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Abstract 

defining and proving processes for agile product realization for the Department of Energy 
complex. Like other agile production efforts reported in the literature, A-primed uses concurrent 
engineering and information automation technologies to enhance information transfer Weier & 
Walker, 19941. A unique aspect of our approach to agility is the qualification during development 
of a family of related product designs and their production processes, rather than a single design 
and its attendant processes. Applying engineering principles and statistical design of experiments, 
economies of test and analytic effort are realized for the qualification of the device family as a 
whole. Thus the need is minimized for test and analysis to qualifjr fiture devices from this family, 
thereby fbrther reducing the design-to-production cycle time. As a measure of the success of the 
A-primed approach, the first design took 24 days to produce, and operated correctly on the first 
attempt. A flow diagram for the qualification process is presented. Guidelines are given for 
implementation, based on the authors' experiences as members of the A-primed qualification team. 

The A-primed ( b i l e  Product &alization of Innovative electro-rnchanical Devices) project is 

I. Introduction 

capabilities in the production of precision electromechanical devices. The device selected for this 
demonstration is a safety device called a discriminator, shown in Figure 1. The discriminator is 
designed to operate only when it has been deliberately enabled via a unique electrical signal, thus 
preventing inadvertent operation in accident environments. The goal of the project is to be able to 
quickly produce and deliver discriminators that meet a walk-in customer's requirements, and to do 
this for multiple customers with possibly quite different requirements. More broadly, the goal of 
the project is to develop and deliver a new approach to product realization that will improve the 
agility of production in the Department of Energy complex and in industry in general. A-primed 
covers all important domains of ihe design-to-production process, but each domain is not covered 
in totality. 

This paper describes the quacfication process that the A-primed team developed for a - 
parent'child design paradigm. Only brief descriptions are included of the concurrent engineering 
and automation technologies which make this design paradigm possible. .Other reports are 
referenced to guide the interested readers to these topics. The A-Primed discriminator is used to 

The purpose of Sandia's A-primed project is to develop and demonstrate agile manufacturing 

provide details of implementation. 



IT. P;urent/Child Product Realization 
While the goal of agility is to meet totally unanticipated requirements, some anticipation is 

necessary and helphl. There needs to be some prior assurance that reliable product can be 
quickly designed and built over some range of potential customer requirements; otherwise agility 
becomes ad-hockery. Thus, the approach to agility taken by the A-primed Team has been to 
exploit the product realization paradigm called parent/child design. The fiindamental idea 
underlking this paradigm is that a new product idea usually leads to a family of similar products. 
For example, a company that makes a new computer monitor will likely make a line of monitors 
with the following design feature variations: small, medium, and large screens; low, medium, and 
high resolution screens, electronic or manual screen adjustments, different housing materials and 
colors. While pizza and auto makers have long provided some degree of flexibility based on 
substitution from a small set of (alternative parts, the goal of agile manufacturing is "mass 
custornization" with alternatives; selectable from a continuum. 

shown in Figure 2.  The beam design is characterized by height, width, length, and material 
parameters. In this design the beam's length and material parameters are fixed (e.g., L=10 and 
material=steel), but the height I3 and width W of the beam are allowed to vary for different 
customer applications. The range of variation defines the beam'sparameter space, as shown in 
Figure 2. The fixed length and material parameters, and the variable height and width parameters, 
together comprise the parent design of the beam. When an engineer chooses particular values for 
the beam's height and width, the child design is specified. The different child designs in the 
parameter space are intended to meet different customer requirements. The parameter space 
covers a certain market segment for the product. 

The parent child design paradigm can be described with a simple example, a cantilever beam 

111. Quality Assurance for a l'arameter Smce 
Quality assurance in this situation is much different than in conventional manufacturing. A 

parameter space will be considered qualzjied when adequate assurance has been provided that, at 
any point in the parameter space, a discriminator can be produced, on a pre-determined schedule, 
and will be able to meet customer requirements. The focus is on the prior qualification of 
processes and design features, over the parameter space, rather than on post-production 
qualification of single processes and product lines [Brost, Strip,&Eicker, 19921. Accomplishing 
this qualification will require an array of analysis, test, and evaluation activities in order to 
understand design parameter trade-offs in performance, robustness, and reliability and to define 
and qualifjr the product and attendant production processes throughout the parameter space. A 
thorough job of parameter space qualification means that less time and effort will be required to 
qual@ any particular child discriminator that is designed and produced for an individual customer. 

