. 


The underlying principle of AP process is in effectively using the integrated database systems and bookshelf technologies for information sharing, alternate evaluations to build and test the vehicle early in the design process. The implementation strategy of AP process focuses on addressing the following issues:

· Advanced Concept Development for Design Direction

· Design Analysis to make the product Robust

· Problem resolution to assist in prototype development

· Process development direction to make process feasible for product manufacture.

The main focus in all the four stages of AP process is the use of tools and processes in an integrated environment.

7. COMPUTER AIDED ENGINEERING FOR PRODUCT DEVELOPMENT


The AP process is defined as a process that integrated the tools and methodologies to derive optimal design solutions, prior to the fabrication of hardware and development of physical prototypes for confirmatory testing. This process emulates entire product development. It embodies strategic, functional and systems and components development, through parametric systems, building desired attributes into the vehicle design. It is an informational, upfront product management system which uses the product specific Quality Function Deployment (QFD), concept selections for alternate evaluations and parametric systems to define designs upfront at a confidence and refinement which weren’t obtained in the past. The process further refines the defined vehicle system variations and their effects on functional characteristics. Through Design of Experiments, and Design Optimization techniques, the method finds out significant and critical design aspects.



The evolution of the computer technology has been instrumental in moving the mechanical design process away from a trial and error methodology of successive generation of physical prototypes and testing.  The use of computer technologies is confined either to the development of designs (CAD), engineering analysis or manufacturing and assembly (CAM). But, to receive maximum benefits offered by technology, the integration of computer technologies of all the areas of product development is necessary. The integration includes sharing of common databases, integrated modeling, design and analysis along with assembly and manufacturing. Procedures have to be developed to share the information among different platforms as well with other quality and statistical tools. The heart of Analytical Prototype process is the efficient use of data for all the computer processes as shown in Figure 3. 

8. DESIGN OF EXPERIMENTS


Optimization of product performance is defined as one that has been found to be working under a set of conditions and one that must work on a wide range of conditions. Design of Experiments (DOE) and their analysis provide the ability to make a product robust against any set of conditions. 

8.1 Formulation of Taguchi Analysis


In Taguchi analysis, a performance statistic is used for calculating the contribution of each run of inner array in the experiment for the n number of noise matrix runs. Taguchi stresses the importance of additivity model in studying the variation of the response and introduced the use of signal-to-noise ratio (S/N ratio) as the performance statistic to facilitate such an investigation. S/N ratio estimates the effect of noise factors on the performance characteristic.[27] The three S/N ratios defined by Taguchi are:

a. Nominal the better (NTB)


S/N = 20 log10(Y/S) = 10 log10(Y2/S2)

where 


S2 = ((Yi – Y)2 / (n-1)

and 
Y = (Yi /n

S = variance of the data, Y = mean of the data, Yi = response for the ith run, n = number of runs

b. Larger the better (LTB)


S/N = -10 log10((Yi-2)/n

c. Smaller the better (STB)


S/N = -10 log10((Yi2)/n


The total variation in the data values of S/N ratios is called the “total sum of squares”, SST, and is computed by summing the squares of the calculated S/N ratios Yus about their average value,



Y = (Y1 + Y2 + ……+ YN)/N



SST = ( (Yu – Y)2
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Figure 4: Aerodynamic Forces and Moments.

9. CROSSWIND SENSITIVITY


With increasing demands for straight-ahead automobile aerodynamics, driving safety and driving stability of passenger cars are turning out to be important both from the customer and design stand points. Hence, these requirements must be identified early in the product development process. An approach has to be formulated in order to study the behavior of the vehicle during Crosswind effects. The aerodynamic forces and moments are shown in Figure 4.


Crosswind Sensitivity is defined as the sensitivity of the driver-vehicle system to crosswinds that provoke vehicle movements. The various characteristics of the crosswind are as follows:

· The aerodynamic forces and moments effecting the vehicle movement.

· Characteristics of the body structural systems determined by the basic dimensions of the vehicle, such as wheel base, center of gravity, tread etc.

· Characteristics of the mechanical systems including suspensions, steering, tires etc.

The aerodynamic forces and moments are calculated using:

Aerodynamic Drag = Fx = cd(v2A/2

Aerodynamic Lift = Fz = cl(v2A/2

Side Force = Fy = cy(v2A/2

Center of pressure (CP) is generally expressed as a percentage of wheelbase, with CP at front axle to be 0% and rear axle to be 100%. The location of the center of pressure is shown in Figure 5.

From aerodynamic forces and moments, we have


Yawing Moment = Y = cn(v2AL/2

and 
Y = Fy * CP * l

Also, we have, side force = Fy = cy(v2A
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Figure 5: Center of Pressure (CP Location).

A full vehicle ADAMS model is used and different system characteristics are varied from one run to another in the DOE. The aerodynamic forces acting on the vehicle as well as the crosswinds are simulated. Both Taguchi and Classical methods of analysis are used. The steps involved in the formulation of the DOE are:

9.1 Identifying the objective of the experiment


The objective of the crosswind sensitivity DOE, is to reduce the effects of the crosswind on the vehicle system by minimizing the responses to be measured, for attaining straight-line motion. 