When parameters are specified on a continuum, adequate assurance cannot be obtained by 
fblly realizing product at every point in the parameter space. And even if such brute force, 
exhaustive qualification could be economically done, that would defeat the purpose of agility. 
Rather, in any realistic context, tests and analyses can be conducted only at a subset of points in 
the parameter space, points selected to provide an engineering and statistical basis for inference to 
points not tested. For example, if tests and analyses show that the device can survive its shock 
requirements at certain extreme configurations included in the parameter space, then this provides 
assurance that it will also survihte at intermediate configurations. Engineering understanding of the 
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physics of the operation provides assurance that extremes and intermediates are correctly 
identified; statistical considerations will determine the level of assurance provided. Also, for the 
sake of economy and efficiency, the qualification focus is on constituent processes and 
subassemblies, rather than hl ly  realized devices. For example, some machining processes, such as 
drilling a hole or milling certain features, may be constant throughout the parameter space, so 
there is no need to repeatedly qualify them as other aspects of the design change. Accomplishing 
all this in a thorough and efficient manner requires the development of a qualification plan. 

IV. Implementation by a Product Realization Team 
As a basis for A-primed's Parameter Space Qualification Plan, we used the Department of 

Energy's Interagency Engineering Procedures EP40 1099 ("Product Realization Process") and 
EP40 1 100 ("Qualification Process for the Nuclear Weapons Complex"). These Engineering 
Procedures set forth the concept of a "Product Realization Team" (PRT), which employs 
concurrent engineering and team-defined mileposts and qualification criteria. The underlying 
philosophy is that all team members are responsible for qualification, as well as quality in general, 
and that quality assurance activities must be thoroughly integrated into design and development, 
not relegated to in- and post-production inspection. Such a philosophy is entirely consistent with 
A-primed's approach to parameter space qualification. 

and the means by which achievement of those attributes will be measured. Candidate attributes 
corresponding to different aspects of the product realization cycle are suggested in the EPs, and 
discussed hrther in Section V. PRTs are required to select from these attributes and add 
product-specific attributes as appropriate. For each of these attributes or characteristics, criteria 
and metrics are established by which parameter space qualification can be determined. 

The qualification process set forth in EP401100 requires the PRT to identifjr product attributes 

V. Parameter Space Qualification Process Flow 
Figure 3 presents a flow diagram depicting the parameter space qualification process 

developed by the A-primed project. Ownership for an activity is shown by placing the box 
describing that activity under the column for the responsible team: design, analysis, testing, 
manufacturing (fabrication), assembly, QA (quality assurance), communication, and management,. 
Bullets placed on horizontal lines extending fiom the box indicate the other teams who provide 
input or who participate in the activity. Early market research activities are indicated with a bullet 
in the customer column. Activity flow proceeds downward in the diagram. The activity boxes 
are numbered on the process flow diagram for reference in the following sections. This process 
diagram methodology is a modified version of AT&T's PQMl (Process Quality Management and 
Improvement) methodology [AT&T, 19881. 

The concurrent engineering approach is made apparent with this structure. The process flow 
diagram specifies at the task level how quality assurance activities are integrated into design and 
development. The parameter space qualification process may be summarized under five broad 
stages: 

Stage 1 : Definition of parent design and attributes 
Stage 2: Definition of parent attribute qualification criteria 
Stage 3: Collection of parent qualification data 
Stage 4: Analysis of parent qualificrtion data 
Stage 5: Definition and qualification of child designs 



The first four stages refer to activities leading to parameter space qualification, defined earlier as 
the colllection of adequate evidence that at any point in the parameter space a discriminator can be 
produced on a pre-determined schedule to meet market needs. These activities can be completed 
independently of specific customer requests for a child design. At the fifth stage the PRT 
exercises the product realizatior, process several times for the final shake-out of the design, 
fabrication, and analysis processes, and of the information flow methodologies developed to link 
them seamlessly. The adequacy is evaluated of information collected during stage 3 for 
performance prediction throughout the parameter space. 

constitute a logical group. Following this discussion, relevant details of the implementation for 
the A-primed discriminator are presented. We hope that the inclusion of both concepts and 
implementation will provide a clear presentation of our philosophy that others can also put into 
practice. 

Conceptual elaboration is provided in the following sections for a set of activity boxes that 

Stage 1 : Definition of parent de:sign and attributes 

defined, and qualification attributes are defined. 
At this stage market needs ai-e assessed, a parent design is selected, the parameter space is 

Branch point A 

unsatisfactory qualification results by modifying the parent design, progress in the flow diagram 
reverts back to branch point A. Since generally much previous work is still applicable, progress 
will be faster in subsequent steps. 

This point marks the beginning of design definition. If a decision is made in stage 4 to address 

1. Define Parent Design 

needs identified in a market analysis. All team leaders are involved in evaluating the alternatives. 
A scoring process is implemented to evaluate the existing design alternatives on selected metrics: 
adaptability of the design family; simplicity of the design; simplicity of the assembly; machinability 
of custom parts; robustness; cost; applicability of existing analytical methods. The scoring system 
should place more weight on the more important metrics for agile product realization. Designers 
of candidate devices are allowed time to prepare the information needed and to make a 
presentation to address the metiics. The designs are scored by the PRT and other invited experts. 
The selection process involves two phases, the first to narrow the candidate field, and the second 
to provide a more detailed examination. A threshold level of scored points is required for a 
design alternative to pass from the first to second phases. 

team as the focus of our process development. This component is called a discriminator because 
it discriminates between an unique signal (UQS) and any other (incorrect) signal. The unique 
signal is a binary sequence of discrete events, where each event can assume one of two possible 
states. As the unique signal is received one event at a time, a stepper motor rotates a pin on a pin 
wheel to either the left or right ‘to maneuver a pin through a maze on a maze wheel rotated by 
another stepper motor. When the pin exits the maze, it operates a shutter to enable a 
predetermined fbnction. If an incorrect signal is input, both the maze wheel and the pin wheel 
lock in position as the pin enters a dead-end of the maze. As a safety feature, the pin-in-maze 

The design team takes the lead role in selecting the particular parent design to meet the market 

The Pin-in-Maze discriminator shown in Figure 1 is the parent design selected by the A-primed 



mechanism can include a hold pawl that does not allow the maze wheel to rotate backwards, thus 
preventing the pin from backing out of the maze. Without the hold pawl, the pin can be backed 
out and multiple attempts can be made to operate the device. 

2. Select from a superset of parameter space variables and bounds 
The selection of the parent design defines a superset of variable design features. This superset 

must be fbrther narrowed down to provide a reasonable set of design alternatives . Those 
features which are not varied in the parameter space are fixed in a way appropriate for the market. 
Future variation of these fixed features is allowed when a market need arises. 

The team specifies the range of variation for the parameter space, based on market need, 
design constraints, quality goals, fabrication capabilities, and assembly capabilities. As more 
information is accumulated through the qualification pracess, parameters may be dropped or 
added, and the range of the parameters may expand or shrink. 

discriminator 
The following design features were selected to reflect market needs for the pin-in-maze parent 

Parameter 
Motor size 

Maze wheel type 

Maze wheel material 

Minimum I Maximum 
Smaller motors for low 
weight, low volume 
applications long life applications 
Lightweight maze wheels 
for high speed durable applications 
applications 
15-5 ph SS for durable 
applications applications 

Larger motors for 
durable, high speed, and 

Standard maze wheels for 

Nitronic 60 for long life 

UQS length 10 events for high speed 
applications applications 

24 events for high safety 

Hold pawl 

Mounting plate size 

EnableReset Monitors 

Hold pawl absent for high 
speed low weight long 
life applications 
Standard mounting plate 
for low weight, volume 
applications 
Monitors absent for low 
weight low cost safety applications 
applications 

Hold pawl present for 
high safety applications 

Larger mounting plate for 
durable applications 

Monitors present for high 

3. Begin concurrent engineering discussions. 
Concurrent engineering requires early and continuing interaction of all PRT members. A 

specific forum is provided for the concurrent engineering discussions, the goal of which is to 
eliminate the mistakes arising from incompletely understood ramifications of the design, 
fabrication, and assembly processes. Each team has a representative, generally the team leader, 
who attends the concurrent engineering meetings to serve as a conduit for the flow of 
information. Thus all team members are informed about those aspects of the design, fabrication, 
assembly, and quality assurance processes that affect their work. The work of the concurrent 
engineering group begins at the conceptual level and approaches an ever greater level of detail as 



design and process implementations are formalized. The work of this group continues throughout 
the project, but meetings can bezome less frequent as the details of the designs and processes are 
formalized. 

In the A-primed project there were two forums for concurrent engineering discussions: the 
weekly PRT meetings, and weekly QA meetings. Ground rules were established to assure that 
meeting time was used productively. Agendas were provided beforehand and action items issued 
afterwards, to be placed on the agenda for the next meeting At these meetings team members 
reported progress on the definition of details of the design, fabrication, and assembly processes. 
When conflicts or discrepancies required test or analysis to resolve, the issues were carried over 
to the QA meetings for tracking and resolution. Concurrent information sharing was enhanced by 
an extensive electronic communication infrastructure, including virtual co-location technologies 
[Ashby&Lin, 19941. 

An example of a problem res,olved through these concurrent engineering meetings is clearance 
specification for the pin wheel and maze wheel posts. The original design called for press-fits, 
which would have required more force than a robot arm could produce. The automated assembly 
team requested and received an increase in clearance for these posts. 

Branch points B and C 

respectively. If a decision is made in stage 4 to address unsatisfactory qualification results by 
modifLing one or both of these processes, progress in the flow diagram reverts back to one or 
both of these branch points. Since generally much previous work is still applicable, progress will 
be faster in subsequent steps. 