9.2 Identifying the responses


The responses to be established must relate to the customer requirements as well as critical design characteristics that have to be addressed during product development. A functional QFD for vehicle dynamics of the vehicles is used. The measurements from the DOE include Lateral deviations, Yaw velocity and Steering wheel torque. Optimization is performed for Lateral deviations to achieve the desired objectives.

9.3 Identifying the factors and their levels


Identifying the correct design characteristics that contribute to the responses is critical for the success of the DOE. The design factors can be controlled as the experiment progresses. Identifying design factors and noise factors requires understanding the behavior of the systems to the external disturbances.  Effective brainstorming, previous analysis, research and expertise identify the factors. As an analytical model is used for conducting the experiment, the level of the design and the systems that can be modeled has to be fully understood. For crosswind analysis, 27 design factors and 4 noise factors were identified. Brainstorming these factors yielded 11 important design factors and 4 noise factors. 

9.4 Selection of Experimental Design


An experimental design is a template for determining the actual runs performed in an experiment. The design selected assumes a specific form depending upon the objective of the experiment and the number of factors used in the experiment as well as their levels. 


For Response surface experiments, design is formulated as a fractional factorial. These designs are used to completely analyze the effects of all the main factors. The designs are obtained by combining 2-level factorial (partial or full) designs with a 3-level factorial design block in a particular manner. Additional eleven center points are added to the design to obtain the summary.[13] This design is used for crosswind sensitivity analysis. 

9.5 Running the Experiment


An experiment is performed in the run order either randomized or in a sequential order. The factor levels of each factor are varied for each run based on the design. In Taguchi experiments, n data points (n runs of noise matrix) are obtained from one inner array run. From all the experiments m*n data points are obtained. From the crosswind experiments, 27*8=216 data points were obtained. In the Response Surface Methods (RSM) experiments, the runs are performed in a sequence. The crosswind experiments provide 188 data points for each noise condition.

9.6 Analysis of data and Interpretation of findings


The data points obtained from both Taguchi and RSM experiments are to be analyzed for obtaining the contributions of significant factors and the model of the responses. The analysis techniques are used and the optimum settings are obtained. 

10. ANALYSIS FROM EXPERIMENTS


The analysis from experiments includes the experiments run using both Taguchi and Response Surface Methods (RSM). The findings obtained from these methods are compared and the limitations of Taguchi methods are discussed. The role of DOEs in further analytical evaluations is also discussed. 

10.1 Taguchi Experimental Analysis


Taguchi experimental design consists of a L27 inner array and L8 outer array.[14] All the 216 experimental runs were performed. Lateral deviation, Yaw velocity and Steering wheel torque for every run were measured. A graphical representation of signal-to-noise ratio for lateral deviation is shown in Figure 6. 










The steps involved in the analysis of experiments are:

· Computation of Signal to Noise Ratios for identifying the factor effects on the response

· Computation of ANOVA for identifying the contribution of each factor towards the response

· Running the confirmation tests to establish the desired setting of the factors to minimize the crosswind effects. 

10.2 Response Surface Analysis


The experimental set up for the RSM is modified from the Taguchi method. As seen from the findings of the Taguchi Experimental runs, the lateral deviation is minimal when the vehicle and wind speeds are low. A Box-Behnken design with 188 runs is used for estimating 11 main effects, all the second order effects and all two-level interactions.[13] 

Table 2: Comparison of Taguchi and RSM Confirmation Findings.

	Factors
	Desired Settings
	Undesired Settings
	Normal Settings

	Front_Stab (A)
	-0.2
	0
	0.3
	1
	0

	Front_Spring (D)
	-1
	0
	-1
	0
	0

	Rear_Spring (L)
	1
	1
	-0.2
	-1
	0

	SubFrame_Front (N)
	1
	1
	-1
	-1
	0

	LCA_Inner (P)
	-1
	0
	0.8
	-1
	0

	Tension_Strut (Q)
	1
	-1
	-1
	1
	0

	Trailing_Arm (S)
	1
	-1
	-0.25
	1
	0

	Track_Bar (T)
	-1
	0
	0.2
	0
	0

	Front_Toe (U)
	-0.8
	-1
	-1
	0
	0

	Front_Caster (V)
	-1
	0
	-0.5
	1
	0

	Lateral Deviation (Curb)
	27.8
	33.5
	27.5
	41.6
	34.7

	Lateral Deviation (Design)
	26.3
	33.3
	36.4
	40.2
	33.9

	Yaw Velocity (Curb)
	2.52
	2.62
	3.14
	3.45
	2.93

	Yaw Velocity (Design)
	2.35
	2.56
	3.03
	3.19
	2.89

	Steering Wheel Torque (Curb)
	23.3
	25.2
	35.8
	38.9
	28.1

	Steering Wheel Torque (Design)
	20.5
	24.7
	30.6
	37.8
	26.3


The findings from all the 376 experiments are analyzed as follows:

· Computing the coefficients of all the effects using multiple regression analysis and establishing a relationship model between the responses measured and the factors considered.