These points mark the beginning of process definition for fabrication and assembly 

4. Define relations among design parameters and market needs 

customer requirements to design features is developed. Plans are made to provide a more 
quantitative understanding of the relationships. The goal is to identify those relationships that are 
thought to be the strongest and about which the least information currently exists. These 
information weak spots will require analysis and test to provide evidence needed for qualification. 

The relationships of market needs to design parameter variations developed for A-primed are 
listed in the table in step 2 above. Although the design team generally can predict the direction of 
the effect of a design change on a market need (e.g., low volume, high speed, etc.), there may be 
insufficient data available to quanti@ that effect. A study was designed incorporating the 
principles of statistical experimental design to provide data for the construction of a performance 
model for speed of operation. The motor size, UQS length, hold pawl, and input voltage were 
varied in a factorial design. For each such combination, the pulse rate to the stepper motors was 
increased to a value at which the device failed to operate reliably. These data will provide the 
basis for the construction of a statistical model for operational speed. 

Early in the product realization process a conceptual understanding of the relationship of 

5. Define manufacturing processes 
6 .  Define automated assembly processes 

As concurrent engineering discussions proceed, the full definition of the fabrication and 
assembly processes begins. Thla basis of this work is past experience with other devices similar to 
the selected parent design. In rnany cases the parameter space will encompass one or more 



existing products, and these previously defined processes will serve as a starting point The teams 
should seek breakthrough, as well as incremental, improvements to existing processes The full 
range of the selected parameter space must be considered in developing the processes For 
example, the assembly team uses a gripper for the maze wheel which does not involve suction 
because the maze on the thrucut maze wheel is cut through the depth of the part. 

In the A-primed project the fabrication process definitions make use of computer aided design 
(CAD) packages so that the same computer models developed by the design team are used by the 
fabrication team for their work. The CAD models are used by a computer aided manufacturing 
(CAM) software system to automatically define the cutting tool paths for Computer Numerically 
Controlled (CNC) milling machines, and to preview the simulated cutting paths. Processes are 
being developed for an on-machine inspection probe capability that allows a part to be 
dimensionally inspected and accepted while still on the milling machine. Automatic deburring tool 
paths are also generated using the same models. 

The automated assembly process definition involves the creation of an assembly planning 
software system, using the same computer models, and the simulation of the robot assembly cell. 
The assembly planning program is being developed in the Archimedes project, a research project 
whose results are being used by A-primed [Jones & Kaufinan, 19941. This software system can 
plan a realistic assembly sequence for devices as complex as the pin-in-maze discriminator parent, 
and can display the sequence with a video illustrator for review. This system will also be used to 
validate whether a previously determined assembly sequence is still valid after a design 
modification. A robot workcell designed and built specifically for the A-primed project is used to 
demonstrate actual robotic assembly of most of the piece parts. This process provides feedback 
on such matters as part clearances and the ability of a vision system to perform sufficiently precise 
alignment between parts to assemble the discriminator. 

7. Select design attributes 
8. Select fabrication attributes 
9. Select assembly attributes 
10. Select quality assurance 
11. Select material and part attributes 

Two engineering procedures have recently been revised at Sandia National Laboratories to 
modernize the product realization process to reflect current customer requirements, such as low 
volume production. Objectives of the engineering procedures are to assure that requirements are 
well-defined and met, to promote teamwork, to reduce production time and life cycle costs, to 
develop, document, and implement a life-cycle project plan, and to promote metrics for 
continuous improvement, Metrics are developed for a selected set of attributes. The suggested 
attributes are listed on the following page. 

These attributes must be qualified over the parameter space. For the A-primed project an 
additional attribute was selected for all activities to reflect agility: speed. Speed can be inferred 
from the elapsed time in the design-to-production cycle. Speed is enhanced by the use of 
automated design tools to modi@ the design drawings, automated meshing tools operating on the 
same shared models to speed structural analysis, CAM tools to automatically define the 
fabrication process, the automated assembly planner to speci@ the order of assembly, and the 
electronic infrastructure to facilitate communication among geographically dispersed team 
members. 



I . .  L 

Design 
Robust 
Manufacturable 
Reliable 
Testable 
Dismantleable/Disposable 
Environmentally sound 
Recoverable 
Documented requirements 
Safe 

Fabrication/Assem blv Processes 
Flexible 
Capable 
Controlled 
Documented instructions 
Qualified/certified personnel 
Certified tooling 
Environmentally sound 
Proven technology 
Recoverable 
Safe 

Product Material, Acceptance Processes 
Conformance to requirements Documented instructions 
Traceable materials Qualified testers 
Environmentally sound Certified/qualified personnel 
Dismantleablddisposable Environmentally sound 
Use of qualified suppliers Recoverable 
Recoverable Safe 
Safe 

12. Specie scope of design, material and parts attributes 
13. Speci@ scope of fabrication process attributes 
14. Specify scope of assembly process attributes 
15. Specie scope of quality assurance process attributes 

The scope is specified in conjunction with the attribute definition to define the lowest 
appropriate level of assembly for tests and analyses, while still assuring that the qualification 
covers the parameter space. These limitations are imposed to maximize the use of project 
resources. 

For the A-primed project tests and analyses of subassemblies and constituent processes were 
used wherever the qualification team felt that adequate information could be provided. For 
example, to measure the strength of the spot welds of the maze wheel hub to its post, a flat plate 
with the same mass as the maze wheel was used in its place, because the maze and other machined 
features on this part were time consuming to produce but unrelated to the failure mode of 
concern. The actual retaining ring on the post was used, because it was potentially a competing 
failure mode. As another example, the pin wheel subassembly was selected for qualification of 
the automated assembly proasses. Qualification of the maze wheel subassembly involved similar 
piece parts and operations, and could thus be inferred from the qualification of the pin wheel 
assembly. In both these examples the tested parts and processes were fixed in the parent design, 
and no additional tests are needed for parameter space qualificatGn. 

Stage 2: Definition of parent attribute qualification criteria 

and the acceptance regions for these results. 
At this stage decisions are rnade about the tests and analyses to be performed for qualification, 



16. Decide how to evaluate each design attribute based on feasibility and relevance 
17. Decide how to evaluate each fabrication attribute based on feasibility and relevance 
18. Decide how to evaluate each assembly attribute based on feasibility and relevance 

parameter space qualification. The attributes must have: 
The attributes selected from the engineering procedures document constitute the basis for the 

a definition - a qualitative statement defining the application of the attribute to the 

a scope - a statement which defines the applicability of the definition to the 

an evaluation methodology - a specification of the means of measuring the attribute, 

device family, 

parameter space 

including test and analytic methods of parts or components of the device. 
Variables data (measurements) are preferred to attributes data (go/no go, 
pasdfail, etc.) 

an acceptance criterion - a statement of what evaluation results will mean that the 
attribute is qualified, and what results will mean that the attribute is not qualified. 

Multiple definitions, evaluations, and criteria may be required to completely capture the intent 
of the attribute throughout the parameter space. For example, robustness may be defined in terms 
of several test or analytic environments. If a certain design feature in the parameter space is 
thought to influence robustness, then the evaluation methodology should spec@ precisely what 
device configurations are to be used to cover the parameter space. Often the worst case 
configuration is selected for evaluation, with the implication that if the evaluation is successfbl, 
the criterion would necessarily be met elsewhere in the parameter space. For some attributes, 
such as "documented", "recoverable", "dismantleable/disposable", etc., the existence of 
documentation is sufficient to demonstrate that the attribute is achieved. For other attributes, 
such as "reliable", "robust", and "capable", the evaluation criteria involve analysis and testing. 

A key part of these steps are the decisions on how analysis and testing are to be combined in 
qualification. The team considers the feasibility of various methods of test and analysis, and their 
relevance to the attribute, which may be indirect. For example, the structural robustness of the 
device may be measured by placing strain gauges on the device, and then subjecting it to a shock. 
The analytic method for evaluating structural robustness involves generating a finite element mesh 
for the device and then performing a static load analysis. Discussions of relevance reveal 
limitations of either methodology. In testing we may not know where to place the strain gauges 
to measure the maximum strain. In analysis we may be using models which assume linearity over 
a nonlinear region. FeasibiIity considerations might involve the time and cost required to modi@ 
equipment or software codes and to perform the test and the analysis. 

information utilization. Hence we use analysis where possible to demonstrate, with conservative 
assumptions about input parameters, that sufficient margin exists to meet the evaluation criteria. If 
sufficient margin can not be demonstrated with conservative assumptions, then tests are defined to 
measure the attribute. 

In the A-primed project, analytical models provide assurance that the parent discriminator 
possesses the attributes of mechanical functionality, robustness, reliability, and speed of design 
definition. Robustness was demonstrated by static and dynamic finite element analyses addressing 

The use of models is fbndamental in every aspect of the A-primed project to improve 



the response of the maze wheel and pin wheel to shock (acceleration pulse) along their axes of 
rotation and to continuous deterministic and random vibrations. The analyses show that 
significant margins to failure exist for the possibility of pin disengagement due to maze wheel 
deflection, maze wheel and pin wheel yielding, retaining ring collapse, and hub to maze wheel 
weld breakage. Reliability and mechanical hnctionality are supported by static and dynamic 
stress analyses of lock-up and pin impact during maze traversal which show that responses are 
elastic and sufficiently below yield that fatigue failure is unlikely during the specified life cycle. 
Speed of design definition was enhanced by the use of a nearly automatic process to generate a 3- 
D finite element mesh from a CAD design geometry definition [Blacker et al., 19941. 