· Refining the model that satisfactorily describes the behavior of the process and predicts the response values at any specific factor settings.

· Optimizing the solutions for identifying the desirable level of the factors that minimizes the lateral deviation.

10.3 Comparison of findings from RSM and Taguchi Analysis


The comparison of findings obtained from the Taguchi and RSM experiments for the crosswind sensitivity are shown in Table 2. 


From Table 2, the maximum lateral deviations measured from the RSM is 5.7 inches and 7 inches less for curb and design loading respectively, as compared to Taguchi confirmation runs for the desired settings. 


Also, comparing the findings obtained from Taguchi and RSM with the targets in QFD, the desired settings of RSM provide a minimum lateral deviation, yaw velocity and steering wheel torque. The findings exceed the required target as against the confirmation findings from Taguchi experiments.

10.4 Limitations of Taguchi Methodology


The ability to optimize the response using DOE, and identifying the settings of the factors to make the design robust depends upon:

· Setting the right objective of the experiment

· Setting up the experiment correctly, i.e., using the right design

· Analysis techniques used

· Enhancing the engineering optimization techniques from the findings obtained from the experiments












Taguchi states that performance variations and product deteriorations can be built into the product. The parameter design stage, proposed by Taguchi, provides a conceptual understanding of reducing the effects of the noise, but Taguchi methods fail in the way experiments are designed and analyzed. An interaction from the Taguchi Experimentation is shown in Figure 7. The following limitations of Taguchi methods are found to be important for using a right DOE in design analysis:

· Use of a limited number of designs (orthogonal arrays)

· Highly fractionated designs (Orthogonal arrays)

· Characterization of interactions in the experiment

· Use of Signal to Noise ratio (S/N ratio) as an objective function

· Setting the optimum levels of the factors to achieve the desired objective

· Downplaying the importance of analysis in experimentation

S/N ratio is defined as the ratio of power of signal to power of noise or error.[32]
S/N ratio = Power of Signal / Power of Noise (error)

Application of S/N ratio as the objective function is assumed to yield overall quality. Taguchi defines the factors into three categories[6]:

Control factors R, Scaling/Leveling factors S and noise factors X. Mathematically, it is written as 



y = f (R, S, X)

Conceptually, this function f is divided into two parts

a. g(R, S), which are the predictable and desirable functional relationship

b. h(R, S, X), is the unpredictable and undesirable part.

Rewriting the above relationship,



y = g(R, S) + h(R, S, X)

Taguchi defines the objective to maximize the predictable part and minimize the unpredictable part. Choosing the levels of R and S does this. As a composite measure of degree of predictability, the ratio of variances of g and h are used, i.e.,



Degree of predictability = Vg/Vh
10.5 Effective use of Design of Experiments


Based upon the use of the two different methodologies in the product development, the following conclusions are obtained:

a) From the crosswind sensitivity study, response surface experimental methods led to the optimum solutions as well as provided the required mathematical relationship.

b) The methodology provided full information of the factorial behavior on the response, their relationships, and optimization of the findings, in order to achieve the desired targets defined by product objectives.

c) Fractional factorial designs or Taguchi experimental methodologies can be used for the preliminary screening experiments.

d) The perceived disadvantages in using RSM and not incorporating the noise factors can be eliminated. 

10.6 Use of RSM findings for Further Analysis


RSM findings are used not only in finding an empirical model between the responses and the design factors, but also in calculating the performance tolerances, design optimizations and phase II QFDs.






Figure 8: Part Tolerance relation with Product Performance and Manufacturing.

10.7 Tolerance Analysis


Tolerance specification of a part directly links designing a product to its manufacturing. Engineers use tolerance analysis in order to understand the influence of tolerance stacking or accumulation in assembly controls on the critical clearances and interferences in a design effecting performance. The allocation of part tolerances directly links to both the performance of the product and process selection, assemblability of the product and the cost of production.[16] Figure 8 shows tolerance analysis.  

11. CONCLUSION


Analytical Prototype process using analytical techniques in an integrated environment was described. Analytical tools were used at the design stage, but the concepts introduced can be implemented at any stage of product development. The crosswind sensitivity is shown as an example of AP process. The steps of AP process are as follows:

· Use Quality Function Deployment (QFD) as a tool to manage the entire product development requirements. It should be used to set up targets and priorities for product development.

· Identify various alternate solutions that different designs can offer and establish the solution that fulfills the requirements identified from QFD.

· The analytical tools (modeling, analysis and statistical) should be used to evaluate the solution. The tools should be integrated and should emulate the physical test procedures. 

· Design of Experiments (DOEs) should be used to find optimum settings of design and process characteristics to make the product robust.

· Tolerance analysis should be done at the design stage to establish the design tolerances that address both performance and assembly requirements. 
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Figure 2: A Generic Product Development Process.
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Figure 3: Integrated Database System for Analytical Prototype process.
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Figure 6: Graphical Representation of Signal-to-Noise ratio for Lateral Deviation.
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Figure 7: Interaction from the Taguchi Experimentation.
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