19. Specify qualification criteria for each design attribute 
20. Specify qualification criteria for each fabrication attribute 
2 1. Specifi qualification criteria for each assembly attribute 

evaluation methodology for each attribute. The criteria cannot be set independently of the 
evaluation methodology, because of differences in precision and accuracy among evaluation 
methods (in particular, among test and analytic methods). Setting the criteria is ajoint exercise 
with the project leader, the quality assurance team leader, the appropriate sub-team leader, 
considering the market needs identified early in the project. 

For the A-primed discriminator the attribute “robustness” is defined as the margin of 
insensitivity of operation to minimum and maximum temperatures, mechanical shock, and random 
vibration. In addition to the analyses for robustness defined above, environmental tests are 
performed at specified levels. Units are tested first at the specified levels. These tests are 
successfid if the units operate siiccessfblly twice after subjection to the environment. If these 
tests are successful, the next tests are conducted at 1.5 times the specified levels. If these tests are 
successfbl, robustness of the device is qualified. If these tests are not successfbl, then the tests are 
repeated at 1 . 1  times the specifi.ed level. If these latter tests are not successful, the device will not 
be qualified, and a redesign is required. 

The specification of the criteria for attribute qualification is an integral part of defining the 

Branch point D. 
This branch point represents the beginning of a loop to qualify the design attributes one-by- 

one. Normally separate test and analysis tasks are required for each attribute. The loop involves 
the execution of the test or analysis plan, the evaluation of results, full qualification for complete 
satisfaction of the criteria, and partial qualification for inability to meet the criteria. 

Stage 3: Collection of parent qualification data 

project data management system. 
At this stage the qualification data are collected, analyzed, and stored with conclusions in the 

22. Validate analytic code for a. specific applicatiqn 
Normally it is neither necessary nor desirable to develop new software for the analysis required 

for attribute qualification, but some modification may be necessary to make the code applicable to 
the device and environment of interest. The analytic codes used at SNL are validated for 
particular customary applications, but may need additional validation activities for a new 



geometry or a new environment. These activities shall be defined and executed prior to the 
attribute evaluation. This activity is comparable to calibration of test equipment. 

23. Perform calculations for design attributes over parameter space 
24. Sufficient margin is demonstrated 

Once the software has been validated, the calculations can be made for the evaluation of the 
attribute under consideration. These calculations are made with conservative assumptions with 
the goal of demonstrating a margin sufficiently large to cover any slight model departures from 
reality in the situation of interest. This margin is incorporated in the attribute acceptance criteria. 
If the acceptance criteria are not met, some testing will be required. The testing may provide data 
for more realistic assumptions on inputs for the analysis. 

25. Define tests to complement analytic results 

demonstrated using conservative assumptions. The evaluation methodologies for the attribute 
under consideration are revised, considering the additional information produced by the analysis. 
Tests and analyses may not necessarily produce a measure of the same quantity, but the ability to 
do so improves the confidence that can be placed in both the test and analysis results. If the 
analytic model is considered to have high fidelity for the device and environment of interest, 
another option is to obtain a realistic rather than a conservative measure of the input parameters, 
and revise the analysis. This approach may or may not be preferable to a complete evaluation by 
test. 

Further tests are necessary to complement the analytic results if insufficient margin is 

26. Calibrate tester for specific application 

cases it is necessary to provide assurance of the precision and accuracy of measurements. 
Calibration procedures and schedules are defined by the equipment manufacturer. 

This activity is the complement of activity number 22, validating analysis software. In both 

27. Obtain measurements for design attributes over the parameter space 
The test team carries out the specified test plan, which includes parameter space variation. 

Test results must be recorded along with unit identification and description. Any anomalous 
conditions during the study are recorded. 

Branch points E and F. 
These branch points represent the beginnings of loops to qualiQ the fabrication and assembly 

attributes one-by-one. These loops are similar to the loop for design attribute qualification. Refer 
to the description of branch point D for details. 

28. Design a study for fabrication characterization over the parameter space 
29. Execute a designed experiment for characterization of fabrication processes 

The principles of experimental design are applied to design a study to characterize the 
important fabrication processes [Box, Hunter,&Hunter, 19781. The important processes are 
identified by considering the complexity of and familiarity with the process, and the potential to 
affect device fhction. Relevant quality indicators (such as dimensional accuracies and surface 
smoothness) are identified for these processes; an estimate of dispersion (variability) should be 



included among the quality indicators. The team identifies all material, process, or environmental 
variables which could affect the quality indicators. Speciai consideration should be given to 
including the design feature variation of the parameter space as variables in the characterization 
study. The team identifies for each variable whether it can be controlled and/or measured. A 
subset of these variables is selected for variation in the study. The rest are held fixed. A factorial 
design, usually fractional, is selected to provide the information needed within the specified 
budgat. Often a screening experiment will be run to identi@ the variables that have the strongest 
affect on the quality indicator. Orthogonal arrays, popularized by Taguchi [John, 19901, may be 
used to consider first order effects of many factors. When a smaller subset of variables is 
identified, a more extensive experiment may be run. These results may be combined with the 
results from the screening study to produce a prediction model for the quality indicators as a 
fbnction of the important process parameters. Changes in the process quality indicators can now 
be understood as a fbnction of variation of the design features in the parameter space. The 
process parameter settings can be optimized over the parameter space. The compatibility of 
quality indicators with the requirements of the design family are evaluated. 

For qualification of a maze wheel supplier, we designed a study varying the cutting tool type 
and material, the spindle speed, stock feed rate, and warm-up time. The supplier will fabricate the 
parts as requested and measure dimensions and surface smoothness. The parts and data will be 
returned to us for review. Together we and the supplier will choose the machining parameters for 
this part, and the supplier will be qualified for this part. 

30. Design a study for assembi.y characterization over the parameter space 
3 1, Execute a designed experiinent for characterization of assembly processes 

The principles of experimental design are applied to design study to characterize the important 
assembly processes. This activity is conceptually identical to that for fabrication processes. Refer 
to the discussion for steps 28 and 29. 

Several studies are planned to qualify the automated assembly process. Insertion of a pin or 
post in a hole requires high accuracy and repeatability in the positioning system. Accuracy and 
repeatability of the robot arm will be measured at a grid of locations in the work area, varying the 
speed of movement and weight: on the robot arm. Laser welding of the pins and posts into their 
holes will be performed robotically; the strengths of a sample of welded parts will be measured to 
establish that the welds can survive the force generated by a 2600g acceleration. The success of 
the pin wheel assembly operation will be established by successhl assembly of 50 random 
assignments of piece parts to ti-ays, placed at selected locations in the work cell. 

32. Store all results in PDM system. 

centralized Project Data Management (PDM) System should be used for storing and accessing 
project documents, software, drawings, meeting notes, test definitions and protocols, test results, 
and analysis. A Human Factors communications expert who is a member of the project team 
implemented and customized the information infrastructure [ForsythelkAshby, 19941. The HF 
expert analyzed information flow to make decisions about establishment of network connections. 
A commercial software package was chosen that allowed considerable customization of the 
database structure and user interface. In particular, the product data manager allowed 
information to be organized into classes that could be customized to the needs of specific 

To ensure that adequate records are kept and made available to all team members, a 



engineering hnctions (e.g., design, NC programming, testing, etc.). Associative links are defined 
for related files, such as CAD models and the analyses performed on them. The information flow 
analysis depicted the types of information with which various team members worked, and the 
interrelationships between these types. The team jointly developed the initial class structure, the 
initial attribute structure for each class, and a strategy for associatively linking files. 

Stage 4: Analysis of parent qualification data 

full or partial compliance with the acceptance criteria. Some redesign of the parent device, or of 
the fabrication or assembly processes, may be necessary as a result of root cause analysis. 

At this stage the data collected in qualification are analyzed to determine whether they indicate 

33. Do test and analysis results for design attributes meet the acceptance criteria? 
34. Identify root cause of failure to qualie 
3 5. Revise the processes? 
36. Revise the design? 
37. Discuss conditions of qualification 
38. Record qualification conditions in PDM 
39. Attribute is qualified 
40. Any more unevaluated attributes? 

criteria. Ifthe criteria are met throughout the parameter space, the attribute is qualified. The 
qualification statement is stored in the PDM, associated with the previously stored qualification 
data. If the criteria are not met, a root cause analysis is undertaken to determine the specific parts 
of the design that contributed to the failure. The failure to qualify may be limited to specific 
regions of the parameter space, and the evaluation methodology and acceptance criteria will 
indicate the severity of the qualification failure. If the evaluation metric is slightly below the 
acceptance criteria over a relatively small region of the parameter space, the team may decide to 
issue a conditional qualification rather than revise the design or processes. In this case, the 
conditional qualification is recorded in the PDM and associated with the previously stored 
qualification data. The team may choose to revise the design or processes if the fix developed 
fiom the root cause is feasible, and if the failure to qualify that particular attribute is serious. If 
the processes are to be modified, flow is resumed at branch'point B for fabrication, and branch 
point C for assembly. If the design is to be modified, flow is resumed at branch point A. Much of 
the previously completed design and qualification efforts are likely to still be pertinent. 
Evaluation of the next attribute occurs with transfer to branch point D. 

The data required by the evaluation methodology are compared to the specified acceptance 

4 1, Are fabrication results compatible with the design space? 
42. Identify root cause of failure to qualify 
43. Revise the processes? 
44. Revise the design? 
45. Discuss conditions of qualification 
38. Record qualification conditions in PDM 
46. Attribute is qualified 
47. Any more unevaluated attributes? 

The description of these activities parallels that of steps 33 through 40. 



48. Are automated assembly results compatible with design space? 
49. Identifjl root cause of failure to quali@ 
50. Revise the processes? 
5 1. Revise the design? 
52. Discuss conditions of qualification 
38. Record qualification conditions in PDM 
53. Attribute is qualified 
54. Any more unevaluated attributes? 

The description of these activities parallels that of steps 33 through 40. 

Stage 5: Definition and qualificzition of child designs 

these tasks is to exercise the product realization process [Forsythe&Ashby, 19951 to provide a 
final check-out of the design, fabrication, and assembly processes for the parent design, to 
evaluate the seamlessness of the: information flow among these processes, and to determine the 
adequacy of the performance prediction based on qualification data for newly selected child 
designs. These tasks develop and refine the build process. 

At this stage the qualification of the specified attributes has been completed. The purpose of 

55.  Salect candidate applications to represent hture customers 

possible. Thus these selected applications should be as different as possible from each other and 
any previous child designs. Consideration should be given to selecting child designs for which the 
market is predicted to be large. These child designs can be a challenge to the capabilities of the 
project team. 

Our project team developed a list of requirements, based on research, for eight possible 
commercial applications of the ]pin-in-maze discriminator. From these eight, five applications 
were selected because of the challenge they posed for our processes: quick change adapter for 
robotic arm (quick design), electronic defense system application (speed and safety), satellite 
(long life), power generation (durability), and robotic system (low cost). Low cost is a 
particularly challenging requirement for a precision electromechanical device with low volume 
production, and thus was scheduled last. 

The selected applications should exercise the range of production processes as hlly as 

56. Translate customer requirements to design features 
Qualitative customer requirements must be linked to specific design features in the parameter 

space, and the appropriate parameter values are selected. The project team translates customer 
requirements into physical measurements with numerical target criteria. The qualification data are 
reviewed to determine the likelihood of meeting the targets. 

We used a modified Quality Function Deployment (QFD) process to develop the design 
[Fortuna, 19881. First metrics are produced for the qualitative requirements. Next, the metics 
are linked to the design features of the p k e t e r  space by the creation of a child design matrix. 
The metrics are represented on the rows, and the design features on the columns. Each entry in 
the matrix contains the strength (low, moderate, high) of the relationship of the design feature to 
the metric, and the direction of the relation is indicated by an upward or downward pointing 
arrow. Conflicting requirements are indicated at this stage. Weights between 1 and 10 are 



assigned to the metrics to represent their importance to the customer. Weights of 0,1,3, and 5 are 
assigned to the relationships of design features to metrics to represent the strength (O=none, 
I=low, 3=moderate, 5=strong). For each design feature weighted scores in favor of each 
alternative are accumulated. The design alternative with the largest score is selected. This matrix 
is retained as documentation of the rationale behind the design selections. 

A third matrix is created which lists as rows the customer requirements and all design features 
that affect that requirement, either positively or negatively. Based on the qualification data, the 
effect of each design parameter on each customer requirement is quantified. Each team provides 
the tasks, costs, and time required to implement each design feature. This matrix is intended to 
provide a customer with trade-off information about the costs of design features that must be 
included to meet his requirements. 

57. Build parts and record metrics 
Usually three units are built of the same design, to provide some units for required tests. 

Problems with the design, fabrication, or assembly processes, or with information transfer 
between the processes, are noted and solutions sought. For each build, design-to-production 
cycle time is measured from the time requirements are received until the units are produced. We 
use these metrics to assess and improve the agility of our processes. 

VI. Summary 
The paredchild design paradigm has been presented as the foundation of agility for the A- 

primed project. The A-primed PRT developed a qualification process to provide the required 
assurance that selected attributes are met throughout the parameter space. Often this assurance 
can be provided as readily over the parameter space as for a single point design, if worst case or 
bounding arguments are appropriate. The qualification of the parameter space assures that 
additional designs within the parameter space can be quickly produced with few additional tests or 
analyses. Information is available for performance prediction and negotiation of requirements 
when a customer first approaches. 

The A-primed approach to achieving agility is also based on concurrent engineering and 
automation technologies, both of which require a well-designed electronic information 
infrastructure. Further references are provided for the interested reader about the development 
and application of these technologies at Sandia. 

to shake-out our processes took 24 days from receipt of requirements to a fbnctional device. 
Three units were produced, and all performed well on the first attempt. Four more builds of 
different child designs are planned to hrther test and refine our processes. Through continuous 
improvement of our processes we aim to hrther reduce the design-to-production cycle time. 

As a measure of the success of the A-primed approach, the first child design that we produced 
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Figure I : :The A-primed Pin-in-Maze Discriminator 
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This report was prepared as an accouht of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumeS any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, remm- 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


